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Oxidative stress, though not really on the driver’s seat, con-
tinues to play key roles within the pathogenic spectrum of
many diseases especially cancer, inflammatory, and degener-
ative diseases. Thus, reactive oxygen species- (ROS-) medi-
ated tissue injury and redox signaling are intensely
investigated in disease conditions and model systems for a
better understanding of the pathogenesis and identification
of new drug targets.

The special issue contains 29 articles which describe the
involvement of oxidative stress in various clinical conditions
and experimental models of diseases, drug actions, and envi-
ronmental injuries. We can summarize some of the important
concepts and results that have emerged from these studies. In
the pathogenesis of AD, a body of evidence links the process of
neuroinflammation with the increased production of ROS by
microglial NADPH oxidase, and this suggests a potential role
of NADPH oxidase inhibitors as disease-modifying agents for
Alzheimer’s disease. U. Ganguly et al., in their review suc-
cinctly evaluated the current state of research on NADPH oxi-
dase inhibitors [1]. The important role of oxidative stress and
mitochondrial dysfunction in ALS and positive effects of anti-
oxidants in preclinical trials of this disease have been reviewed
by T. Cunha-Oliveira et al.; the authors suggested that oxida-
tive stress-related damage mechanisms could be different in
different subtypes of ALS having defined mutations, and thus,
specific and targeted antioxidant therapy would be needed for
different subtypes of ALS for novel and effective therapeutic
interventions [2]. In an exhaustive review on the complex
mechanisms of atherogenesis, C. Khatana and coauthors high-
lighted the special role of oxidized-LDL and the crucial

involvement of antioxidant enzymes in this process [3]. The
authors also discussed the various therapeutic options includ-
ing the use of antioxidants and life-style management to com-
bat the problem of atherosclerosis and its complications. A
rather unusual but elaborate review on the molecular hydro-
gen as a multipotential therapeutic agent for a variety of dis-
eases including COVID-19 has been presented by M. Yang
et al., with a load of direct and indirect experimental evidence
of hydrogen acting as an antioxidative or anti-inflammatory
agent or a modulator of mitochondrial functions, cell death
pathways, and many other biological processes [4].

The research articles contained in this special issue
examined a wide range of interesting questions related to
redox pathophysiology, and we may mention a few of them
here just to indicate the diverse nature of these studies. A.
Abbasi and others showed how oxidative stress could be det-
rimental to cancer cells by causing a loss of ionic homeosta-
sis through alterations in the activities of pumps and
channels; hyaluronic acid apparently can be used to optimize
and target the cytotoxic effects of oxidative stress on cancer
cells [5]. The poor prognosis of acute myeloid leukemia
(AML) has been attributed to enhanced ROS production;
D. Zhang et al., showed using cell-based and animal studies
that azelaic acid could impact against AML by upregulating
the peroxiredoxins (Prdxs2/Prdx3) with consequent scav-
enging of ROS [6]. Likewise, the protection of LPS-induced
acute kidney injury and ischemia/reperfusion mediated car-
diac damage by dexmedetomidine and Klotho protein,
respectively, indicated the therapeutic potentials of these
molecules which were partly attributable to their
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antioxidative functions [7,8]. An interesting clinical study by
S. Ahmed et al. indicated the potentiation of antiviral ther-
apy in patients of hepatitis C by cotreatment with black
cumin and ascorbate which decreased the oxidative stress
and viral load and improved several clinical parameters
[9]. Nrf-2 activators have been under scanner for quite some
time as potential drugs for a variety of disease conditions
where oxidative stress and inflammation are involved. A sig-
nificant research paper in this issue attempted to explore the
reasons for unexpected toxic side effects of a potent Nrf-2
activator called bardoxolone methyl, and the authors
showed that the drug caused severe mitochondrial bioener-
getic impairment along with apoptosis and necrosis of endo-
thelial cells in a dose-dependent manner which could be
related to its toxicity [10]. There are many other interesting
articles in this issue which we would not discuss individually,
but together, they send out two important messages. Firstly,
oxidative stress affects specific aspects of different diseases or
environmental toxicities which could be identified by studies
in different experimental models. Secondly, attempts should
be continued to develop new drugs targeting oxidative stress
which should be safe and of higher efficacy or bioavailability,
but in most cases, such drugs, though clinically relevant,
would be a part of an add-on or adjunct therapy for a disease
condition.
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NADPH oxidase as an important source of intracellular reactive oxygen species (ROS) has gained enormous importance over the
years, and the detailed structures of all the isoenzymes of the NADPH oxidase family and their regulation have been well explored.
The enzyme has been implicated in a variety of diseases including neurodegenerative diseases. The present brief review examines
the body of evidence that links NADPH oxidase with the genesis and progression of Alzheimer’s disease (AD). In short, evidence
suggests that microglial activation and inflammatory response in the AD brain is associated with increased production of ROS by
microglial NADPH oxidase. Along with other inflammatory mediators, ROS take part in neuronal degeneration and enhance the
microglial activation process. The review also evaluates the current state of NADPH oxidase inhibitors as potential disease-
modifying agents for AD.

1. Introduction

A review on oxidative stress and disease mechanisms and
therapeutic use of antioxidants is usually not greeted with
much enthusiasm, and reasons are not difficult to surmise.
The story of oxidative stress and its involvement in multiple
disease mechanisms and aging is quite old, spanning many
decades [1]. However, a definitive evidence of oxidative stress
as a driving mechanism of disease pathogenesis is still lack-
ing. Likewise, inconsistent results of multiple clinical trials
of antioxidants in various diseases, especially in neurodegen-
erative diseases, have been a cause for great disappointment
to the advocates of free radical hypothesis of diseases [2–4].

On the other hand, there is a considerable body of experi-
mental evidence that suggests the involvement of reactive
oxygen species (ROS) and reactive nitrogen species (RNS),
generally free radicals of oxygen and nitrogen, in the patho-
physiology of many diseases and aging [4–6]. Thus, the free
radical biology in health and disease has grown gradually
over the years from the identification of various species of
ROS and RNS in living systems and the elucidation of the
chemistry and kinetics of their interactions to the identifica-
tion of their toxic effects on different biomolecules and cell
organelles [7, 8]. Further, the enzymatic or nonenzymatic
antioxidant defense system of the body and the redox-
signalling pathways regulating physiological and pathological
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processes within the cells have been identified [7, 9, 10]. The
redox-signalling pathways play important roles in cell growth,
differentiation, and death as evidenced from a plethora of
experimental studies [10–12].

The antioxidant defense of the body generally counter-
balances the various ROS and RNS in the normal physiolog-
ical condition, but in pathological conditions when the free
radicals overpower the antioxidant defense, a state of oxida-
tive stress develops. It is presumable that direct damage to
biomolecules within the cells by ROS and RNS and aberrant
redox-signalling pathways together are involved in many dis-
eases including neurodegenerative disorders [5, 6, 13, 14].
The new technique of redox proteomics with the availability
of antibodies against redox-modified proteins has strength-
ened our understanding of oxidative stress-induced mecha-
nisms in diseases [15]. On the other hand, the identification
of new antioxidants from natural sources or synthesis of
novel, multifunctional, and organelle-targeted antioxidants
has provided a new impetus in therapeutic applications of
antioxidants [16–19]. So far, antioxidants have been devel-
oped with the precise aim of scavenging the free radicals of
oxygen to prevent the deleterious effects of oxidative stress.
Much less attempt has been made to prevent the generation
of ROS at the source presumably because ROS are generated
in most cases as a by-product of important metabolic path-
ways like the electron transport chain (ETC) of mitochondria
which precludes the option of inhibiting the generation of
ROS at the source. However, NADPH oxidase (NOX) is
one enzyme whose sole function is the production of reactive
oxygen species like superoxide radical (O2

•-) and hydrogen
peroxide, and therefore, inhibition of NOX could be an
important rescue avenue against oxidative stress in tissues
in different disease conditions. Thus, the therapeutic poten-
tial of NOX inhibitors should be explored thoroughly by
experimental and clinical research.

2. ROS and NADPH Oxidase

2.1. Sources of ROS. The sources of ROS within the cells are
varied, but they predominantly occur as a by-product of
enzymatic reactions in different metabolic pathways. The
ETC of mitochondria is a major contributor of intracellular
ROS, but many other enzyme complexes in mitochondria
like pyruvate dehydrogenase, α-ketoglutarate dehydrogenase,
cis-aconitase, glycerophosphate dehydrogenase, and dihy-
droorotate dehydrogenase are also responsible for ROS
production [20–22]. Of the various complexes of ETC, com-
plex I and complex III are the major sites of ROS production.
The enzymes like cyclooxygenase, lipoxygenase, xanthine
oxidase, and cytochrome P450-dependent oxygenases also
contribute to ROS production [22]. Nonenzymatic or
enzymatic oxidation of catecholamines and autoxidation of
hemoglobin can also produce ROS under physiological con-
ditions. However, another major source of ROS production
is NOX, which was initially identified in neutrophils as the
enzyme responsible for the production of superoxide radicals
during a “respiratory burst” [23]. Since then, the biochemis-
try of NOX has been extensively studied, and this enzyme (in
various isoforms) is present in a variety of tissues including

the brain as well as in multiple cell lines. The NOX family
of enzymes is comprised of 7 isoenzymes named as NOX1-
5 and dual oxidases DUOX1 and DUOX2. NOX is responsi-
ble for the production of superoxide radicals (O2

•-) by the
transfer of electrons to molecular oxygen from NADPH via
FAD and two heme residues of the enzyme. The O2

•- radicals
in turn undergo dismutation to produce H2O2, but it has
been suggested that the isoenzymes NOX4, DUOX1, and
DUOX2, could directly produce H2O2 [23, 24].

2.2. NADPH Oxidase: Structure and Isozymes. Each of the
seven members of the NOX family has a catalytic subunit
comprised of a transmembrane domain of 6 α-helical
segments containing two heme units liganded to histidine
residues and a cytosolic segment which contains FAD and
NADPH binding sites [23, 24]. Additional structural features
of the catalytic subunit are seen in some of the isoenzymes
such as the EF-calcium-binding domains of NOX5, DUOX1,
and DUOX2 and peroxidase domains of DUOX enzymes
[24, 25]. This large membrane-bound (plasma membrane
and membranes of some organelles) subunit of NOX is associ-
ated with another membrane-bound protein called p22phox in
some of the isoenzymes like NOX1, NOX2, NOX3, and
NOX4, and the large heterodimer thus formed is called flavo-
cytochrome b558. Likewise, the catalytic subunit of DUOX1
or DUOX2 is associated with another membrane-embedded
protein called DUOXA1 or DUOXA2, respectively [24]. In
addition, the NOX family of enzymes requires several other
regulatory cytosolic proteins for activation, stability, or full
function, and these additional interaction proteins are differ-
ent for different isoenzymes [23, 24]. NOX2, which was the
first isoenzyme to be identified in phagocytic cells, has been
studied most, and its activation process may be taken as the
prototype for other NOX family of enzymes. The catalytic
subunit of NOX2 is known as gp91phox which remains in asso-
ciation with a membrane-embedded protein called p22phox

which confers stability to the complex. During agonist activa-
tion, the cytosolic protein p47phox is phosphorylated, which in
association with some other cytosolic proteins called p67phox

and p40phox and GTP-binding proteins like Rac2 and Rap1A
translocates to the membrane to interact with the heterodimer
of gp91phox and p22phox forming a fully functional enzyme.
The interaction of src-homology domain 3 (SH3) of p47phox

with the C-terminal segment of p22phox, at a proline-rich
sequence, is important in this assembly [23–25]. The detailed
molecular interactions of these proteins during NOX2 activa-
tion and the functions of individual proteins have been identi-
fied. For example, p47phox is considered as an organizer
protein without any catalytic property, while the activator pro-
tein p67phox increases the catalytic activity of NOX2. For some
other NOX isoenzymes like NOX1, NOX3, and NOX4, a sim-
ilar pattern of activation with some variations is seen with the
aid of multiple regulatory proteins (activators or organizers)
like NOXO1, NOXA1, PDI, and Poldip2, as well several
GTP-binding proteins [25, 26]. NOX5, DUOX1, and DUOX2,
however, do not need any such assistance from other proteins,
and they are presumably activated by the binding of Ca2+ ions
at their cytosolic EF-calcium-binding domains [25, 26].

2.3. NADPH Oxidase: Physiological Role and Pathological
Implications. In contrast to other sources, NOX is distinctive
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in producing ROS through a highly regulated complex enzy-
matic process and not as a by-product of a main reaction.
Thus, the physiological role of NOX-dependent ROS produc-
tion needs to be carefully analysed. In general, NOX-
dependent ROS takes part in redox-signalling pathways
through redox-responsive signalling molecules (transcription
factors, soluble or receptor-kinases, etc.), and the process reg-
ulates various aspects of cell growth, differentiation, survival,
and metabolism with broad implications in immunity and
inflammation, aging, cancer, and cardiovascular function
andmalfunctions [23, 24, 27–29]. For example,multiple stud-
ies have shown that vascular endothelial function and migra-
tion, angiogenesis, expression of cell adhesion molecules,
vascular smooth muscle cell proliferation, etc. are regulated
by multiple agonists like angiotensin II, growth factors, and
cytokines through modulation of NADPH-dependent ROS
production [28–30]. NOX-dependent ROS signalling is also
involved in regulating cardiac remodelling, cardiomyocyte
hypertrophy, and interstitial fibrosis after myocardial infarc-
tion or during chronic cardiac stress from hypertension
[31]. The NOX4 isozyme, expressed in the mitochondria of
cardiomyocytes, is particularly important in this context as
has been shown in an experimental study; in heart-specific
NOX4 knock-out mice, cardiac hypertrophy, interstitial
fibrosis, mitochondrial dysfunction, and apoptosis of cardio-
myocytes following pressure overload are significantly
prevented compared to that in wild-type mice [32]. In
cardiac-specific human NOX4 transgenic mice (hNOX4), a
significant overexpression of NOX4 was observed with a high
level of ROS production and associated myocardial fibrosis
under basal condition when compared to littermate controls
negative for hNOX4 [33]. This study further demonstrated
that treatment with angiotensin II caused cardiac hypertro-
phy and myocardial fibrosis along with NOX4 upregulation
and ROS production in control mice, and all these changes
were much more aggravated in hNOX4 [33]. NOX4 in cardi-
omyocytes has been shown to be regulated by a tyrosine kinase
belonging to Src-family [34].

NOX-generated ROS play an important role in tumor cell
proliferation, metabolism, and progress. A systematic review
has shown the association of lung cancer with increased
expression and activity of NOX in tumor tissue and that
inhibition of NOX could prevent tumor progression during
in vitro experiments [35]. Similarly, overexpression of
NOX2 has been reported in a significant number of human
gastric carcinoma cases along with increased expression of
EGFR and VEGF suggesting a biomarker potential of the
former in this cancer [36]. Another study demonstrated a
dysregulation of the expression of the NOX family of isoen-
zymes in human gastric cancer with overexpression of
NOX2 indicating better prognosis and elevated NOX4 and
decreased DUOX1 associated with worse outcome [37]. In
other studies with human cancer tissue or cancer cell lines,
the NOX family of isoenzymes is expressed differentially that
probably has implications in tumor growth and invasion
[38]. It is still debatable how exactly NOX regulates tumor
growth and progression, but genomic instability caused by
ROS, inactivation of p53 function, alterations in the func-
tions of cell signalling kinases and phosphatases, and modu-

lation of the functions of the ras oncogene may all be
contributing to this process [39, 40]. Another important
function of NOX-mediated ROS is tomodulate innate immu-
nity and the inflammatory response. The role of NOX is well
established in the respiratory burst of neutrophils, which is a
component of innate immunity and a first-line defense
against invading microbes. The other components of innate
immunity involve pattern recognition receptors like
membrane-bound toll-like receptors (TLRs) and several cyto-
solic receptors. These pattern recognition receptors respond
to specific patterns in the bacterial proteins, DNA, peptidogly-
can, lipopolysaccharide (LPS) etc. or DNA or RNA viruses
and initiate multiple signalling mechanisms for host defense
[41, 42]. The involvement of NOX-derived ROS has been
shown to be necessary for TLR-2-dependent innate immune
response against Mycobacterium tuberculosis [43]. Similarly,
NOX-dependent ROS generation is necessary for RIG-I-
mediated activation of the transcription factor IRF-3 leading
to antiviral gene expression [44]. The transcription factor
NF-κB is involved in the expression of multiple genes related
to innate immunity, and bacterial LPS-induced activation of
NF-κB through TLR-4 requires NOX-dependent ROS pro-
duction [45]. Although NOX-mediated ROS production is
important for host defense againstmicrobial invasion, the role
of NOX is possibly more complex. For example, influenza-A-
induced lung damage is aggravated by NOX2 isoenzymes,
while DUOX2 isoenzymes are apparently protective [46].
Apart from influenza virus, other respiratory viruses like
human respiratory syncytial virus and human rhinovirus
may also cause increased ROS production by different isoen-
zymes of NOX, and despite the important role of NOX in host
defense, NOX-derived ROS could aggravate lung inflamma-
tion and damage in many cases. Under such circumstances,
the use of NOX inhibitorsmay become a potential therapeutic
option [46, 47].

The role of oxidative damage in aging has been suggested
many decades ago, and the original concept of progressive
accumulation of oxidatively damaged biomolecules within
cells with functional deterioration of tissues was quite
straightforward [48, 49]. Thus, oxidative damage markers
have been shown to accumulate in different tissues of aged
animals in multiple studies, and ROS derived from mito-
chondrial metabolism and NOX have been both implicated
in this process [48, 50–52]. The precise role of NOX in age-
related oxidative damage in brain has been shown using
NOX2 knock-out mice or transgenic mice overexpressing
NOX2 [53]. Age-dependent increase in NOX activity has
been shown in the aged brain of rodents which is modulated
by dietary manipulations [54, 55]. Likewise, NOX4 upregula-
tion has been implicated in aging of heart [56].However,most
of these studies indicating a relationship of oxidative stress
and aging in mammals are actually correlative in nature and
do not necessarily identify a causal relationship. Moreover,
this simple concept of generalized and indiscriminate ROS-
mediated damage to tissues as a pivotal mechanism of aging
seemed contradictory when genetic manipulation studies
overexpressing or knocking out antioxidant enzyme genes
or environmental modifications in nematodes, flies, yeast,
and other organisms revealed that complex interactions of
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ROS with life span extension genes instead of direct oxidative
damage to tissue components are involved in aging and alter-
ation of the life span of these species [57–61]. Bothmitochon-
drial- and NOX-derived ROS at moderate levels are involved
in actually increasing the longevity of these organisms by
redox-signalling pathways, while presumably at higher levels
of ROS, both oxidative damage and shortening of life span
occur [59, 62–64]. However, the results of such life span alter-
ation experiments on mammals by knocking out antioxidant
enzyme genes or NOX have remained controversial, failing
to show clearly the link between oxidative stress and longevity
[65–68]. The redox-signalling pathways comprised of various
redox-sensitive transcription factors and cell signalling
kinases and their downstream components have also been
identified and explored in detail in mammalian cells, but their
precise role in mammalian aging at the organismal level has
not been elucidated yet [10, 49, 69].

2.4. NADPH Oxidase in the Brain. The vulnerability of the
brain to oxidative damage is a well-accepted fact based on
high oxygen consumption of the organ, availability of transi-
tion metals and autooxidizable catecholamines, abundance of
polyunsaturated fatty acids, and the presence of a relatively
weak antioxidant defense [13, 70]. Oxidative stress is impli-
cated in many diseases of the central nervous system
(CNS); thus, NOX has been studied in a variety of patholog-
ical conditions of the brain [71, 72]. The four NOX isoen-
zymes (NOX1, NOX2, NOX3, and NOX4) in the brain
have been well explored in the context of brain development,
aging and pathological conditions like ischemic or traumatic
injury of the brain, neurodegenerative diseases, and different
types of psychosis, but less information is available on NOX5
or the DUOX enzymes [72–76]. Although several early stud-
ies identified NOX2 in microglia, the inflammatory cells of
the brain, many studies subsequently demonstrated the
involvement of neuronal, astrocytic, or brain endothelial
NOX in different conditions [72, 74, 75, 77]. NOX4 mRNA
was shown to be overexpressed in neurons and newly formed
capillaries in the brain in an experimental mouse model of
ischemia, which persisted up to one month after the onset
of ischemia [78]. Using a luminometric enzyme assay, NOX
was also shown to be elevated in aged rat brain associated
with increased accumulation of proinflammatory cytokines
[55]. The age-dependent increase in ROS production and loss
of neurons and capillaries in the brain of aged rats compared
to young animals were shown to be significantly decreased
in NOX2 knock-out rats [53]. In patients dying of traumatic
brain injury (TBI), a selective increase in NOX2 was observed
in parvalbumin-positive interneurons, but not inmicroglia, of
postmortem brain without much changes in NOX1 and
NOX4 isoenzymes as studied by immunohistochemistry [79].

NOX is also expressed in various primary cultures of neu-
rons or neural stem cells or neural cell lines, and these have
been manipulated genetically or pharmacologically to gain
insight into normal or toxic functions of NOX-derived ROS
in neurons. Thus, in primary culture of cerebellar granule
cells, NOX is overexpressed in growth cones and filopodia
with NOX-derived ROS involved in neuronal maturation
[80]. Similarly, in primary culture of rat hippocampal neu-

rons, genetic or pharmacological inactivation of NOX has
been shown to cause altered neuronal polarization and inhi-
bition of axonal growth [81]. In neural stem cells derived
from mouse embryonic hippocampus, NOX inhibitors or
ROS scavengers can inhibit cellular proliferation [82]. In
neural crest stem cells, neuronal differentiation induced by
bone morphogenetic protein 2 (BMP-2) in culture is regu-
lated by NOX4 isoenzymes [83]. Likewise, nerve growth
factor-induced differentiation of PC12 cells to a neuronal
phenotype requires the presence of NADPH-dependent
ROS [84]. Furthermore, NOX-dependent ROS have been
suggested to play a crucial signalling role in long-term poten-
tiation (LTP) and synaptic plasticity in several studies using
pharmacological inhibition of NOX or by employing trans-
genic mice without functional NOX activity [85]. On the
other hand, apoptosis of sympathetic neurons in culture
under condition of nerve growth factor deprivation could
be prevented by the inhibitor of NOX, suggesting a role of
ROS in programmed cell death [86]. Overall, these studies
indicate that ROS derived from NADPH oxidase are impli-
cated in a multitude of signalling functions within neurons
in normal conditions while their deleterious effects could be
important in diseased conditions.

2.5. Oxidative Stress, NADPH Oxidase, and Neurodegenerative
Diseases.Oxidative stress is an important element in the path-
ogenesis of many neurodegenerative diseases, where the
deleterious actions of ROS on critical cellular components like
proteins, phospholipids, and DNA could lead to the disrup-
tion and dysfunction of cell physiology which could be impor-
tant in the genesis or progression of the disease [87–89]. The
direct damage to cellular components by ROS has been exten-
sively studied in vitro, and the pathways and end-products of
proteins, phospholipids, and DNA oxidation have been elabo-
rately identified forming a vast mass of literature on free
radical biology [90–92]. The end-products of such oxidative
damage pathways often accumulate in high amounts in many
pathological conditions in the tissues and body fluids, which
are measured as oxidative damage markers, and this is gener-
ally thought to be indicative of oxidative stress in pathological
conditions. Thus, accumulation of phospholipid damage
markers like malondialdehyde (MDA) or 4-hydroxynonenal
(HNE) or F2 isoprostanes; protein damage markers like pro-
tein carbonyls and HNE protein adducts; or DNA damage
markers like 8-hydroxydeoxyguanosine (8-OHdG) have been
demonstrated in the brain, cerebrospinal fluid (CSF), and
blood in many neurodegenerative diseases [93–97]. In con-
trast to such indiscriminate damage to cellular components
by ROS, a regulated cell death process called ferroptosis has
recently been identified, which is iron-dependent and requires
ROS and lipid peroxidation products [98]. The morphological
and biochemical characteristics of ferroptosis have been
worked out, which appear to be different from apoptosis and
necroptosis, and the process is triggered by a diverse group
of molecules like erastin, sulphasalazine, BSO, DP12, DP17,
cisplatin, and glutamate, many of which deplete the intracellu-
lar level of reduced glutathione (GSH) or inhibit glutathione
peroxidase 4 (GPX4) [98, 99]. The biochemical features
include increased production of ROS, accumulation of lipid
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peroxidation products, elevated intracellular level of iron,
decreased glutathione level, and inhibition by iron-chelators
and lipid-soluble antioxidants like α-tocopherol, ferrostatin-
1, and liproxstatin-1. The most characteristic morphological
feature is the presence of deformed, shrunken mitochondria
with loss of cristae and ruptured outer membrane and an
intact nucleus [98–100]. The process of ferroptosis has been
implicated in several pathological conditions like acute kidney
injury, ischemia-reperfusion injury, cancer, and several neuro-
degenerative diseases [98, 100]. In addition to these mecha-
nisms, ROS have been shown to be involved both in
apoptosis and regulated necrosis (necroptosis) in many exper-
imental conditions, and this could be important in the context
of neuronal death which is a hallmark feature of most neuro-
degenerative diseases [101–103].

Though the involvement of ROS in various cell death
pathways is complex, contextual, and probably interrelated,
it may be presumed that as a major contributor to intracellu-
lar ROS production, NOX would play an important role in
cellular death pathways. Thus, enhanced NADPH oxidase
activity has been reported in apoptosis and necroptosis in a
variety of experimental models involving cardiomyocytes,
pancreatic acinar cells, human aortic smooth muscle cells,
endothelial cells, and fibroblasts [104–108]. In the context
of neuronal death in AD, we will discuss the role of NOX sep-
arately, but there is scattered evidence of NOX activation in
other neurodegenerative diseases as well. Thus, postmortem
brain studies have revealed high levels of NOX2 in the sub-
stantia nigra of sporadic Parkinson’s disease (PD) patients,
localizing with the microglial marker CD68 as evidenced by
immunostaining [109]. In the same study, high levels of
NOX2 in reactive microglia associated with dopaminergic
neuronal loss have been observed in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine- (MPTP-) induced experimental
models of PD, and interestingly, much less dopaminergic
neuronal loss is noticed in mice lacking NOX2 suggesting a
clear link between neuronal death and NOX2 activation
[109]. In another study of a 6-hydroxydopamine-based
model of PD neurodegeneration in rats, increased expression
levels of NOX1 and Rac1 (a component of the NOX1 com-
plex) have been observed in dopaminergic neurons of the
substantia nigra along with oxidative DNA damage and neu-
ronal death which could be prevented significantly by knock-
ing down the expression of NOX1 [110]. Oxidative stress and
NOX have been implicated in the pathogenesis of another
devastating neurodegenerative disease—amyotrophic lateral
sclerosis (ALS)—in which progressive loss of motor neurons
accompanied by gliosis occurs. In spinal cords of genetic
mouse models of ALS, an increased expression of NOX2
has been demonstrated, and a similar increase has been
observed in microglial NOX2 in postmortem spinal cord
samples of ALS patients [111]. This study, however, has
failed to show any improvement in the survival of ALSmouse
models upon treatment with NOX inhibitors [111]. In an
earlier study, mutant SOD1, as present in the familial type
of ALS, expressed in human cell lines, was shown to activate
NOX directly through the Rac1 regulator protein [112]. The
aggregation and accumulation within neurons of mutant
ATXN7 because of polyglutamine (poly-Q) expansion has

been held responsible for the inherited neurodegenerative
disease spinocerebellar ataxia type 7 (SCA7). In a cell-based
model of this disease, the expression of mutant ATXN7 is
accompanied by increased ROS production, aggregation of
ATXN7, and cytotoxicity, which are preventable by a NOX
inhibitor [113].

2.6. Alzheimer’s Disease, Oxidative Stress, and NOX

2.6.1. Oxidative Stress in AD. Alzheimer’s disease (AD) is
characterized by a diffuse loss of neurons in the hippocam-
pus, enterorhinal cortex, amygdala, and different regions of
the neocortex with extracellular deposition of oligomerized
amyloid beta peptide (Aβ42) called amyloid plaques and
intraneuronal neurofibrillary tangles composed of phosphor-
ylated tau protein [13]. The disease causes progressive
dementia and loss of multiple cognitive domains in a devas-
tating form leading to death within 3–9 years of diagnosis.
The accumulation of oxidative damage markers of lipids,
proteins, and nucleic acids has been shown in multiple stud-
ies in CSF or postmortem brain tissue in AD, and the topic is
reviewed extensively [13, 87, 88, 93, 94, 114–117]. Such oxi-
dative damage in the brain is also detectable in AD transgenic
animals along with the deposition of amyloid plaques [118,
119]. In addition, the accumulation of transition metals like
Fe and Cu in the AD brain has been shown in many postmor-
tem studies using histochemical and magnetic resonance
spectroscopic methods, but a meta-analysis subsequently
has challenged this notion and suggested significant citation
bias [120–123]. Antemortem imaging studies have also indi-
cated iron accumulation in AD brains in several areas, but
more extensive in vivo studies are necessary [124, 125].
Although ROS can interact with any biomolecule within
neurons, oxidative damage to proteins in particular could
be important in AD pathogenesis through disruption of neu-
ronal energy metabolism and proteostasis and aberrant redox
signalling through activation of stress-activated protein
kinases (JNK, p38, and ERK 1/2) or oxidative modifications
of redox-sensitive transcription factors [126–128].

Most reviews dealing with oxidative damage in AD have
discussed the reasons for enhanced ROS formation in the AD
brain. In general, transition metal-catalysed ROS formation,
especially with the metal liganded with Aβ, could be an
important contributor, and in addition, increased ROS
formation can take place from dysfunctional mitochondria
which is characteristic of AD [128–131]. On the other hand,
the release of ROS from activated microglia as a part of the
inflammatory response in the AD brain is also important,
and NOX could be playing a crucial role in this process.

2.6.2. NADPH Oxidase and AD. NADPH oxidase activation
has been strongly implicated in the pathogenesis of AD as
evident from postmortem studies showing the translocation
of NOX2 subunits p47phox and p67phox from cytosol to mem-
brane, and this activation presumably takes place in activated
microglia [132]. In another study, subjects were grouped on
the basis of antemortem behavioural testing and postmortem
histopathological assessment as no cognitive impairment
(NCI), preclinical AD, mild cognitive impairment (MCI),

5Oxidative Medicine and Cellular Longevity



and early to moderate AD; NOX activity was measured lumi-
nometrically, and protein expression levels of NOX2 sub-
units were assessed by immunoblotting [133]. The NOX
enzyme activity was elevated in MCI, and different grades
of AD compared to that in NCI. NOX2 subunit (p47phox,
p67phox, and p40phox) levels also remained high in different
grades of AD, and in addition, a strong inverse correlation
was observed with increased NOX activity associated with
decreased cognitive functions [133]. In another longitudinal
follow-up study of control subjects and patients of preclinical
AD, MCI, and advanced AD, increased NOX activity was
seen in the temporal cortex of MCI patients but not in those
of preclinical AD or advanced AD subjects; immunohisto-
chemical and immunoblotting analyses showed increased
levels of gp91phox and p47phox in the MCI group [134]. Fur-
ther, this study showed that gp91phox was expressed in micro-
glial cells as well as in neurons, and the toxic action of soluble
oligomeric Aβ42 on neurons in culture were diminished by
the NOX inhibitor apocynin [134]. The enhanced activity
of NOX2 in AD may be caused by the activation of microglia
by Aβ which releases ATP which in turn leads to NOX2 acti-
vation and ROS production; the process is mediated through
the activation of the purinergic receptor P2X7 and requires
Ca2+ influx [135]. Another earlier study showed that microg-
lia in primary culture stimulated by ATP acting through the
purinergic receptor P2X7 release superoxide radical (O2

•-),
and this process is mediated by NOX activation [136].
Furthermore, such activated microglia can lead to neuronal
death in coculture suggesting a clear link among neuroin-
flammation, NOX activation, oxidative stress, and neurode-
generation [136]. Intracerebrovascular injection of LPS or
Aβ oligomers causes an inflammatory response through the

activation of microglia, but this response is inhibited in
NOX-deficient (p47phox or gp91phox deficient or apocynin
treated) mice where the microglia attain the alternative phe-
notype (M2) responsible for tissue healing and repair [137].
Likewise, neuroblastoma cells with an overexpression of APP
(wild-type or containing multiple mutations of familial AD)
degenerate when cocultured with microglial cells because of
ROS production by NOX, and this is expectedly attenuated
by the NOX inhibitor DPI or radical scavengers [138].

In addition to NOX2, high levels of NOX1 and NOX3
mRNA have been observed in the frontal lobe of AD patients
(early stages), indicating the contribution of other NOX
isoforms in AD neuropathology [139]. The activity of NOX
and the expression of the NOX4 subunit are also consistently
elevated in the brain of APPxPS1 knock-in mice with a
significant linear correlation between NOX activity and the
age-dependent accumulation of Aβ with cognitive dysfunc-
tion [140]. On the other hand, transgenic mice (Tg2576)
carrying human APP with the Swedish mutation and lacking
in the catalytic subunit of NOX2 fail to develop oxidative
damage, neurovascular dysfunction, and cognitive deficits
at 12-15 months of age unlike Tg2576 mice with intact
NOX2, though the brain amyloid beta burden in both the
groups were similar [141]. Thus, a mounting body of evi-
dence demonstrates NOX activation and ROS generation in
the AD brain and primarily implicates microglial response
as the trigger for increased ROS production. In the AD brain,
soluble oligomers of amyloid beta peptide and other inflam-
matory triggers activate the microglia to M1 state with
changes in morphology and exhibition of many inflamma-
tory surface markers [128, 142, 143]. The microglia prolifer-
ate and assemble near the amyloid plaques releasing many

Peripheral cytokines,
other tiggers: viruses, bacteria?

ATP

Purinergic receptor

NOX2

NOX inhibitors

ROS

Neurodegeneration

Activated microglia

Peptides,
proinflammatory cytokines,

PGE2
complement system

components

NOX2 sp
eci

fic

Figure 1: NOX activation in brain microglia in Alzheimer’s disease. The microglial NOX2 is upregulated through multiple triggers including
Aβ42. Proinflammatory cytokines, chemokines, and NOX2-derived ROS act in concert to cause further activation of microglia and also
neuronal damage linking inflammation and oxidative damage in AD pathology. The potential beneficial effects of NOX2 inhibitors have
been indicated (image was created using BioRender).
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peptides, proinflammatory cytokines, chemokines, prosta-
glandins like PGE2, components of the complement system,
and ROS, and thus a strong inflammatory response is gener-
ated which is partly responsible for neuronal and synaptic
degeneration [128, 142–144]. The increased ROS production
in reactive microglia occurs from activation of NOX2; ROS
can cause degeneration of neurons and through redox-
signalling pathways enhance the formation and release of
proinflammatory cytokines from the microglia [145]. This
suggests an overlap of oxidative damage pathways, redox-
signalling mechanisms, and inflammatory response in AD
brain. Figure 1 summarizes the mechanistic processes linked
to NOX activation in microglia and the potential benefits of
NOX2 inhibitors.

3. NADPH Oxidase Inhibitors in AD

It is apparent from the discussion above that NOX inhib-
itors will have substantial effects on the pathogenesis of
AD, attenuating both oxidative stress and neuroinflamma-
tion in the brain; thus, they are potential candidates as
disease-modifying agents in AD. Furthermore, NOX2, pres-
ent predominantly in microglia, appears to be the most
important isoenzyme involved in AD pathogenesis; thus, a
specific inhibitor of NOX2 instead of a general NOX inhibi-
tor could be even more effective. The NOX inhibitors are
comprised of a heterogeneous group of molecules that
include both peptide inhibitors and small molecule inhibi-
tors. The peptide inhibitors are designed to prevent the bind-
ing of cytosolic accessory proteins to the membrane-bound
catalytic portion of NOX; thus, they act as specific inhibitors
of different isoenzymes of NOX (NOX2-ds-TAT and Nox-
A1ds are specific for NOX2 and NOX1, respectively) [146].
Many small-molecule inhibitors of NOX are currently avail-
able for research applications, and some of them are also
being tested in clinical trials [146–148].

The classification of NOX inhibitors is complex. The
older generation of small molecule NOX inhibitors include
diphenylene iodonium (DPI) and apocynin, and the
relatively less tested 4-(2-aminoethyl)-benzenesulphonyl
fluoride (AEBSF) or plumbagin, while the more recently
introduced compounds are GLX351322 and GSK2795039.
A major issue with these drugs is the presence of additional
actions such as direct ROS-scavenging properties, rho kinase
inhibition, flavoprotein inhibition, and serine kinase inhibi-
tion. Many of them do not directly inhibit NOX but instead
act on upstream triggers and downstream pathways of
NOX [26, 148]. Many of these drugs are not specific for any
particular isoenzyme of NOX, but GKT137831 and
GKT36901 are claimed to be specific for NOX1 and NOX4
[148]. This not only makes it difficult to judge how much
their actual therapeutic benefits may be ascribed to NOX
inhibition but also results in off-target effects, making clinical
use difficult [26, 148]. One drug that has been prominently
tested, especially in a variety of cardiovascular disease states
in animal models and some clinical trials is apocynin. It is a
phenolic compound which is derived from the medicinal
plant Jatropha multifida [149]. It has been also suggested that
apocynin, which mainly inhibits NOX2, may have a benefi-

cial role in Alzheimer’s disease. A study investigating apocy-
nin at an oral dose of 10mg/kg daily in a hAPP (751) SL
transgenic mouse model of AD found a significant reduction
of plaque size within the cortex and hippocampus and a
reduction of microglia number in the cortex [150]. In
another experiment, male Wistar rats treated with scopol-
amine to induce an AD phenotype showed improvement in
cognitive test performance when administered apocynin.
This was accompanied by a decline in amyloid β concentra-
tion in the rat hippocampi and a decrease in superoxide
anion concentration [151]. Apart from the traditional small
molecule inhibitors, several new agents such as GKT136901
and GKT137831; ML171; VAS2870 and VAS3947; S17834;
Fulvene-5; the triphenylmethane derivative dyes, namely,
imipramine blue, brilliant green, and Gentian violet; grinde-
lic acid; ebselen; perhexiline; and Shionogi I and II have been
proposed to have NOX-specific inhibitory activity based on
experimental studies [26, 152]. Most of these agents, how-
ever, have not made it to the clinical trial stage, at least in
neurodegenerative disorders. The focus of clinical studies in
Alzheimer’s disease thus remains on naturally obtained
compounds with not only NOX inhibitory but also other
beneficial effects. These include berberine, blueberry-
derived polyphenols, relatively NOX-specific celastrol,
EGCG derived from green tea, Gingko biloba, resveratrol,
and others. Table 1 summarizes several human studies of
these agents in patients with Alzheimer’s disease and its pre-
cursor states such as mild cognitive impairment [153–163]. It
is evident that the results are quite variable, and hence,
further studies are warranted to evaluate their role in AD
therapeutics. It is also to be understood that NOX-
generated ROS take part in redox signalling under physiolog-
ical conditions in the brain; thus, inhibition of NOX as a ther-
apeutic measure may be fraught with additional problems.

4. Conclusion

The complexity of AD pathogenesis especially in sporadic
cases precludes any “magic bullet” approach towards the
therapy of this disease. Multiple disease-modifying drugs
and multitargeted drugs could become important in the com-
ing days to combat AD. To that extent, NOX inhibitors may
provide an “add-on” therapy to maximize clinical benefit in
AD treatment. However, a molecule specifically and directly
inhibiting NOX2 without “off-target” effects would be neces-
sary, and in addition, its bioavailability in the CNS and long-
term toxicity have to be carefully evaluated.
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Three groups of synthetic lipids are chosen for studies: (1) 1,4-dihydropyridines (1,4-DHPs) containing two cationic moieties and
their analogues; (2) 3,4-dihydro-2(1H)-pyridones containing a cationic moiety; and (3) acyclic, open-chain analogues, i.e., 2-
amino-3-alkoxycarbonylalkylammonium derivatives. 1,4-DHPs possessing dodecyl alkyl chains in the ester groups in positions
3 and 5 and cationic nitrogen-containing groups in positions 2 and 6 have high cytotoxicity in cancer cells HT-1080 (human
lung fibrosarcoma) and MH-22A (mouse hepatoma), but low cytotoxicity in the noncancerous NIH3T3 cells (mouse
embryonic fibroblast). On the contrary, similar compounds having short (methyl, ethyl, or propoxyethyl) chains in the ester
groups in positions 3 and 5 lack cytotoxicity in the cancer cells HT-1080 and MH-22A even at high doses. Inclusion of
fluorine atoms in the alkyl chains in positions 3 and 5 of the DHP cycle decreases the cytotoxicity of the mentioned
compounds. Structurally related dihydropyridones with a polar head group are substantially more toxic to normal and
cancerous cells than the DHP analogues. Open-chain analogues of DHP lipids comprise the same conjugated
aminovinylcarbonyl moiety and possess anticancer activity, but they also have high basal cytotoxicity. Electrochemical
oxidation data demonstrate that oxidation potentials of selected compounds are in the range of 1.6–1.7V for cationic 1,4-
DHP, 2.0–2.4V for cationic 3,4-dihydropyridones, and 1.2–1.5V for 2-amino-3-alkoxycarbonylalkylammonium derivatives.
Furthermore, the tested cationic 1,4-DHP amphiphiles possess antiradical activity. Molecular topological polar surface area
values for the tested compounds were defined in accordance with the main fragments of compound structures. The
determined logP values were highest for dodecyl ester groups in positions 3 and 5 of the 1,4-DHP and lowest for short alkyl
chain-containing amphiphiles.

1. Introduction

For a long time, liposomes have been considered to have a
role in the encapsulation of toxic drugs (mainly anticancer
drugs) into liposomal drug delivery systems which are
supposed to be inert, having no pharmacological or che-
motherapeutical activity per se [1]. The properties of
liposomes are mainly dependent on the characteristics of
their constituent lipids.

Lipids and liposomal agents as liposome-forming build-
ing blocks depending on their physicochemical properties
can influence the immune system. For the development of

new liposomal systems, it is important to perform analysis
on the liposome-forming lipid properties with an emphasis
on toxicity to healthy tissues and immune responses [2].
Synthetic cationic amphiphilic bilayers can act as gene,
vaccine, or drug carriers; at the same time, they can inter-
act with negatively charged prokaryotic or eukaryotic cells,
causing cell adhesion and loss of cell viability. Lipids and
liposomes deserve to be investigated as potential drugs
[3]. Cytotoxicity of cationic liposomes is a significant
property to be checked [4].

Liposomesmay induce oxidative damage to normal tissues
[5]. Reactive oxygen species (ROS) and lipid peroxidation
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products not only are cytotoxic but may also perform and
modulate signal transduction in cells [6]. It was demonstrated
that the levels of ROS and the activity of scavenging/antioxi-
dant enzymes in drug-resistant cancer cells are typically
increased compared to nonresistant cancer and normal cells.
Thereby, multidrug-resistant (MDR) cancer cells may bemore
susceptible to alterations in ROS levels. Numerous studies sug-
gest that compounds modulating cellular ROS levels can
enhance MDR cancer cell death and sensitize MDR cancer
cells to certain chemotherapeutic drugs [7]. It was concluded
that unspecific elimination of ROS by use of low molecular
mass antioxidants was not successful for disease initiation
and progression. However, controlling specific ROS-
mediated signaling pathways by selective targeting offers a
perspective for more refined redox medicine in the future
[8]. Additional antioxidant activity (antiradical activity) could
be beneficial as it would protect cells and organisms in case of
oxidative stress or, in general, be involved in the process of
redox regulation and master switch systems [9]. In this way,
1,4-dihydropyridines, being a group of synthetic antioxidants,
could be used for the modulation of cellular redox signaling.
Lipids reveal cancer cell-selective cytotoxicities—they are less
cytotoxic in noncancerous healthy cells [10]. Evaluation of
the cytotoxicity of nanoparticles and their components is cru-
cial for the accurate interpretation of pharmacological activi-
ties [11]. Nonviral synthetic lipid vectors may interact with
biomolecules through functional moieties (biosignature),
resulting in biological impacts: intrinsic genomic and nonge-
nomic effects [12].

Our research group has developed liposome-forming cat-
ionic 1,4-dihydropyridine (1,4-DHP) amphiphiles capable of
transfecting pDNA into different cell lines in vitro. To assess
the influence of different molecular architectures on gene
delivery properties, numerous 1,4-DHP amphiphiles were
studied [13–15]. Besides, some of these amphiphilic com-
pounds revealed anticancer activity in HT-1080 and MH-
22A cells and antiradical activities (27–40% in DPPH tests)
[13, 16]. The remarkable increase of N-H acidity (up to
pKa ~7–8) in the DHP cycle is the basis for its buffering
activity in these types of gene transfection agents [17].

Recently, it was demonstrated that 4-(N-alkylpyridi-
nium)-1,4-dihydropyridines possess toxicity in Gram-
positive and Gram-negative bacteria species and eukaryotic
microorganisms [18]. The abovementioned 4-(N-alkylpyridi-
nium)-1,4-dihydropyridines also possess calcium channel-
blocking and antioxidant activities [19].

In this work, we chose amphiphilic dihydropyridine
derivatives as synthetic lipids and their structural analogues
as objects to study pleiotropic activities. The cytotoxic prop-
erties of 3 types of amphiphilic compounds in 3 cell lines,
namely, normal NIH3T3 (mouse embryonic fibroblast), can-
cerous HT-1080 (human lung fibrosarcoma), and MH-22A
(mouse hepatoma), were evaluated. The studied compounds
could be divided into 3 groups according to their structural
fragments: (a) 1,4-dihydropyridines containing two cationic
moieties as a conjugated cyclic bis(β-carbonylvinyl)amino
system and some structurally related compounds; (b) 3,4-
dihydro-2(1H)-pyridones containing a cationic moiety as
an isomeric 3,4-dihydropyridine structure with an additional

intracyclic carbonyl group—a N-β-carbonylvinylamido
system; and (c) 2-amino-3-alkoxycarbonylalkylammonium
derivatives as acyclic, open-chain β-aminovinylcarbonyl sys-
tems. Lipophilicity of the selected compounds was character-
ized using logP and molecular topological polar surface area
calculations. Evaluation of electrochemical oxidation poten-
tials of the selected compounds was also performed.

2. Materials and Methods

2.1. Chemistry.More detailed descriptions of synthetic pro-
cedures and characterization of the original unpublished
intermediates and compounds are described in the Supple-
mentary data.

2.1.1. Synthesis of Cationic 1,4-Dihydropyridines 1–26. Briefly,
the elaborated synthesis of the cationic 1,4-DHP 1–7, 9–25
involved three sequential steps. The first step was the synthesis
of the corresponding 2,6-dimethyl 1,4-DHP derivative in a
two-component Hantzsch-type cyclization using 1.0 eq of the
corresponding aldehyde, 1.2 eq of an ammonia source, and
2.0 eq of the corresponding acetoacetate for symmetrically
substituted 1,4-DHP derivatives or 1 eq of the corresponding
acetoacetate and 1.0 eq of the corresponding 3-aminobut-2-
enoate for unsymmetrically substituted ones. The second step
involved the bromination of the methyl groups of the 2,6-
dimethyl-1,4-DHP derivative with N-bromosuccinimide, and
the third step was the nucleophilic substitution of bromine
of the 2,6-dibromomethylene-1,4-DHP by N-heterocycles or
amines yielding the target compounds. The first step for the
synthesis of the parent 1,4-dihydropyridine in the case of com-
pound 26 involved the reaction between 1.0 eq of the corre-
sponding aldehyde, 2.4 eq of ammonium acetate, and 4.0 eq
of the corresponding acetoacetate. More detailed synthetic
procedures and characterization of the original compounds
are described in the Supplementary data.

2.1.2. Synthesis of Compound 8 [20]. Briefly, the condensa-
tion of ethyl 4-chloroacetoacetate with glyoxylic acid
monohydrate in the presence of piperidine/acetate pro-
vided (E,Z)-2-(2-chloroacetyl)-but-2-enedioic acid 1-ethyl
ester, which was used in the next reaction with ethyl 3-
amino-4-chlorobut-2-enoate. The obtained 3,5-diethyl
2,6-bis(chloromethyl)-1,4-dihydropyridine-3,4,5-tricarboxy-
late was esterified with methanol to afford the parent 2,6-
dichloromethylene-1,4-DHP. The target compound 8 was
obtained via nucleophilic substitution of chlorine by pyri-
dine in the presence of potassium iodide.

2.1.3. Synthesis of Cationic Pyridine 27 [14]. Briefly, the cor-
responding 2,6-dibromomethylene-1,4-DHP was oxidized
by HNO2 followed by nucleophilic substitution of bromine
with pyridine to give the target compound 27.

2.1.4. Synthesis of Cationic 3,4-Dihydro-2(1H)-pyridones 28–
38. Briefly, 3,4-dihydro-2(1H)-pyridone synthesis employed
a four-component reaction using Meldrum’s acid by a het-
erocyclization with the corresponding β-ketoester and the
corresponding aldehyde. The obtained 3,4-dihydro-2(1H)-
pyridones were treated with bromine giving the respective
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6-methylbromides, which in subsequent reaction with pyri-
dine or amine provided the target compounds 28–38.

2.1.5. Synthesis of 2-Amino-3-alkoxycarbonylalkylammonium
Halides 39–48. Briefly, the first step included the transesterifica-
tion of the commercially available ethyl 4-chloroacetoacetate
with a corresponding carbinol without solvent by azeotropic
removal of ethanol. The further reaction of the corresponding
4-chloro-3-oxobutanoates with ammonium acetate led to
enaminoesters, which were used for quaternization by tertiary
amines or heterocycles giving the target compounds 39–48.
Potassium iodide or sodium bromide additives were used for
obtaining the corresponding iodides or bromides.

2.2. Experiments for Evaluation of Electrochemical Oxidation
Potentials. Cyclic voltammetry experiments were carried
out on a PARSTAT 2273 electrochemical system. A sta-
tionary glassy carbon disk electrode (d = 0:5mm) served
as the working electrode, while the counterelectrode was
a Pt wire. The oxidation potentials were measured relative
to a Ag/Ag+ reference electrode. Acetonitrile was dried
over P2O5 and distilled; the distillate was stored over
CaH2 and redistilled just before use. Recrystallized tetrabu-
tylammonium tetrafluoroborate (TBABF4) was used as a
supporting electrolyte at 0.1M concentration.

2.3. Determination of LogP and Molecular Topological Polar
Surface Area. LogP and Topological Polar Surface Area
(TPSA) values were calculated with the Chem3D Ultra 19
program (PerkinElmer Informatics). For logP calculations,
the Molecular Networks module was used on single-
molecule compounds (salts were taken as cations).

2.4. Cytotoxicity. Cytotoxicity of the compounds was deter-
mined on HT-1080 (human lung fibrosarcoma) and MH-
22A (mouse hepatoma) cell lines and on the normal NIH3T3
(mouse embryonic fibroblast) cell line. IC50 is the compound
concentration (μg/ml) at which 50% of the cells die. CV is
a triarylmethane dye that can bind to ribose-type mole-
cules such as DNA in nuclei. CV staining can be used to
quantify the total DNA of the remaining population and
thus is used to determine the number of live cells based
on the concentration of the dye which remains after stain-
ing. MTT is a standard colorimetric assay used to measure
cellular proliferation. Yellow MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) is reduced to pur-
ple formazan in the mitochondria of living cells.

Reduction takes place only when mitochondrial reduc-
tase enzymes are active, and therefore, conversion is directly
related to the number of viable cells which can be quantified
by the absorbance of the solution (between λ = 500 and
600nm) using a spectrophotometer.

2.5. Cell Culture and Measurement of Cell Viability. Tumor
cell lines HT-1080 (human connective tissue fibrosarcoma,
ATCC® CCL-121™) and MH-22A (mouse hepatocarcinoma,
ECACC, cat. Nr. 96121721) were used.

HT-1080 and MH-22A cells were seeded in 96-well
plates in Dulbecco’s modified Eagle’s (DMEM) medium
containing 10% fetal bovine serum and 4mM L-glutamine,

without antibiotics, and cultivated for 72h by exposure to
different concentrations of compounds. Cell viability was
measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolinium bromide (MTT). In brief, after incubating
with compounds, the culture medium was removed and
fresh medium with 0.2mg/ml MTT was added in each
well of the plate. After incubation (3 h, 37°C, 5% CO2),
the medium with MTT was removed, and 200μl DMSO
was added at once to each sample. The samples were
tested at 540nm on a Tecan Infinite M1000 multiplate
reader. The IC50 was calculated using the program Graph-
Pad Prism® 3.0.

For the CV assay, cells were stained with 0.05% crystal
violet (Sigma-Aldrich) in 30% methanol for 20 minutes at
room temperature. After incubation, the staining solution
was removed. The cells were washed 4 times with water.
For dye solubilization, 200μl of a solubilizing solution
(0.1M citrate buffer, pH4.2 in 50% ethanol; 1 : 1 v/v) was
added. The absorbance of the solution was measured using
a Tecan Infinite M1000 multiplate spectrophotometer at a
wavelength of 570nm [21].

2.6. Basal Cytotoxicity Test. The Neutral Red Uptake (NRU)
assay was performed according to the standard protocol of
Stokes et al. [22] modified by a NICEATM-ECVAM valida-
tion study [23]. The NRU cytotoxicity assay procedure is
based on the ability of viable cells to incorporate and bind
neutral red, a supravital dye.

Balb/c NIH 3T3 (mouse Swiss albino embryo fibroblast,
ATCC® CRL-1658™) cells (9000 cells/well) were placed into
96-well plates for 24 h in Dulbecco’s modified Eagle’s
medium (DMEM) containing 5% fetal bovine serum. Then,
the cells were exposed to the test compound over a range of
seven concentrations (1000, 316, 100, 31, 10, 3, and 1μg/ml)
for 24h. Untreated cells were used as a control. After 24 h, the
medium was removed from all plates. Then, 150μl of neutral
red solution was added (0.05mg/ml NR in DMEM 24h pre-
incubated at 37°C and then filtered before use through a
0.22μm syringe filter). Plates were incubated for 3 h, and
then, the cells were washed three times with PBS. The dye
within viable cells was released by extraction with a mixture
of acetic acid, ethanol, and water (1 : 50 : 49). The absorbance
of neutral red was measured using a spectrophotometer mul-
tiplate reader (Tecan Infinite M1000) at 540nm. The optical
density (OD) was calculated using the following formula:
OD ðtreated cellsÞ × 100/OD ðcontrol cellsÞ. The IC50 values
were calculated using the GraphPad Prism® 3.0 program.

2.7. Estimation of LD50 from IC50 Values. Data from the
in vitro tests were used for estimating the starting dose
for acute oral systemic toxicity tests in the rodent. The
in vivo starting dose is an estimated LD50 value calculated
by inserting the in vitro IC50 value into a regression
formula: log LD50 ðmM/kgÞ = 0:439 log IC50 ðmMÞ + 0:621
[23–25]. The value is recalculated to mg/kg, and com-
pounds are evaluated in accordance with 4 toxicity catego-
ries [26]: category 1—LD50 ≤ 5mg/kg (highly toxic);
category 2—5 < LD50 ≤ 50mg/kg (moderately toxic); cate-
gory 3—50 < LD50 ≤ 300mg/kg (slightly toxic); and
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category 4—300 < LD50 ≤ 2000mg/kg (practically non-
toxic). Using an alternative in vitro method allows the
comparison between possibly toxic new compounds and
selecting compounds for further study vastly reducing the
number of animal experiments.

3. Results and Discussion

3.1. Structures of Compounds. The studied compounds could
be divided into 3 groups considering structure fragments:

(1) 1st group: twenty-five representatives of two cationic
moieties containing 1,4-dihydropyridines (com-
pounds 1–25 in Table 1) and, additionally, four cat-
ionic moieties containing 1,4-dihydropyridine
(compound 26 in Table 1) and one as an oxidized
form—two cationic moieties containing pyridine
(compound 27 in Table 1)

(2) 2nd group: eleven representatives of 3,4-dihydro-
2(1H)-pyridones containing a cationic moiety as an
isomeric 3,4-dihydropyridine structure with an addi-
tional intracyclic carbonyl group, i.e., the N-β-carbo-
nylvinylamido system (compounds 28–38 in Table 2)

(3) 3rd group: ten representatives of cationic 2-amino-3-
alkoxycarbonylalkylammonium derivatives as acy-
clic, open-chain analogues of cyclic 1,4-DHPs (com-
pounds 39–48 in Table 3)

These three groups were selected after analysis of their
structure-activity relationships as synthetic lipid-like amphi-
philic compounds. Previously, the 3rd group representa-
tives—(2-amino-3-alkoxycarbonylalkyl)trialkylammonium
halides—were synthesized, and their ribonucleic acid (RNS)
transfection activity was demonstrated [27]. This group
covers synthetic lipid-like compounds on the basis of a β-
aminovinylcarbonyl (AVC) moiety: a conjugated pentade
system connected with a lipophilic carbon atom chain and
a cationic part (alkylammonium or pyridinium type). These
compounds are proposed as an open-chain system compared
to the cationic 1,4-DHP or pyridone heterocyclic systems.
Structurally, the 2nd group molecules—the cationic pyridone
derivatives—are heterocycles which comprise a cyclic AVC
system and an additional intracyclic carbonyl group and an
extracyclic cation. Previously, the 1st group representa-
tives—1,4-DHP derivatives containing pyridinium moie-
ties—were presented as promising tools for delivery of
DNA into target cells [13, 14, 20, 28]. It is noteworthy that,
due to cross-conjugation of two AVC systems of the 1,4-
DHP cycle, its N-H group is influenced by two electron-
withdrawing vinylcarbonyls.

3.2. Synthesis of the Amphiphiles. Synthesis of the amphi-
philes was performed according to Schemes 1–4.

Previously, 3,5-bis(dodecyloxycarbonyl)-1,4-DHPs con-
taining cationic moieties were elaborated as synthetic lipid-
like compounds having promising gene delivery properties
for DNA transfection; the basic structure-activity relation-
ships have been verified for the cationic 1,4-DHP derivatives

as gene delivery systems, and it has been shown that the
molecular structure affected their self-assembling properties,
pDNA-binding ability, and properties of the formed 1,4-
DHP amphiphile-pDNA complexes [13, 15, 28]. The syn-
thetic procedure for the amphiphilic compounds 1–7, 9–22,
and 26 is displayed in Scheme 1via a multistep sequence.
The first step was a Hantzsch synthesis of the parent com-
pound 3,5-bis(alkoxycarbonyl)-2,6-dimethyl-4-phenyl-1,4-
dihydropyridine. The second step was bromination of the
2,6-methyl groups with N-bromosuccinimide (NBS) [34]
resulting in the second parent compound 2,6-di(bromo-
methyl)-3,5-bis(alkoxycarbonyl)-4-phenyl-1,4-dihydropyri-
dine. The final step was nucleophilic substitution of bromine
in the 2,6-di(bromomethyl)-1,4-DHP by N-heterocycles or
amines, which is facile and generally takes place in good
yields.

Additionally, for studies of targeted changes in the struc-
ture of corresponding dicationic compound 10, which was
found to be more active for DNA delivery among the tested
1,4-DHP amphiphiles [13, 15, 28], 1,1′,1″,1‴-((1,4-phenyle-
nebis(3,5-bis((dodecyloxy)carbonyl)-1,4-dihydropyridine-
4,2,6-triyl))tetrakis(methylene))tetrakis(pyridin-1-ium) tet-
rabromide (26) was synthesized as a double or a “dimeric”
molecule of compound 10 and 1,1′-((3,5-bis(dodecyloxycar-
bonyl)-4-phenylpyridine-2,6-diyl)bis(methylene))-bis(pyri-
din-1-ium)dibromide (27) was prepared in accordance with
what was reported in [14] as the oxidized form of compound
10. For evaluation of the anion influence on cytotoxicity, 1,1′
-((3,5-bis((dodecyloxy)carbonyl)-4-phenyl-1,4-dihydropyri-
dine-2,6-diyl)bis(methylene))bis(pyridin-1-ium) ditetra-
fluoroborate (11) was synthesized from compound 10 after
treating with NH4BF4.

The unsymmetrical 1,4-DHP amphiphile 23 was designed
for analysis of the influence of mixed perfluorinated and alkyl
ester moiety substituents on the properties of amphiphiles.
The 1,4-DHP 23molecule contains only one of the two esters
as a perfluorinated ester moiety while the other is an alkyl
ester—the same as previous compounds. The synthetic proce-
dure (Scheme 2) includes a reaction between an enamine and
benzylidene in diglyme with inclusion of n-butylpyridinium
chloride as a phase transfer catalyst (PTC) [35] to affording
the parent dodecyl 5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
heptadecafluorododecyl 1,4-dihydro-2,6-dimethyl-4-phenyl-
pyridine-3,5-dicarboxylate in 43% yield. Without the PTC,
the yield was only 25%. Subsequent bromination with NBS
formed the corresponding 2,6-dibromomethylene DHPwhich
was used without further purification in nucleophilic substitu-
tion with pyridine yielding the unsymmetrical 1,4-DHP 23.

The 3,4-dihydro-2(1H)-pyridones (DHPDO) possess var-
ious pharmacological properties as α1a adrenergic receptor
antagonists [36], Rho-kinase inhibitors [37], P2X7 receptor
antagonists [38], or G-protein-coupled kinase receptor antag-
onists [39]. Synthesis of 3,4-dihydro-2(1H)-pyridone amphi-
philes 28–38 was performed according to Scheme 3. In this
case, Meldrum’s acid was used as the second dicarbonyl com-
ponent in a Hantzsch-like reaction with heterocyclization,
with a corresponding β-ketoester and a corresponding alde-
hyde in the presence of ammonium acetate in refluxing glacial
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acetic acid [40]. The parent DHPDO solution in chloroform
was treated with bromine affording the respective 6-bromo-
methyl-DHPDO, which on subsequent reaction with pyridine
or N,N-dimethyldodecyl-1-amine in dry acetone yielded the
corresponding amphiphilic DHPDO derivatives 28–38.

Typically, enaminones have been studied and used as
precursors and synthons for the synthesis of novel heterocy-
clic systems: pyridines, pyrroles, pyrimidines, dihydropyri-
dines, etc. [41]. Therefore, up to now, most of the research
in the field of enamines have been devoted to the elaboration
of new strategies and synthetic methods, but lack biological
studies [42]. 2-Amino-3-alkoxycarbonylalkylammonium
halides with long alkyl chains have appeared as a new class
of enaminoesters and were elaborated as a transfection agent
for RNS transfection [27]. Also, structure analogues—alkyl
acyl carnitine esters—were synthesized and characterized as
biocompatible cationic lipids for use in gene delivery [43].
Cationic enaminoesters are stable solid compounds with
remarkable solubility in water. The synthetic procedure for
2-amino-3-alkoxycarbonylalkylammonium halides 39–48 is

provided in Scheme 4. Briefly, the first step included the
transesterification of commercially available ethyl 4-
chloroacetoacetate with the corresponding carbinol without
solvent by azeotropic removal of ethanol. Further reaction
of the corresponding 4-chloro-3-oxobutanoates with ammo-
nium acetate led to the formation of enaminoesters, which
were used for quaternization with tertiary amines or hetero-
cycles by extended heating in a dry solvent. Potassium iodide
or sodium bromide additives were used for obtaining the cor-
responding iodides or bromides.

The perchlorates of amphiphiles 9, 15, 22, 27, and 32
were obtained from the corresponding bromides by treating
with excess of conc. HClO4 according to the procedure elab-
orated by Turovska et al. [44]. In some cases, the perchlorates
were used for obtaining solid salts while the corresponding
bromides existed as oils, and it was not possible to isolate
them from the reaction mixture.

The full description of the synthesis and characterization
of the original compounds in detail are given in the Supple-
mentary data. Purity of the studied compounds was at least

Table 3: Structures, cytotoxicity, and calculated toxicity of 2-amino-3-alkoxycarbonylalkylammonium halides.

O

O

R

NH2

39-48
X–

+Cat

Comp. Cat+ R X−
HT-1080 MH-22A NIH3T3

Ref.IC50 (CV)
(μg/ml)

IC50 (MTT)
(μg/ml)

IC50 (CV)
(μg/ml)

IC50 (MTT)
(μg/ml)

IC50 (NR)
(μg/ml)

LD50
(mg/kg)

39 N-Me2CyHex C16H33 Cl 0:35 ± 0:06 0:5 ± 0:1 1 ± 0:6 0:2 ± 0:06 0:7 ± 0:1 97 Suppl

40 N-Me(CH2)4 C16H33 Cl <1 <1 1 ± 0:2 <1 8 ± 1 312 Suppl

41 N-Me2(CH2)2NMe2 C16H33 Cl 2 ± 0:3 2 ± 0:6 1 ± 0:3 1 ± 0:2 5 ± 1 286 Suppl

42
N-

Me(CH2)2N(CH2)2Me
C16H33 Cl 2 ± 0:4 2 ± 0:2 1 ± 0:1 2 ± 0:3 4 ± 1 237 Suppl

43 N-Me2C6H13 C16H33 Cl 3 ± 0:6 2 ± 0:4 2 ± 0:2 1 ± 0:2 21 ± 6 538 Suppl

44 N-Me2C12H25 C16H33 Br 3 ± 0:4 3 ± 0:3 25 ± 3 28 ± 6 31 ± 8 697 Suppl

45 N-Me2C12H25 C16H33 Cl nt nt nt nt 25 ± 9 573 Suppl

46 N-Me2C12H25 C16H33 I nt nt nt nt 34 ± 8 637 Suppl

47 Py C12H25 I 3 ± 0:4 nt 2 ± 0:1 nt 14 ± 9 403 Suppl

48 N-Me2C12H25 C10H21 Cl 3 ± 0:4 nt 2 ± 0:2 nt 17 ± 3 485 Suppl

nt: not tested.
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Scheme 1: Synthesis of 1,4-dihydropyridine (1,4-DHP) amphiphiles 1–7, 9–22, and 26.
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97% according to high-performance liquid chromatography
(HPLC) data.

3.3. Estimation of LD50 from IC50 Values. It has been pro-
posed that the equation from the correlation of IC50 (the con-
centration of a substance that causes 50% toxicity in vitro)
could be applied to estimate unknown LD50 values for a
new compound from IC50 values measured as basal cytotox-
icity in vitro. This estimated LD50 gives prior information
regarding compound properties and would be used to select
promising compounds and a starting dose for in vivo exper-
iments. The evaluation of cytotoxicity of the abovementioned
3 types of amphiphilic compounds in vitrowas assessed using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolinium
bromide (MTT) and crystal violet (CV) assays on two mono-
layer tumor cell lines, namely, HT-1080 (human fibrosar-
coma) and MH-22A (mouse hepatoma). Additionally, the
compound influence on “normal” mouse fibroblasts
(NIH3T3) was estimated for the studies of structure-activity
relationships and exploration of the effect of substituents.
The results are presented in Tables 1–3. Studies of cytotoxic-
ity of the amphiphilic self-assembling compounds revealed
certain regularities.

3.4. Analysis of Structure-Activity Relationships

3.4.1. Two Cationic Moieties Containing 1,4-DHP
Amphiphiles (Table 1)

(1) Modification of Ester Alkyl Groups. Compounds posses-
sing short alkyl chains in the ester groups at positions 3 and
5 of the dihydropyridine ring and organic heterocyclic cat-
ions in the methylene groups in positions 2 and 6 had very
low cytotoxicity in cancer cell lines HT-1080 and MH-22A
and high calculated LD50 values (comp. 1–9). It means that
the compounds were almost inert to the noncancerous cell
line NIH3T3 and cancer cell lines HT-1080 and MH-22A.
This refers to several groups of the mentioned type of com-
pounds possessing short alkyls in 3,5-ester substituents
(methyl, ethyl, and also the more elongated propoxyethyl
groups): comp. 9, 1, 6, 8, and 7. Additionally, 3,5-bis(diethy-
loxycarbonyl)-1,4-DHP amphiphiles comprising substituted
pyridinio moieties in positions 2 and 6 (compounds 2–5)
have moderate cytotoxicity, around 3300mg/kg. In most
cases, for the 3,5-bis(diethyloxycarbonyl)-1,4-DHP com-
pounds, it was not possible to calculate IC50 values for the
cancer cell lines HT-1080 and MH-22A due to rather low
cytotoxicities; calculated LD50 values of compounds 1–9were
>2000mg/kg (for NIH3T3 cells).

On the contrary, analogues comprising dodecyl chains
in the ester groups at positions 3 and 5 and pyridinium
moieties in positions 2 and 6 of the dihydropyridine ring
(see comp. 10 versus comp. 1, comp. 12 versus comp. 2,
comp. 13 versus comp. 4) showed significant cytotoxicity
towards cancer cell lines HT-1080 and MH-22A and still
very low cytotoxicity in noncancerous NIH3T3 cells. For
example, LD50 values for compounds 10, 12, and 13 were
1482, 1431, and 1706mg/kg, respectively, while cytotoxic-
ity towards HT-1080 cells was 3–10μg/ml and towards

MH-22A cells was 3–40μg/ml. In principle, the obtained
data coincide with observations on the impact of dihydro-
pyridine on cell growth, where it was concluded that a
long alkyl chain containing 1,4-DHP amphiphiles show
promising dual activity—proliferation inhibition on cancer
cell lines and proliferation stimulating effect on normal
cell lines [31]. It should be noted that the 3,5-bis(dodecy-
loxycarbonyl)-1,4-DHP amphiphile 14 with an electron-
withdrawing acetyl group in the pyridinium moieties in
positions 2 and 6 of the 1,4-DHP ring was practically non-
toxic on noncancerous NIH3T3 cells and demonstrated
selective cytotoxicity toward cancer cells and pronounced
cytotoxicity of around 3μg/ml on HT-1080 cells and of
50-100μg/ml on MH-22A cells.

Substitution of fluorine for hydrogen atoms in alkyl
chains of the 1,4-DHP amphiphiles decreased cytotoxicity
of the abovementioned compounds. Thus, substitution of
the 3,5-dodecyloxycarbonyl alkyl chain’s most distant hydro-
gen atom by trifluoromethyl groups (comp. 22 versus comp.
10) leads to lower cytotoxicity to cancer cell lines HT-1080
(10–18μg/ml versus 3μg/ml) and MH-22A (10–19μg/ml
versus 3–6μg/ml) and to higher cytotoxicity to noncancerous
cell line NIH3T3 (771mg/kg versus 1482mg/kg). In this case,
the influence of the anion was not taken into account, but
that also could give an effect. Substitution of seven methylene
groups of a 3-dodecyloxy moiety by seven difluoromethylene
groups leads to the formation of an unsymmetrical 1,4-DHP
amphiphile 23, which has lower cytotoxicity to the studied
cancer and normal cell lines (comp. 23 versus comp. 10)—a
cytotoxicity of around 47–75μg/ml versus 3–6μg/ml on can-
cer cell lines and LD50 3448mg/kg versus 1482mg/kg,
respectively. Further substitution of the next sevenmethylene
groups by seven difluoromethylene groups (comp. 24) leads
to subsequent diminishing of cytotoxicity to cancer cell lines
(around 100μg/ml) and also low calculated toxicity to non-
cancerous cell line NIH3T3 (>2000mg/kg). In the case of
the more extended partially fluorinated 3,5-heptadecafluoro-
nonadecyl chains (comp. 25), the compounds revealed unde-
tectable toxicity to the two cancer cell lines and also low
toxicity to the noncancerous cell line NIH3T3. So, from the
obtained results (Table 1), it is evident that the perfluorinated
1,4-DHP amphiphiles (compounds 23–25) are nontoxic in
the tested cell lines.

(2) Modification of Substituents at Position 4 of the 1,4-DHP
Ring. Variations of several types of substituents in position
4 of the DHP ring of 3,5-bis(diethyloxycarbonyl)-1,4-DHPs
were performed. Compounds with phenyl (comp. 1–5),
substituted phenyl (2-difluoromethylphenyl (comp. 7 and
9), trifluoromethyl (comp. 6)), and ethoxycarbonyl (comp.
8) substituents were obtained, but no significant influence
on the cytotoxicity of the tested 1,4-DHP amphiphiles was
observed. Introducing an HO-substituent in a phenyl moi-
ety in position 4 of the 1,4-DHP ring gives comp. 18 and
19 which are 4-(4′-hydroxyphenyl) analogues of corre-
sponding 4-phenyl-DHPs 10 and 12, respectively. It was
demonstrated that the introduction of an HO-substituent
does not give a strong influence on the cytotoxicity of the
compounds.
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(3) Modification of the Cationic Moieties. Modification of
the cationic moieties in positions 2 and 6 of the 1,4-
DHP ring (in the case of 3,5-dodecyloxycarbonyl substitu-
ents) may result in substantially different toxicological
properties. The insertion of substituents in the pyridinium
ring leads to some quantitative modifications of cytotoxici-
ty—mainly to slightly diminished cytotoxicity in the case
of 4-methyl and 4-dimethylamino substituents (comp. 12
and comp. 13)—while introducing a 3-acyl substituent
(comp. 14 versus comp. 10) in the pyridinium moiety
did not give any influence on the cytotoxicity in HT-
1080 cells (in both cases around 3μg/ml), but decreased
cytotoxicity in MH-22A cells (50–100μg/ml and 3–
6μg/ml, respectively) and also decreased cytotoxicity in
noncancerous cell line NIH3T3 (4040mg/kg versus
1482mg/kg). Comparison of the cytotoxicity of the com-
pounds with 4-methylpyridinium and 4-trifluoromethyl
pyridinium moieties (comp. 12 versus comp. 21) showed
that there are no significant changes of cytotoxicity in can-
cer HT-1080 and MH-22A cells (5–10μg/ml versus 2–
4μg/ml, and 29–40μg/ml versus 19–49μg/ml, respectively)
but a twofold increase of cytotoxicity in noncancerous
NIH3T3 cells (1431mg/kg versus 619mg/kg). Introduction
of a pyrazinium moiety instead of a pyridinium moiety
(comp. 16 versus comp. 10) gave a compound which was
practically inert to the studied cancer cell lines HT-1080
andMH-22A and was also nontoxic to normal NIH3T3 cells.
Exchange of the heteroaromatic pyridinium moieties to satu-
rated heterocyclic moieties—N-methylmorpholinium frag-
ments (comp. 15)—led to slightly lower anticancer activity
of the compound towards the abovementioned cancer cell
lines and comparatively higher cytotoxicity to NIH3T3 cells
(979mg/kg). Also, in this case, the influence of the anion
was not taken into account, but it may give an effect (ClO4

-

instead of Br-). Introducing N,N-dimethylcyclohexylammo-
nium moieties as the cationic part of the amphiphile gave
compound 17 with less cytotoxicity (23–54μg/ml) on both
tested cancer cell lines and an LD50 value of 1274mg/kg,
while the LD50 value of compound 18 with the introduced
aliphatic N,N-dimethyl-N-dodecylammonium moieties
was 836mg/kg. It was shown that compound 18 with ali-
phatic ammonium fragments was more cytotoxic. The
obtained data is in agreement with conclusions by Lv
et al. that among the synthetic cationic delivery systems,
quaternary ammonium surfactants are more toxic than
their analogues with the cationic charge delocalized in a
heterocyclic system [45].

(4) Change of the Anions. Insertions of the BF4
- anion instead

of the usual Br- anion (comp. 11 versus comp. 10) lead to an
increase in basal toxicity—1053 and 1482mg/kg, respective-
ly—but a decrease in cytotoxicity on HT-1080 (around
30μg/ml and 3μg/ml, respectively) and MH-22A (30μg/ml
and 3–6μg/ml, respectively) cell lines.

(5) Change of Dehydrogenation Degree. Lipid-like pyridine
derivative 27, as the oxidized form of compound 10, demon-
strated very close cytotoxicity data to the corresponding
dihydro compound 10, in all cases around 3μg/ml, while

basal toxicity on noncancerous cell line NIH3T3 is signifi-
cantly diminished: comp. 27 is not harmful at all (LD50 is
3948mg/kg). In this case also, the influence of the anion
was not taken into account, but it may give an effect (ClO4

-

instead of Br-).

(6) The Duplication of Moieties. Synthetic lipid-like com-
pound 26 was obtained as a “dimeric” form of compound
10, which was proposed as a promising DNA delivery agent.
Cytotoxicity data of amphiphiles (comp. 26 versus comp. 10)
demonstrated that this structural modification slightly
decreased cytotoxicity of the target compound 26 in both
tested cancer HT-1080 and MH-22A cells (12–27μg/ml ver-
sus 3–6μg/ml, respectively) and also considerably decreased
the LD50 value—5164mg/kg versus 1482mg/kg.

3.4.2. Cationic Moiety Containing 3,4-Dihydro-2(1H)-
pyridones (Table 2)

(1) Modification of Ester Alkyl Group. Same as in the case of
1,4-DHP amphiphiles also, pyridones with a short alkyl
chain—the methyl group in the ester moiety and pyridinium
in the cationic part of the molecule (comp. 28 and 29)—were
inert to tested cancer cells HT-1080 and MH-22A and dem-
onstrated high calculated LD50 values > 2000mg/kg. In the
case of comp. 29, the influence of the N-substituent in the
pyridone and, in the case of comp. 28, the influence of sub-
stituent in the phenyl moiety at position 4 of the pyridone
cycle were not taken into account. Two other methyl
esters—comp. 33 and 36—demonstrated significant cytotox-
icity on all the tested cell lines. This could be explained by the
influence of the cationic moiety in the compound.

Substitution of fluorine for hydrogen atoms in the alkyl
chain of the pyridone amphiphiles did not give a strong influ-
ence on the cytotoxicity of the compounds, and it seems that
this also was dependent on the cationic moiety and other
substituents of the compound. So, in the case of 4-
unsubstituted pyridones with the N,N-dimethylcyclohexy-
lammonium moiety, comp. 37 with hydrogen atoms in the
ester moiety and comp. 38 with fluorine atoms in the ester
moiety demonstrated similar cytotoxicity in all of the tested
cell lines, while for cytotoxicity of 4-phenyl pyridones with
N,N-dimethylcyclohexylammonium moiety, comp. 34 with
hydrogen atoms in the ester moiety versus comp. 35 with
fluorine atoms in the NIH3T3 cells was two times higher
(346 mg/kg versus 898 mg/kg, respectively).

(2) Modification of Substituents at Position 4 of 3,4-Dihy-
dro-2(1H)-pyridone Ring. The series of 3,4-dihydro-2(1H)-
pyridones with a phenyl substituent at position 4 of the
pyridone ring and also the 4-unsubstituted ones were com-
pared. In the case of 4-phenyl pyridone 34 and 4-
unsubstituted pyridone 37, both compounds containing
the same N,N-dimethylcyclohexylammonium moiety and
hydrogen atoms in the alkyl chain had no significant
change of cytotoxicity on the tested cell lines. While in
the case of 4-phenyl pyridone 35 and 4-unsubstituted pyr-
idone 38, both compounds containing the same N,N-
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dimethylcyclohexylammonium moiety and fluorine atoms
in the alkyl chain, the 4-unsubstituted 38 possessed a
slightly higher cytotoxicity—LD50 values were 553mg/kg
for comp. 38 and 898mg/kg for comp. 35.

(3) Change of the Anion. Change to perchlorate from the
usual bromine anion (comp. 32 versus comp. 31) did not give
any influence on cytotoxicity on the tested cell lines.

(4) Modification of the Cationic Moiety. It is demonstrated
that the dihydropyridone amphiphile 30 with a triphenyl-
phosphonium polar head group was about 3 times less cyto-
toxic than the analogous dihydropyridone 31 with a
pyridinium head group in the NIH3T3 cells, i.e., 1779mg/kg
versus 604mg/kg. Change of pyridinium to N,N-dimethylcy-
clohexylammonium moiety as the cationic head group of
dihydropyridone—comp. 31 versus comp. 35—led to a
slightly diminished cytotoxicity on cells in the case of comp.
35. In this case, we observed the opposite relationship as for
1,4-DHP amphiphiles where it was demonstrated that
quaternary ammonium surfactants are more toxic than their
heterocyclic analogues. Toxicity of cationic lipids may be
connected with the structure of their head groups [41].

The obtained data demonstrated that the 3,4-dihydro-
2(1H)-pyridone amphiphiles (Table 2) with a pyridinium
polar head group and introduced fluorine atoms in the ester
moiety (comp. 31 and comp. 32) were substantially more
cytotoxic to tested cells than the structurally related 1,4-
DHP amphiphiles 23 and 24.

Most dihydropyridone series cationic amphiphiles show
marked cytotoxicity towards cancer cells and medium cyto-
toxicity towards normal NIH3T3 cells: compounds posses-
sing 1 or 2 long alkyl chains in ester and/or ammonium
groups (with or without fluorine atoms on alkyl chains
(comp. 31–34 and 36–38)). There is an exclusion: comp. 30
possessing the triphenylphosphonium cationic group.

The obtained data allows one to choose compounds for
putative use depending on their structure. Thus, due to the
polyfluorinated alkyl ester groups in the DHP molecule,
low toxicity (practically inert) amphiphilic compounds can
be obtained (comp. 25). Inert amphiphilic self-assembling
compounds could be used as materials to form gene transfec-
tion or drug delivery nanoparticles for transmembrane trans-
port according to the paradigm: pharmacologically inert
transport vehicles should be used.

3.4.3. 2-Amino-3-alkoxycarbonylalkylammonium Halides
(Table 3). The last group of delivery systems was formed by
a 2-amino-3-alkoxycarbonylalkylammonium cationic moi-
ety containing derivatives 39–48.

(1) Modification of the Cationic Moiety. The cationic moi-
ety was changed for 2-amino-3-hexadecyloxycarbonylam-
monium derivatives, namely, comp. 39–43, and 45. The
obtained data demonstrated that N-(2-amino-4-(hexadecy-
loxy)-4-oxobut-2-en-1-yl)-N,N-dimethylcyclohexanaminium
chloride (comp. 39) shows the highest cytotoxicity in all the
tested cell lines with a LD50 value of 97mg/kg, while alkyl moi-

ety containing compounds—N-(2-amino-4-(hexadecyloxy)-
4-oxobut-2-en-1-yl)-N,N-dimethylhexan-1-aminium chlo-
ride (comp. 43) and N-(2-amino-4-(hexadecyloxy)-4-oxo-
but-2-en-1-yl)-N,N-dimethyldodecan-1-aminium chloride
(comp. 45)—demonstrated lower cytotoxicity in all the
tested cell lines with LD50 values of 538 and 573mg/kg,
respectively.

(2) Modification of the Ester Alkyl Groups. The influence of
the alkyl moiety was compared for two amphiphiles—comp.
48 with decyl ester versus comp. 45 with hexadecyl ester. The
obtained LD50 data show that the difference is not lar-
ge—485mg/kg versus 573mg/kg, respectively.

(3) Change of the Anion. The anions from the usual bromide
comp. 44 were changed to chloride and also to iodide (comp.
45 and comp. 46). According to IC50 and LD50 data, the
change of the anion did not have any influence on the cyto-
toxicity in NIH3T3 cell lines; IC50 values were around
30μg/ml.

3.5. Electrochemical Oxidation. The electrochemical oxida-
tion of various 1,4-dihydropyridine derivatives has been
extensively studied [46–50] including 1,4-DHP derivatives
containing cationic moieties [29, 44]. The electrochemical
oxidation of the selected compounds studied in this work
was performed by cyclic voltammetry on a stationary glassy
carbon electrode in dry acetonitrile; the data is presented in
Table 4. The perchlorates of the tested amphiphiles were
obtained from the corresponding bromides by treating their
abs. MeOH solutions with excess of conc. HClO4 according
to the procedure elaborated by Turovska et al. [44].

Now, we have used electrooxidation potentials to charac-
terize electron donor properties of the studied compounds.

Compounds from the 1st group, containing cationic pyr-
idinium methylene groups in positions 2 and 6 in the 1,4-
DHP ring, have electrooxidation potentials of 1.57–1.58V
both in the case of 3,5-diethoxycarbonyl- and 3,5-didodecy-
loxycarbonyl-1,4-DHPs (comp. 1 and comp. 10). This is also
in agreement with our previous results, where the electro-
chemical oxidation potential of comp. 1 was determined as
1.7V and electrochemical oxidation of this compound was
demonstrated as a two-electron process [29]. Introduction
of the CF3 groups at the ɷ-carbon atom of a dodecyl chain
in the ester moieties (comp. 18) does not change the value
of the electrooxidation potential, which is also 1.57V. On
the contrary, the addition of a CF3 group in the pyridinium
moiety in the 2 and 6 positions of the 1,4-DHP cycle
(comp. 21) leads to a slight increase of the electrooxidation
potential (1.63V). Moreover, a change of the 17 terminal H
atoms to F atoms in one or both dodecyl chains leads to a
further increase of the electrooxidation potential of 1.69–
1.70V (comp. 23 and comp. 24). It should be noted that
the parent compounds—1,4-DHP derivatives without cat-
ionic moieties—demonstrated lower electrooxidation
potentials. Thus, 4-phenyl-substituted Hantzsch 1,4-dihy-
dropyridine has a 1.08V potential on a glassy carbon elec-
trode [50] and the other 4-aryl-substituted 1,4-DHPs have
1.11V potentials [51], but 4-monoalkyl-substituted 1,4-
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dihydropyridines at the same conditions have 1.01–1.03V
oxidation potentials [47].

Compounds from the 2nd group—amphiphilic 3,4-
dihydropyridone derivatives with a pyridinium methylene
moiety in position 6—have more positive electrooxidation
potential. So, the unsubstituted at position 4 pyridone
derivative 29 has an electrooxidation potential of 2.35V.
A compound possessing a phenyl substituent at position
4 and a 5-heptadecylfluorododecylcarboxy moiety in posi-
tion 5 (comp. 38) has a slightly lower oxidation potential
(2.04V), while the parent 4-unsubstituted or 4-phenyl-
substituted 3,4-dihydropyridone derivatives without cat-
ionic moiety in position 6 have electrooxidation potentials
of 1.52–1.64V [52].

Compounds from the 3rd group—tested open-chain 2-
amino-3-alkoxycarbonylalkylammonium halides 42 and
44—have oxidation potentials of 1.49V and 1.24V,
respectively.

Compounds from the 1st group (comp. 1–24, Table 1)
could be considered as analogues of 1,4-dihydronicotinamide
and model compounds of redox coenzyme NAD(P)H. Many
4-aryl-1,4-DHPs possess antioxidant properties, including
several Ca2+ channel blockers [53]. The antiradical activity
(ARA) of two 1,4-DHPs containing cationic moieties was
determined by a 1,1-diphenyl-2-picrylhydrazyl (DPPH) rad-
ical assay; the results were expressed as a percentage (%) of
the DPPH free radical scavenging, and the untreated level
of the DPPH radical was designated as 100% [13, 31]. It
was demonstrated that 3,5-didodecyloxycarbonyl-4-phenyl-
1,4-dihydropyridine derivatives containing pyridinium moi-
eties showed 25–60% radical scavenging activity which are
comparable with the ARA of Diludin [54] (40%)—a widely

known antioxidant. Other 1,4-DHP amphiphiles containing
saturated heterocyclic moieties—N-methylmorpholinium
or N-methylpyrrolidinium derivatives—demonstrated more
pronounced ARA, 95% and 54%, respectively. For 1,4-DHP
amphiphiles possessing pyridinium moieties, the positive
charge is delocalized in the heteroaromatic cycle, causing
ARA reduction; for example, the electron donor dimethyla-
mino group as a substituent of pyridinium moiety leads to
a lower ARA (27%, comp. 13) [13].

3.6. Determination of LogP and Molecular Topological Polar
Surface Area. The lipophilicity of molecules represents their
affinity for a lipophilic environment, and the lipophilicity
may be expressed as logP [55, 56]. The molecular polar sur-
face area (PSA) is a very useful parameter for the prediction
of drug transport properties, and PSA is defined as a sum
of the surfaces of polar atoms [57]. In practice, medicinal
chemists use the PSA to quantify the polarity of drug mole-
cules [58]. Data of the calculated topological polar surface
area represent the compound’s blood-brain barrier perme-
ability [59, 60]. It allows one to plan further activities for
the pleiotropic compounds.

Lipid-type compounds could be used as biologically
active compounds per se or as transport vehicles or additives,
so their lipophilicity (logP) and topological polar surface area
(TPSA) were calculated, and the data are recorded in Table 5.

LogP values which surpass 5, according to Lipinski’s Rule
of Five, characterize compounds as lipophilic [61]. Accord-
ing to the obtained data for lipid-like amphiphiles, in some
cases, the values of logP were <5, in particular for compounds
1, 2, 4, 6, 7, 28, and 29. These compounds comprised short
alkyl moieties in the ester groups. LogP values close to 5 were

Table 4: Oxidation potentials (Eox) of selected compounds.
R4

R3

R1

R3

R3

NH2

R4

R5

O

O

N N
H

1st group:
comp. 1, 10, 21-24

2nd group:
comp. 29, 38

3rd group:
comp. 42, 44

O

O

O

O

O

O

O

ClO4
– ClO4

– ClO4
–

ClO4
–

Cat+ Cat+

+Cat

Cat+

Group Comp. R1 R3 R4 R5 Cat+ Eox (V)
1st 1∗ — C2H5 Ph C2H5 Py 1.57

10∗ — C12H25 Ph C12H25 Py 1.58

21∗ — C12H25 Ph C12H25 Py-CF3-4 1.63

22 — C12H24CF3 Ph C12H24CF3 Py 1.57

23∗ — C12H25 Ph (CH2)4(CF2)7CF3 Py 1.70

24∗ — (CH2)4(CF2)7CF3 Ph (CH2)4(CF2)7CF3 Py 1.69

2nd
29∗ PhCH2 CH3 H — Py 2.35

38∗ H (CH2)4(CF2)7CF3 Ph — Py 2.04

3rd
42∗ — C16H33 — — N-Me(CH2)2N(CH2)2Me 1.49

44# — C16H33 — — N-Me2C12H25 1.24
∗Original compounds—bromide; #original compound—chloride.

13Oxidative Medicine and Cellular Longevity



obtained for compounds 36, 41, 42, and 47, namely, 4.70,
5.63, 5.44, and 5.40, respectively. LogP values for dicationic
1,4-DHP amphiphiles possessing longer alkyl chains or fluo-
rinated alkyl groups in the ester moieties were determined in
the 11–24.5 interval, while for long alkyl ester moieties con-
taining 3,4-dihydropyridone amphiphiles, logP values were
determined in the 6–15 interval. The difference could be
due to the number of alkyl groups. LogP values for other
open-chain com12pounds were determined in the 6–11
interval.

Nevertheless, TPSA never surpasses 90, so the com-
pounds are prone to permeate cells; additionally, they
can penetrate the blood-brain barrier [62]. Among all
tested amphiphiles, only for 1,1′-((4-(2-(difluoromethox-
y)phenyl)-3,5-bis((propoxymethoxy)carbonyl)-1,4-dihydro-
pyridine-2,6-diyl)bis(methylene))bis(pyridin-1-ium) dibro-
mide (comp. 7) was the TPSA value higher than 90,
i.e., 98.34Å2. This could be explained by the influence
of the structure components of the compound. TPSA values
for the other compounds were defined in accordance with
the main fragments of the compound structures. So, for the
other 1st group compounds—dicationic 1,4-DHP amphiphi-
les—TPSA values were in the 71–77Å2 interval; for the 2nd
group compounds—cationic 3,4-dihydropyridone amphi-
philes—TPSA values were in the 50–58Å2 interval with the
exception of compound 28 which had a TPSA value of
67.64Å2; and for the 3rd group compounds—open-chain 2-
amino-3-alkoxycarbonylalkylammonium cationic moiety
containing amphiphiles—the TPSA values were in the 52–
56Å2 interval.

4. Conclusions

Polyfunctional self-assembling synthetic lipid-like com-
pounds, such as pharmacological and chemotherapeutical
agents, namely, 3,5-dialkoxycarbonyl-1,4-dihydropyridines

(1,4-DHPs) comprising pyridinium or ammonium substitu-
ents at the 2 and 6 positions; structurally related compounds,
derivatives of 3,4-dihydro-2-oxopyridines as isomeric 3,4-
dihydropyridine structures with an additional intracyclic car-
bonyl group; and the N-β-carbonylvinylamido system,
namely, 2-amino-3-alkoxycarbonylalkylammonium halides
as open chain analogues of the first type of the abovemen-
tioned compounds, were studied. The main properties and
major functions of these compounds are their amphiphilic
character, liposome-forming ability, RNA transfection (by
self-assembling compounds), antiradical and antioxidant
properties, growth regulation—both in malignant and non-
malignant cell types—anticancer properties due to cytotoxic-
ity, and MDR inhibition [13, 16, 27, 28, 31, 33].

In this work we have demonstrated biological properties
of cationic 1,4-dihydropyridine as self-assembling synthetic
lipids and dihydropyridones as well as open-chain analogues:
their cytotoxicity against cancer cell lines HT-1080 and MH-
22A in comparison with cytotoxicity against normal NIH3T3
cells. The obtained data showed that 1,4-DHP derivatives
containing cationic moieties in positions 2 and 6 and posses-
sing dodecyl alkyl chains in the ester groups in positions 3
and 5 demonstrated high cytotoxicity on cancer cells HT-
1080 and MH-22A, but low cytotoxicity on noncancerous
NIH3T3 cells. According to our previous studies, these com-
pounds also demonstrated significant antiradical activity and
also gene delivery activity [13], and for some of them, rever-
sal of multidrug resistance in murine lymphoma cells [16].
Together with antiradical activity, cell growth regulation,
multidrug resistance inhibition, nucleic acid delivery, and
the polyfunctional (pleiotropic) type of properties of the
mentioned compounds open new avenues for their studies
and use. According to literature data, liposomes could be
used not only to transport biologically active compounds
but also to have their own specific biological activity, e.g., to
protect cells and encapsulated components against oxidative

Table 5: LogP and molecular topological polar surface area (TPSA) of selected compounds.

1st group 2nd group 3rd group
Comp. LogP TPSA (Å2) Comp. LogP TPSA (Å2) Comp. LogP TPSA (Å2)

1 2.26 70.65 28 1.44 67.64 39 7.52 52.32

2 3.13 70.65 29 1.18 49.62 40 6.25 52.32

4 2.71 77.13 30 14.32 55.40 41 5.63 55.56

6 3.18 70.65 31 9.43 58.41 42 5.44 55.56

7 3.20 98.34 32 9.43 58.41 43 7.98 52.32

10 10.97 70.65 33 6.19 55.40 44 10.65 52.32

12 11.63 70.65 34 10.01 55.40 47 5.40 55.33

13 11.42 77.13 35 14.81 55.40 48 7.98 52.32

17 13.55 64.63 36 4.70 55.40

20 19.81 64.63 37 8.52 55.40

21 12.81 70.65 38 13.32 55.40

22 13.22 70.65

23 15.77 70.65

24 18.64 70.65

25 24.68 70.65
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damage. Liposomes are proposed for the delivery of antioxi-
dants for protection against pathological conditions related
to oxidative stress [63]. In our case, liposomes could be used
per se to protect against oxidative damage.

A calculated degree of lipophilicity and TPSA data can be
used to choose compounds according to their permeability
through membranes, including the blood-brain barrier, to
guide them to the proper location. It was demonstrated that
membrane permeability in a variety of systems, including
model liposome bilayers, various cells, and epidermal tissue,
correlated strongly with data regarding hydrocarbon-water
partition coefficients [64]. TPSA values for selected com-
pounds were defined in accordance with the main fragments
of compound structures. The determined logP values were
highest for dodecyl ester groups in positions 3 and 5 of the
1,4-DHP and lowest for short alkyl chain containing
amphiphiles.

This study also revealed the correlation of the cytotoxic
effects of 3 groups of structurally related synthetic cationic
lipids according to their molecular structures. The results
indicated that among the tested compound groups, amphi-
philes based on the 1,4-DHP core demonstrated high cyto-
toxicity in cancer cells HT-1080 and MH-22A, but low
cytotoxicity in the noncancerous NIH3T3 cells.

The obtained results may serve as guidelines for the devel-
opment of drug formulations to be used in cancer treatment on
the basis of these pleiotropic lipid-like 1,4-DHP amphiphiles.

Data Availability

The experimental data used to support the findings of this
study are available from the corresponding authors upon
request.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This research was supported by the PostDocLatvia Project
Nr.1.1.1.2/VIAA/2/18/371 “Bifunctional Amphiphilic
Lipid-Like Compounds—Self-Assembling Properties and
Biological Activities” (to M. Rucins) and EuroNanoMed2
Project INNOCENT “Innovative Nanopharmaceuticals: Tar-
geting Breast Cancer Stem Cells by a Novel Combination of
Epigenetic and Anticancer Drugs with Gene Therapy.”

Supplementary Materials

Scheme S1: synthesis of 1,4-dihydropyridine (1,4-DHP)
amphiphiles 1–7, 9–22, and 26. Scheme S2: synthesis of
unsymmetrical 1,4-DHP amphiphile 23. Scheme S3: synthe-
sis of 3,4-dihydro-2(1H)-pyridone (DHPDO) amphiphiles
28–38. Scheme S4: synthesis of 2-amino-3-alkoxycarbony-
lalkylammonium halides 39–48. Physicochemical character-
ization of new compounds is provided. (Supplementary
Materials)

References

[1] T. Olusanya, R. H. Ahmad, D. Ibegbu, J. Smith, and
A. Elkordy, “Liposomal drug delivery systems and anticancer
drugs,” Molecules, vol. 23, no. 4, p. 907, 2018.

[2] C. T. Inglut, A. J. Sorrin, T. Kuruppu et al., “Immunological
and toxicological considerations for the design of liposomes,”
Nanomaterials, vol. 10, no. 2, p. 190, 2020.

[3] A. Carmona-Ribeiro, “Bilayer-forming synthetic lipids: drugs
or carriers?,” Current Medicinal Chemistry, vol. 10, no. 22,
pp. 2425–2446, 2003.

[4] A. Lechanteur, V. Sanna, A. Duchemin, B. Evrard, D. Mottet,
and G. Piel, “Cationic liposomes carrying siRNA: impact of
lipid composition on physicochemical properties, cytotoxicity
and endosomal escape,” Nanomaterials, vol. 8, no. 5, p. 270,
2018.

[5] K. He andM. Tang, “Safety of novel liposomal drugs for cancer
treatment: advances and prospects,” Chemico-Biological Inter-
actions, vol. 295, pp. 13–19, 2018.

[6] L. Milkovic, W. Siems, R. Siems, and N. Zarkovic, “Oxidative
stress and antioxidants in carcinogenesis and integrative ther-
apy of cancer,” Current Pharmaceutical Design, vol. 20, no. 42,
pp. 6529–6542, 2014.

[7] Q. Cui, J.-Q. Wang, Y. G. Assaraf et al., “Modulating ROS to
overcome multidrug resistance in cancer,” Drug Resistance
Updates, vol. 41, pp. 1–25, 2018.

[8] H. Sies and D. P. Jones, “Reactive oxygen species (ROS) as
pleiotropic physiological signalling agents,” Nature Reviews.
Molecular Cell Biology, vol. 21, no. 7, pp. 363–383, 2020.

[9] H. Sies, “Oxidative stress: a concept in redox biology and med-
icine,” Redox Biology, vol. 4, pp. 180–183, 2015.

[10] A. Garu, G. Moku, S. K. Gulla et al., “Examples of tumor
growth inhibition properties of liposomal formulations of
pH-sensitive histidinylated cationic amphiphiles,” ACS Bio-
materials Science & Engineering, vol. 1, no. 8, pp. 646–655,
2015.

[11] Z. Fasili, F. Mehri, H. A. Ebrahimi et al., “Applying nanoparti-
cles in the treatment of viral infections and toxicological con-
siderations,” Pharmaceutical and Biomedical Research, vol. 5,
no. 4, pp. 1–20, 2019, http://pbr.mazums.ac.ir/article-1-247-
en.html.

[12] J. Barar and Y. Omidi, “Intrinsic bio-signature of gene delivery
nanocarriers may impair gene therapy goals,” BioImpacts: BI,
vol. 3, no. 3, pp. 105–109, 2013.

[13] K. Pajuste, Z. Hyvonen, O. Petrichenko et al., “Gene delivery
agents possessing antiradical activity: self-assembling cationic
amphiphilic 1,4-dihydropyridine derivatives,” New Journal of
Chemistry, vol. 37, no. 10, pp. 3062–3075, 2013.

[14] O. Petrichenko, M. Rucins, A. Vezane et al., “Studies of the
physicochemical and structural properties of self-assembling
cationic pyridine derivatives as gene delivery agents,” Chemis-
try and Physics of Lipids, vol. 191, pp. 25–37, 2015.

[15] G. Apsite, I. Timofejeva, A. Vezane et al., “Synthesis and com-
parative evaluation of novel cationic amphiphile C12-Man-Q
as an efficient DNA delivery agent in vitro,” Molecules,
vol. 23, no. 7, p. 1540, 2018.

[16] M. Cindric, A. Cipak, J. Serly et al., “Reversal of multidrug
resistance in murine lymphoma cells by amphiphilic dihydro-
pyridine antioxidant derivative,” Anticancer Research, vol. 30,
no. 10, pp. 4063–4069, 2010.

15Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2020/8413713.f1.docx
http://downloads.hindawi.com/journals/omcl/2020/8413713.f1.docx
http://pbr.mazums.ac.ir/article-1-247-en.html
http://pbr.mazums.ac.ir/article-1-247-en.html


[17] G. Dubur, B. Vīgante, A. Plotniece et al., “Dihydropyridine
derivatives as bioprotectors,” Chimica Oggi, vol. 26, no. 2,
pp. 68–70, 2008.

[18] M. Rucins, P. Dimitrijevs, K. Pajuste et al., “Contribution of
molecular structure to self-assembling and biological proper-
ties of bifunctional lipid-like 4-(N-alkylpyridinium)-1,4-dihy-
dropyridines,” Pharmaceutics., vol. 11, no. 3, p. 115, 2019.

[19] M. Rucins, D. Kaldre, K. Pajuste et al., “Synthesis and studies
of calcium channel blocking and antioxidant activities of novel
4-pyridinium and/or N-propargyl substituted 1,4-dihydropyr-
idine derivatives,” Comptes Rendus Chimie, vol. 17, no. 1,
pp. 69–80, 2014.

[20] M. Petrova, R. Muhamadejev, B. Vigante et al., “Intramolecu-
lar C-H⋯O hydrogen bonding in 1,4-dihydropyridine deriva-
tives,” Molecules, vol. 16, no. 9, pp. 8041–8052, 2011.

[21] K. Saotome, H. Morita, and M. Umeda, “Cytotoxicity test with
simplified crystal violet staining method using microtitre
plates and its application to injection drugs,” Toxicology in
Vitro, vol. 3, no. 4, pp. 317–321, 1989.

[22] W. S. Stokes, S. Casati, J. Strickland, and M. Paris, “Neutral red
uptake cytotoxicity tests for estimating starting doses for acute
oral toxicity tests,” Current Protocols in Toxicology, vol. 36,
no. 1, 2008.

[23] Interagency Coordinating Committee on the Validation of
Alternative Methods, ICCVAM test method evaluation report
(TMER): in vitro cytotoxicity test methods for estimating start-
ing doses for acute oral systemic toxicity testing, 2006, NIH
Publication No: 07-4519.

[24] The national toxicology program (NTP) Interagency center for
the evaluation of alternative toxicological methods
(NICEATM), Background review document: in vitro cytotoxic-
ity test methods for estimating acute oral systemic toxicity,
vol. 1, 2006June 2020 https://ntp.niehs.nih.gov/iccvam/docs/
acutetox_docs/brd_tmer/brdvol1_nov2006.pdf.

[25] The national toxicology program (NTP) Interagency center for
the evaluation of alternative toxicological methods
(NICEATM), Background review document: in vitro cytotoxic-
ity test methods for estimating acute oral systemic toxicity,
vol. 2, 2006June 2020 https://ntp.niehs.nih.gov/iccvam/docs/
acutetox_docs/brd_tmer/brdvol2_nov2006.pdf.

[26] EP, Regulation (EC) No 1272/2008 of the European Parliament
and of the Council of 16 December 2008 on classification, label-
ling and packaging of substances and mixtures, amending and
repealing Directives 67/548/EEC and 1999/45/EC, and amend-
ing Regulation (EC), Publications office of the European
Union, 2008, doi:2004R0726 - v.7 of 05.06.2013.

[27] G. Apsīte, E. Bisenieks, R. Brūvere et al., Novel biologically
active enaminoester derivatives as agents for chemotherapy,
LV15347B, Espacenet, 2019.

[28] Z. Hyvönen, A. Plotniece, I. Reine, B. Chekavichus, G. Duburs,
and A. Urtti, “Novel cationic amphiphilic 1,4-dihydropyridine
derivatives for DNA delivery,” Biochimica et Biophysica Acta
(BBA) - Biomembranes, vol. 1509, no. 1-2, pp. 451–466, 2000.

[29] A. Plotniece, K. Pajuste, D. Kaldre et al., “Oxidation of cationic
1,4-dihydropyridine derivatives as model compounds for
putative gene delivery agents,” Tetrahedron, vol. 65, no. 40,
pp. 8344–8349, 2009.

[30] K. Pajuste, I. Krivicka, M. Plotniece et al., The synthesis of new
cationic 1,4-dihydropyridine derivatives for DNA delivery,
Rigas Teh. Univ. Zinat. Raksti, Ser. 1 Materialzinat. Un Lie-
tiska Kim, vol. 11, pp. 7–10, 2005, July 2020 https://ortus.rtu
.lv/science/lv/publications/6433.

[31] I. Bruvere, E. Bisenieks, J. Poikans et al., “Dihydropyridine
derivatives as cell growth modulators in vitro,”Oxidative Med-
icine and Cellular Longevity, vol. 2017, 15 pages, 2017.

[32] R. Muhamadejev, M. Petrova, R. Smits et al., “Study of interac-
tions of mononucleotides with 1,4-dihydropyridine vesicles
using NMR and ITC techniques,” New Journal of Chemistry,
vol. 42, no. 9, pp. 6942–6948, 2018.

[33] R. Smits, Y. Goncharenko, I. Vesere et al., “Synthesis and self-
assembly of novel fluorous cationic amphiphiles with a 3,4-
dihydro-2(1H)-pyridone spacer,” Journal of Fluorine Chemis-
try, vol. 132, no. 6, pp. 414–419, 2011.

[34] M. Rucins, K. Pajuste, A. Sobolev et al., “Data for the synthesis
and characterisation of 2,6-di(bromomethyl)-3,5-bis(alkoxy-
carbonyl)-4-aryl-1,4-dihydropyridines as important interme-
diates for synthesis of amphiphilic 1,4-dihydropyridines,”
Data in Brief, vol. 30, p. 105532, 2020.

[35] K. Pajuste, A. Plotniece, K. Kore et al., “Use of pyridinium
ionic liquids as catalysts for the synthesis of 3,5-bis(dodecylox-
ycarbonyl)-1,4-dihydropyridine derivative,” Central European
Journal of Chemistry, vol. 9, no. 1, pp. 143–148, 2011.

[36] P. G. Nantermet, J. C. Barrow, H. G. Selnick et al., “Selective
α1a adrenergic receptor antagonists based on 4-aryl-3,4-dihy-
dropyridine-2-ones,” Bioorganic & Medicinal Chemistry Let-
ters, vol. 10, no. 15, pp. 1625–1628, 2000.

[37] K. B. Goodman, H. Cui, S. E. Dowdell et al., “Development of
dihydropyridone indazole amides as selective rho-kinase
inhibitors,” Journal of Medicinal Chemistry, vol. 50, no. 1,
pp. 6–9, 2007.

[38] X. Huang, S. Broadbent, C. Dvorak, and S. H. Zhao, “Pilot-
plant preparation of 3,4-dihydropyridin-2-one derivatives,
the core structures of P2X7 receptor antagonists,” Organic
Process Research and Development, vol. 14, no. 3, pp. 612–
616, 2010.

[39] K. T. Homan, K. M. Larimore, J. M. Elkins, M. Szklarz,
S. Knapp, and J. J. G. Tesmer, “Identification and structure-
function analysis of subfamily selective g protein-coupled
receptor kinase inhibitors,” ACS Chemical Biology, vol. 10,
no. 1, pp. 310–319, 2014.

[40] A. Morales, E. Ochoa, M. Suárez et al., “Novel hexahydro-
furo[3,4-b]-2(1H)-pyridones from 4-aryl substituted 5-alkox-
ycarbonyl-6-methyl-3,4-dihydropyridones,” J. Heterocycl.
Chem., vol. 33, no. 1, pp. 103–107, 1996.

[41] B. Vigante, A. Plotniece, M. Rucins et al., “An efficient synthe-
sis of multisubstituted 4-nitrobuta-1,3-dien-1-amines and
application in cyclisation reactions,” Tetrahedron, vol. 74,
no. 21, pp. 2596–2607, 2018.

[42] B. Stanovnik, “Enaminone, enaminoesters, and related com-
pounds in the metal-free synthesis of pyridines and fused pyr-
idines,” European J. Org. Chem., vol. 2019, no. 31-32,
pp. 5120–5132, 2019.

[43] J. Wang, X. Guo, Y. Xu, L. Barron, and F. C. Szoka, “Synthesis
and characterization of long chain alkyl acyl carnitine esters.
Potentially biodegradable cationic lipids for use in gene deliv-
ery,” Journal of Medicinal Chemistry, vol. 41, no. 13, pp. 2207–
2215, 1998.

[44] B. Turovska, J. Stradins, I. Turovskis, A. Plotniece,
A. Shmidlers, and G. Duburs, “Electrochemical oxidation of
compounds containing 1,4-dihydropyridine and pyridinium
rings - analogs of gene transfection agents,” Chemistry of Het-
erocyclic Compounds, vol. 40, no. 6, pp. 753–758, 2004.

16 Oxidative Medicine and Cellular Longevity

https://ntp.niehs.nih.gov/iccvam/docs/acutetox_docs/brd_tmer/brdvol1_nov2006.pdf
https://ntp.niehs.nih.gov/iccvam/docs/acutetox_docs/brd_tmer/brdvol1_nov2006.pdf
https://ntp.niehs.nih.gov/iccvam/docs/acutetox_docs/brd_tmer/brdvol2_nov2006.pdf
https://ntp.niehs.nih.gov/iccvam/docs/acutetox_docs/brd_tmer/brdvol2_nov2006.pdf
https://ortus.rtu.lv/science/lv/publications/6433
https://ortus.rtu.lv/science/lv/publications/6433


[45] H. Lv, S. Zhang, B. Wang, S. Cui, and J. Yan, “Toxicity of cat-
ionic lipids and cationic polymers in gene delivery,” Journal of
Controlled Release, vol. 114, no. 1, pp. 100–109, 2006.

[46] L. Baumane, A. Krauze, S. Belyakov et al., “Synthesis, structure,
and electrochemical characteristics of 4-aryl-2-carbamoyl-
methylthio-5-ethoxycarbonyl-1,4-dihydropyridine-3-carbox-
ylic acid nitriles,” Chemistry of Heterocyclic Compounds,
vol. 41, no. 3, pp. 362–373, 2005.

[47] B. Turovska, I. Goba, I. Turovskis et al., “Electrochemical oxi-
dation of 4-monoalkyl-substituted 1,4-dihydropyridines,”
Chemistry of Heterocyclic Compounds, vol. 44, no. 12,
pp. 1483–1490, 2008.

[48] L. J. Núñez-Vergara, C. López-Alarcón, P. A. Navarrete-
Encina, A. M. Atria, C. Camargo, and J. A. Squella, “Electro-
chemical and EPR characterization of 1,4-dihydropyridines.
Reactivity towards alkyl radicals,” Free Radical Research,
vol. 37, no. 1, pp. 109–120, 2009.

[49] L. J. Núñez-Vergara, R. Salazar, C. Camargo et al., “Oxidation
of C4-hydroxyphenyl 1,4-dihydropyridines in dimethylsulfox-
ide and its reactivity towards alkylperoxyl radicals in aqueous
medium,” Bioorganic & Medicinal Chemistry, vol. 15, no. 12,
pp. 4318–4326, 2007.

[50] V. Pardo-Jiménez, C. Barrientos, K. Pérez-Cruz et al., “Synthe-
sis and electrochemical oxidation of hybrid compounds:
dihydropyridine-fused coumarins,” Electrochimica Acta,
vol. 125, pp. 457–464, 2014.

[51] Y. P. Stradyn, Y. I. Beilis, Y. R. Uldrikis, G. Y. Dubur, A. E. Sau-
sin, and B. S. Chekavichus, “Voltamperometry of 1,4-dihydro-
pyridine derivatives,” Chemistry of Heterocyclic Compounds,
vol. 11, no. 11, pp. 1299–1303, 1975.

[52] R. Smits, B. Turovska, S. Belyakov, A. Plotniece, and G. Duburs,
“Synthesis of 5-carboxy-6-methyl-3,4-dihydro-2(1H)-pyridone
derivatives and their electrochemical oxidation to 2-pyridones,”
Chemical Physics Letters, vol. 649, pp. 84–87, 2016.

[53] A. Augustyniak, G. Bartosz, A. Čipak et al., “Natural and syn-
thetic antioxidants: an updated overview,” Free Radical
Research, vol. 44, no. 10, pp. 1216–1262, 2010.

[54] G. Tirzitis, D. Tirzite, and Z. Hyvonen, “Antioxidant activity of
2,6-dimethyl-3,5-dialkoxycarbonyl-1,4-dihydropyridines in
metal-ion catalyzed lipid peroxidation,” Czech Journal of Food
Sciences, vol. 19, no. 3, pp. 81–84, 2013.

[55] S. A. Wildman and G. M. Crippen, “Prediction of physico-
chemical parameters by atomic contributions,” Journal of
Chemical Information and Computer Sciences, vol. 39, no. 5,
pp. 868–873, 1999.

[56] G. H. Goetz and M. Shalaeva, “Leveraging chromatography
based physicochemical properties for efficient drug design,”
ADMET DMPK., vol. 6, no. 2, pp. 85–104, 2018.

[57] P. Ertl, B. Rohde, and P. Selzer, “Fast calculation of molecular
polar surface area as a sum of fragment-based contributions
and its application to the prediction of drug transport proper-
ties,” Journal of Medicinal Chemistry, vol. 43, no. 20, pp. 3714–
3717, 2000.

[58] G. Caron and G. Ermondi, “Molecular descriptors for polarity:
the need for going beyond polar surface area,” Future Medici-
nal Chemistry, vol. 8, no. 17, pp. 2013–2016, 2016.

[59] Z. Wang, H. Yang, Z. Wu et al., “In silico prediction of blood-
brain barrier permeability of compounds by machine learning
and resampling methods,” ChemMedChem, vol. 13, no. 20,
pp. 2189–2201, 2018.

[60] S. Benfeito, C. Oliveira, C. Fernandes et al., “Fine-tuning the
neuroprotective and blood-brain barrier permeability profile
of multi-target agents designed to prevent progressive mito-
chondrial dysfunction,” European Journal of Medicinal Chem-
istry, vol. 167, pp. 525–545, 2019.

[61] C. A. Lipinski, “Drug-like properties and the causes of poor
solubility and poor permeability,” Journal of Pharmacological
and Toxicological Methods, vol. 44, no. 1, pp. 235–249, 2000.

[62] S. A. Hitchcock and L. D. Pennington, “Structure-brain expo-
sure relationships,” Journal of Medicinal Chemistry, vol. 49,
no. 26, pp. 7559–7583, 2006.

[63] Z. E. Suntres, “Liposomal antioxidants for protection against
oxidant-induced damage,” Journal of Toxicology, vol. 2011,
Article ID 152474, 16 pages, 2011.

[64] M. R. Naylor, A. M. Ly, M. J. Handford et al., “Lipophilic per-
meability efficiency reconciles the opposing roles of lipophilic-
ity in membrane permeability and aqueous solubility,” Journal
of Medicinal Chemistry, vol. 61, no. 24, pp. 11169–11182, 2018.

17Oxidative Medicine and Cellular Longevity



Research Article
Hyaluronic Acid Improves Hydrogen Peroxide Modulatory Effects
on Calcium Channel and Sodium-Potassium Pump in 4T1 Breast
Cancer Cell Line

Ardeshir Abbasi ,1 Nafiseh Pakravan ,2 and Zuhair Mohammad Hassan 1

1Department of Immunology, Faculty of Medical Sciences, Tarbiat Modares University, Tehran, Iran
2Department of Immunology, Medical School, Alborz University of Medical Sciences, Karaj, Iran

Correspondence should be addressed to Nafiseh Pakravan; n.pakravan@abzums.ac.ir
and Zuhair Mohammad Hassan; hasan_zm@modares.ac.ir

Received 19 April 2020; Revised 19 November 2020; Accepted 10 December 2020; Published 30 December 2020

Academic Editor: Sasanka Chakrabarti

Copyright © 2020 Ardeshir Abbasi et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Maintaining homeostasis of ion concentrations is critical in cancer cells. Under hypoxia, the levels of channels and pumps in cancer
cells are more active than normal cells suggesting ion channels as a suitable therapeutic target. One of the contemporary ways for
cancer therapy is oxidative stress. However, the effective concentration of oxidative stress on tumor cells has been reported to be
toxic for normal cells as well. In this study, we benefited from the modifying effects of hyaluronic acid (HA) on H2O2, as a free
radical source, to make a gradual release of oxidative stress on cancer cells while preventing/decreasing damage to normal cells
under normoxia and hypoxic conditions. To do so, we initially investigated the optimal concentration of HA antioxidant
capacity by the DPPH test. In the next step, we found optimum H2O2 dose by treating the 4T1 breast cancer cell line with
increasing concentrations (0, 10, 20, 50,100, 200, 500, and 1000 μM) of H2O2 alone or H2O2 +HA (83%) for 24 hrs. The calcium
channel and the sodium-potassium pumps were then evaluated by measuring the levels of calcium, sodium, and potassium ions
using an atomic absorption flame spectrophotometer. The results revealed that treatment with H2O2 or H2O2+ HA led to an
intracellular increase of calcium, sodium, and potassium in the normoxic and hypoxic circumstances in a dose-dependent
manner. It is noteworthy that H2O2 +HA treatment had more favorable and controllable effects compared with H2O2 alone.
Moreover, HA optimizes the antitumor effect of oxidative stress exerted by H2O2 making H2O2 +HA suitable for clinical use in
cancer treatment along with chemotherapy.

1. Introduction

Nowadays, cancer therapy includes surgery, radiotherapy,
chemotherapy, hormone therapy, and cytokine therapies.
However, none of the methods present a complete recovery
procedure and even can damage healthy cells/tissues of the
body. This raises the need to understand more about the can-
cer biology and its cross-talk with the immune system whose
regulation or activation can be manipulated to develop a
new anticancer immunotherapy approach such as immune
checkpoint blockade [1]. Metastatic cancers, such as breast
cancer, are much more resistant to treatment, and despite
the current improvement achieved in immunotherapeutic
approaches, their treatment still remains a challenge. 4T1 cell

line originates from mice triple-negative breast cancer with a
high metastatic capacity to the lung [2].

It is known that a combination of internal and external
factors are involved in the initiation, development, and pro-
gression of breast tumors [3, 4]. The maintenance of ion
homeostasis is crucial for normal cell life. Several pieces
of literature have reported that the role of elements such
as calcium (Ca2+), sodium (Na+), and potassium (K+) in
the proliferation, signaling pathways, and metastatic protec-
tion of cancer cells is undeniable. On this basis, the homeo-
stasis of these elements is regarded as an important issue in
tumor biology. For example, intracellular Ca2+ plays a
prominent role in cell function involved by enzyme regula-
tion, gene activation, proliferation, apoptosis, cell cycle, and
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production/performance of transmitters/sensors [5, 6]. Ca2+

signaling in cancer is associated with various types of pro-
cesses in the tumor microenvironment, such as tumorigen-
esis, proliferation, migration, angiogenesis, and apoptosis
escape [7, 8]. It has become evident that Ca2+ is required
for activities such as cell motility, cell migration, and
remodeling of cytoskeleton and extracellular matrix [9]. In
addition, the Na+-K+ ATPase pump (NKA) as an integrated
protein in the cell membrane can maintain the equilibrium
Na+-K+ between the two sides of the cell membrane.
Homeostasis of such an equilibrium is important in meta-
bolic activities of the cell as well as other cellular processes
such as proliferation, motility, and apoptosis [10].

There is a piece of considerable evidence demonstrating
that the amount of NKA and Ca2+ channel is increased to
exchange the ions at a higher level than that of the normal
cells in cancer cells [11]. Consequently, it can be concluded
that the NKA pump and Ca2+ channels are good targets for
cancer therapy. Given the ability of oxidative stress in dis-
rupting these pumps/channels, oxidative stress can be
applied to induce tumor cell death. While ROS regulation
at a moderate level is crucial to maintain homeostasis of
normal cells to function, higher levels of ROS cause damage
to them [12]. One of the most convenient sources of ROS is
H2O2. Hydrogen peroxide plays vital roles in pathways
which are involved in the regulation of cell proliferation,
differentiation, migration, and apoptosis [13, 14]. It follows
the importance of precise maintenance of ROS level which
affects the flexibility of ion channels/pumps such as Ca2+

and Na+/K+ [12]. ROS can increase Na+ level in several
ways including (a) changing in the voltage of the Na+ chan-
nel leading to Na+ accumulation in the cells [15] and (b)

activating the Na+/H+ pump promoting Na+ into the cell
[16]. In a simple word, channel disruption causes failure
in cell energy production [17] or inhibition of Ca2+ extru-
sion. Additionally, numerous studies have reported dysreg-
ulated potassium channel expression in human cancer
cases. However, knowledge about the redox modulation of
K+ channel activity is limited. Oxidative stress potentially
influences the expression of KV1.5 potassium channel
expression in both physiological and pathological condi-
tions [18]. Preclinical studies conducted on the effects of
oxidative stress and free radicals on cancer cells have shown
that oxidative stress at the administered concentrations
might be a possible explanation for the substantial toxicity
associated with the clinical management and cancer treat-
ment. Therefore, new approaches are necessitated to target
the NKA pump and Ca2+ channel using potent agents
against cancer with no or least harm for the normal cells.
It requires the utilization of reagents mediating the gradual
release of free radicals. This would help us to optimize the
therapeutic effects of oxidative stress. HA is one candidate
to achieve this aim.

To exert and evaluate the effect of oxidative stress on
Ca2+, K+, and Na+ concentrations in 4T1 tumor cells, we uti-
lized H2O2 along with HA with the aim of suppressing Ca2+

channels and NKA pumping and inducing apoptosis tumor
cells. HA along with H2O2 was used to protect normal cells
from oxidative stress damages (see Figure 1).

2. Materials and Methods

2.1. Cell Culture. Mouse breast cancer cell line 4T1 was
purchased from the Pasture Institute, Cell Bank of Iran
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Figure 1: Schematic illustration of how H2O2 or H2O2 +HA functions on 4T1 cell ion channels/pumps. (a) The cell is normal and the
channels function well to maintain the homeostasis of cell ions. (b) The membranous channels/pumps of cells exposed to H2O2 are
disrupted, and the balance of ions is disrupted within the cell causing a severe imbalance due to an increase in intracellular Ca2+, K+, and
Na+. Intracellular Ca2+ accumulation induces apoptosis in the cell. (c) HA softens oxidative effects of H2O2, modifies the harsh release of
oxidants from H2O2, controls cell proliferation, and gently directs the cell toward apoptosis.
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(NCBI, Tehran, Iran). The cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS)
and 1% glutamine (Sigma Aldrich), 100 IU/ml streptomycin,
and 100 IU/ml penicillin at 37°C in 5% CO2-humidified
atmosphere.

2.2. Induction of Normoxic or Hypoxic Condition and
Treatments with H2O2 and H2O2+HA. Normoxic (18% O2,
5% CO2) or hypoxic (1%O2, 5% CO2, and 94%N2) condition
was established in two different incubators (Labotec C200,
Germany) at 95% humidity. For all tests, 4T1 cancer cells
were treated by increasing the concentrations of H2O2 (0,
10, 20, 50, 100, 200, 500, and 1000μM) or H2O2+HA
(0.83%) (0, 10, 20, 50, 100, 200, 500, and 1000μM and HA
0.83%) according to normoxic or hypoxic condition and
incubated in two different incubators for 24 hrs.

2.3. Characteristic Hypoxic Model by Anti-PDL-1. To charac-
terize the hypoxic condition, 4T1 cells were seeded in 12-well
plates (1 × 105 cells/well) in a regular growth medium and
incubated in normoxic (18% O2, 5% CO2) and hypoxic
(1% O2, 5% CO2, and 94% N2) conditions in two distinct
incubators (Labotec C200, Germany) at 95% humidity over-
night. Then, cells were collected, washed with phosphate-
buffered saline (PBS), and re-suspended in 100μl PBS. Next,
5μl anti-PDL-1 mouse antibody conjugated with FITC was
added to cells and incubated for 30 minutes at room temper-
ature. Lastly, we added 400μl flow cytometry staining buffer
and performed the flow cytometry, by flow cytometer (BD
Biosciences, San Diego, CA, USA). The data were analyzed
using FlowJo version 7.6.1.

2.4. Antioxidant Capacity of HA by DPPH Assay. The 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay
was performed according to the Blois method with some
modifications [19]. Briefly, a 1.0mM of DPPH radical solu-
tion in ethanol was prepared, and then, 1ml of the solution
was mixed with 3ml of (0, 0.25, 0.5. 0.75, 1%) HA solutions.
The absorbance was measured at 517 nm after 30min. The
proportion of DPPH radical scavenging was initially calcu-
lated as reported. All experiments were performed three
times, and the average values were determined.

Determination of intracellular Ca2+, Na+, and K+4T1 cells
was cultured in a six-well in the concentration of 1 × 106
cells/well, incubated for 24 hrs under the normoxic or hyp-
oxic conditions, and treated with H2O2 or H2O2+HA for
24 hrs. At the end of the incubation time, the supernatant
was discarded and the cells were trypsinized and centrifuged
at 1500 rpm for 5min. 1 × 106 cells were collected and
washed twice with Ca2+, Na+, and K+-free wash solution as
previously described by Montrose in 1991 [20]. To prepare
the solution, 130mM tetramethylammonium (TMA) chlo-
ride (Merck, Germany, no. 822156), 1mM MgSO4 (Merck,
Germany, no.105886), 2mM MgCl2 (Merck, Germany,
no.874733), 0.1mM EGTA (Merck, Germany, no. 99590-
86-0), and 10mM HEPES (Merck, Germany, no. 7365-45-
9) were dissolved in ultrapure water, and pH was adjusted
at 7.4 using TMA hydroxide (Merck, Germany, no. 75-59-
2). Afterward, Ca2+, Na+, and K+ were determined using an

atomic absorption flame spectrophotometer (GBC AA 932).
The equipment was calibrated with standard solutions rec-
ommended by the manufacturer. All the samples were ana-
lyzed in triplicate.

2.5. Statistical Analysis. Statistical difference was determined
by one-way and two-way ANOVA analysis of variance using
GraphPad Prism 7.0 for Windows (GraphPad Software, Inc.,
San Diego, CA, USA). ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001,
and ∗∗∗∗p < 0:0001 were considered as significance levels
for all analyses performed. Data were presented as mean ±
SD in triplicate experiments.

3. Results

3.1. Comparison of PD-L1 Level as Malignancy Marker in
Hypoxic and Normoxic Conditions. To determine how hyp-
oxic or normoxic condition affects 4T1 cell line, we used
PD-L1 as a marker of malignancy. PD-L1 is one of those
markers whose expression is increased under hypoxia condi-
tions and enables tumors to escape from the adaptive
immune system [21]. Flow cytometry analysis of 4T1 cells
under the normoxic or hypoxic circumstances revealed that
the PD-L1 surface expression under the hypoxic conditions
significantly increased compared to 4T1 cells under the nor-
moxic condition, as shown in Figure 2.

3.2. Evaluation of Optimizing Effect of HA on H2O2. The opti-
mizing effect of HA on H2O2 was evaluated using DPPH
assay. The results indicated that HA optimized H2O2-medi-
ated oxidative stress in a dose-dependent manner. However,
HA at concentrations of 1% and 2% did not show a signifi-
cant difference (see Figure 3). On this basis, effective concen-
trations were chosen for the subsequent experiments.

3.3. Ca2+ Level following Treatment with H2O2 or H2O2+HA
under Normoxic and Hypoxic Conditions. Intracellular Ca2+

level in cancer cells is affected under the influence of micro-
environmental conditions and treatments. Treatment with
raising concentrations of H2O2 increased intracellular Ca2+

under normoxic conditions. Accordingly, treatment with
H2O2+HA also led to increased intracellular Ca2+ content
in a dose-dependent manner though the extent of increase
was about half that of the treatment with H2O2 alone (see
Figure 4). Notably, the intracellular Ca2+ accumulation in
H2O2+HA-exposed cells had a gentler slope in the incre-
ment rate than that of the H2O2-treated cells in either nor-
moxic or hypoxic conditions. In addition, the intracellular
Ca2+ accumulation in hypoxic conditions is lower compared
to the normoxic condition. This may be due to the adaptation
of cancer cells with their specific hypoxic condition of the
microenvironment, as demonstrated in Figure 4.

3.4. Treatment with H2O2 and H2O2+HA Affects Na+ and K+

Levels under Normoxia and Hypoxia. In order to investigate
the NKA pump function, we examined the changes in intra-
cellular Na+ and K+ levels. As shown in Figure 5, treatment of
cancer cells with increasing concentration of H2O2 under
normoxic conditions led to increment in intracellular K+

and Na+ levels as well. However, the rate of increase in K+
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was far greater than in Na+. Instead, cancer cells treated with
H2O2+HA under normoxic conditions had lower intracellu-
lar K+ and Na+ accumulation levels.

The results under hypoxic conditions were similar to
those of normoxia. Treatment of cancer cells with H2O2
increased the intracellular Na+ and K+ levels in a dose-

dependent manner. In contrast, treatment of the cells with
H2O2+HA caused milder changes compared to the treat-
ment with H2O2.

Overall, the comparison of intracellular Na+ and K+ in
cancer cells under hypoxia and normoxia showed that the
cells under hypoxia were more resistant to H2O2 and H2O2
+HA treatment than normoxia (see Figure 5).

4. Discussion

Hypoxia is one of the important features of solid tumors. Sev-
eral mechanisms are presumed to involve in the development
of hypoxic conditions within the tumor foci. They include
limited perfusion and/or delivery of O2 delivery [22]. Tumor
cells adapt to persistent hypoxic and harsh conditions and
consequently become more invasive and metastatic. This is
evidenced by the treatment resistance of tumor cells to a num-
ber of anticancer agents. Normal cells typically die in hypoxic
conditions while tumor cells adapt to hostile hypoxic microen-
vironments and remain viable due to hypoxia-mediated prote-
omic and genomic changes within tumor cells [23].

Despite significant advances toward cancer biology in the
last decade, the survival rate of cancer patients has remained
insignificant. The approximate failure of the treatment pro-
cedure and also the increased cancer cell resistance might
be due to several reasons such as (1) hypoxic condition in a
cancer microenvironment that plays an essential role in
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tumor survival and resistance, (2) increasing the number of
pumps/channels on cancer cells to bypass the apoptotic path-
ways, and (3) inefficiency of anticancer drugs because of the
host condition and side effects. The development, survival,
and progression of tumors depend on a combination of inter-
nal and external factors of which is the balance of ions [3, 4].
Maintaining the ionic homeostasis and optimal electrical
potential is vital for survival in cell biological settings. On this
basis, a new approach of drug designation has been devel-
oped focusing on ion transport pumps/channels in cell mem-
branes to remove cancer cells. Oxidative stress is one of the
novel approaches for cancer therapy. In this regard, many
points have not yet been addressed and examined about the
pathophysiological effects. This study was based on the pre-
mise that ROS kills cancer cells by disrupting the ion transport
pumps/channels in cancer cell membranes and eventually
induce apoptosis and death in cancer cells.

There are currently therapeutic approaches known as
radiotherapy and photodynamic therapy that function based
on the production of oxygen radicals within cancer cells [24].
Notably, pretreatment with H2O2 in radiotherapy can opti-
mize the cancer microenvironment and improve the effi-
ciency of clinical outcomes [25]. In this approach, ROS
production is the mechanism by which apoptosis is induced

in tumour cells [24, 26–29]. Given the point that cancer cells
are highly dependent on ROS homeostasis compared to nor-
mal cells, they are more sensitive to further variation in their
redox homeostasis compared to normal cells. This is because
ROS can act as a double-edged sword and affect tumour cells
more than normal cells [30]. Presumably, H2O2 kills tumour
cells via direct induction of ROS production in cancer cells
and inhibition of antioxidant machinery as a defence mecha-
nism of cancer cells. The applied concentration of H2O2 to
kill tumour cells should be optimized depending on the anti-
oxidant potential of cancer cells [31, 32]. Previous studies uti-
lized H2O2 as a radiosensitizer material and even H2O2 along
with sodium hyaluronate have further been used as a radio-
sensitizer. These approaches are targeted to inactivate cell
antioxidant enzymes and produce oxygen from H2O2 to
decrease hypoxia [33, 34]. Given the important role of oxy-
gen deprivation in tumour adaptation and development, it
has been proposed that oxygenation can restore health by
destroying cancer cells. Supporters of oxygen therapy claim
that low levels of oxygen enable tumour cells to adapt and
thrive. Accordingly, oxygenation of tumour cells interferes
with their proteomic and genomic changes and destroys
them. Hydrogen peroxide is one of the oxygenating agents.
The initial idea for the medical use of hydrogen peroxide
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after 24 hrs of treatment: (a) (a1) Cells under normoxia and treated with H2O2. (a2) Cells under normoxia and treated withH2O2 +HA. (a3)
Cells under hypoxia and treated with H2O2. (a4) Cells under hypoxia and treated with H2O2 +HA. Data are shown as mean ± SD (n = 3)
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dates back to decades ago when antineoplastic hydrogen per-
oxide was observed [35–38]. However, claims that hydrogen
peroxide therapy can increase cellular levels of oxygen have
been a matter of debate. Since hydrogen peroxide decompo-
sition and the type of product mainly depend on the micro-
environment [39], it may produce OH radical or water and
oxygen. On the other hand, HA is one of the chemicals which
facilitate the production of oxygen from hydrogen peroxide.
Accordingly, it has been shown that hyaluronic acid, com-
monly used as a drug delivery vehicle [40], is capable of
increasing the toxic effects of the oxidative stress mediated
by H2O2 on tumour cells [41]. This is consistent with the fact
that CD44, as major receptor HA, is abundantly expressed on
cancer stem cells [42] which facilitates targeting of toxic
effects of H2O2 on cancer cells. In this study, we utilized
hydrogen peroxide along with HA to investigate how it
affects 4T1 cell line in vitro. H2O2 could alternatively be a
source of free radicals to exert oxidative stress or could be
an oxygen-producing source on cancer cells.

Hydrogen peroxide is one of the inhibitors of PI3K/AKT
and the PTEN pathway [18]. Cancer cells adapted themselves
to hypoxic conditions to escape from the immune response
against cancer. Some of these escape mechanisms include
the increase in PDL-1 receptor and elevation of NKA pump

and Ca2+ channel levels involved in cellular ion regulation
[11]. In this study, the simulation of hypoxic conditions
in vivo was confirmed in cancer cells by increasing the
PDL-1 expression. Previous reports have shown that Ca2+

plays a prominent role in tumor proliferation, angiogenesis,
invasion, and apoptosis by remodeling of cytoskeleton and
extracellular matrix [7, 8, 43]. Ca2+ homeostasis is regulated
directly and indirectly by different molecules [7, 26, 28].
ROS disrupts these molecules, and subsequently, the mem-
brane channels lose their regulatory function. As a result, dis-
ruption of these channels and related molecules changes
intracellular Ca2+ level, increases Ca2+ uptake by mitochon-
dria, and triggers apoptotic pathways leading to cancer cell
death. Our results also showed that treatment of cancer cells
with H2O2 under normoxic and hypoxic conditions
increased intracellular Ca2+ level suggesting that the Ca2+

channels were disrupted. Interestingly, HA softened the
H2O2 effect and made a gradual release of free radicals under
both hypoxic and normoxic conditions.

ROS inhibits and disrupts the NKA pump and increases
the Na+ levels in the cell in several ways including (1) changes
the voltage of the NKA pump [15], (2) activates the NKA
pump and releases Na+ into the cell [44], (3) degrades NKA
proteasomal complex resulting in reduced expression of the
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Figure 5: Changes in Na+ and K+ levels in 4T1 cancer cells treated with different concentrations of H2O2 or H2O2 +HA under normoxia and
hypoxia for 24 hrs. (a) Cells under normoxia and treated with H2O2. (b) Cells under normoxia and treated with H2O2 +HA. (c) Cells under
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pump at the membrane surface [45], and (4) activates protein
kinase C (PK C) which induces NKA phosphorylation and
membrane depolarization [46, 47] all of which lead to cell
death. However, knowledge about the redox modulation of
the K+ channel activity is limited. It has been shown that an
increase in calcium can alter the K+ channels and increase
K+ in the cell. Additionally, current data on the effect of oxi-
dative stress on Ca2+-activated K+ channel (BKCa) activity in
vascular smooth muscle cells suggest that O2

– and H2O2
enhance the BKCa channel activity [48]. It has also been
shown that oxidative stress (O2

– and H2O2) increases the
KATP channel activity in cardiac myocyte vasculature [49].
Moreover, enhanced ATP-dependent K+ channel activity by
H2O2 has also been observed in rabbit airway smooth muscle
[50]. Our study showed that treatment of cancer cells with
H2O2 under normoxia or hypoxia led to an increased intra-
cellular Na+ and K+ in a dose-dependent manner indicating
impaired NKA pumping. In contrast, treatment of cells with
H2O2+HA made these changes gradual. This again con-
firmed the modifying effects of HA on the oxidative stress
capacity exerted by H2O2 consistent with previous reports
in other settings [51]. Unique HA properties include biocom-
patibility, nontoxicity, and biodegradability which make it
suitable to be applied in biomedical applications [52, 53].

Previous studies supported that H2O2 increases cell death
induced by inhibition of PKCε, PI3K, pAKT, pJAK-2, and
pSTAT3 [54]. H2O2 also prevents the interaction of AP-1,
NF-κB, and STAT3 transcription factors with DNA [55,
56]. Our results on the effect of H2O2 on the NKA pump
and Ca2+ channels can also be added to the above list as the
cause of apoptosis induction by H2O2 in cancer cells.

Our results demonstrated that the control cells showed
higher K+ and lower Na+ concentrations which is supported
by previous studies. Increasing evidence suggests that ion
channels and pumps not only regulate membrane potential,
ion homeostasis, and electric signaling in excitable cells but
also play important roles in cell proliferation, migration, apo-
ptosis, and differentiation [57]. In addition, recent analysis
has revealed complex interconnections between oncogenic
activity, ion channels, hypoxia signaling, and metabolic path-
ways that are dysregulated in cancerous cells. Normal and
tumor cells frequently express distinct pump isoforms. Sev-
eral changes in the expression of NKA have been observed
in cancer cells, such as elevation of activity during the trans-
formation of malignant cells. Roles in cell survival, prolifera-
tion, adhesion, and migration have also been described [58–
60]. Alterations in K+ channel subtypes have been confirmed
in breast and colon cancer [61]. To maintain the homeostasis
of cancer cells, these subunits increase and in some cases
decrease; for example, the K2P channel KCNK9 is overex-
pressed in breast and lung cancer [62]. Recent work has dem-
onstrated that oncogenic stress increases the KCNA1
expression and promotes its relocation from the cytoplasm
to the plasma membrane, which is required for oncogene-
induced senescence. Ectopic expression of KCNA1 inhibits
the RAS-induced transformation, which is related to
decreased aggressiveness in breast cancer [63]. In this con-
text, variations in the expression of the different subunits of
the enzyme compared to the normal tissues have also been

described. On this basis, cancer has also been named as a
channelopathy. Collectively, based on our knowledge, the
differences in the expression, function, and activity of ion
channels and pumps in cancer cells depend on different fac-
tors. These include types of channels, the differences in pump
and ion channel isoforms on cancer cells, the type and class
of cancer, the metastasis and invasiveness degree, the stage
of cancer, and the duration of hypoxia.

We previously evaluated the effect of H2O2 or H2O2+HA
on 4T1 cancer cells and demonstrated that treatment of 4T1
cells with concentrations higher than 100μM of H2O2 or
200μM of H2O2+HA leads to decreased survival, increased
apoptosis, cell cycle disturbance, and decreased expression
of MMP2, MMP9, and VEGF genes [26].

Overall, numerous preclinical studies have been done on
the effects of oxidative stress on cancer cells with consider-
ations on the dose as oxidative stress at some concentrations
may be of higher toxicity and side effects [17]. So finding a
way to get this problem under control is essential. In this
study, we used HA to overcome toxic and side effects with
optimal results. As a result, the effects of H2O2 combined
with HA may provide us the opportunity to develop and
modify cancer treatment using oxidative stress.

5. Conclusion

Our finding suggests considering the inactivation of the NKA
pump and Ca2+ channels and triggering of cancer cell apo-
ptosis when using chemotherapeutic agents containing oxi-
dative stress. This study also gives an initial image on the
rate and ratio of H2O2 plus HA usage to put control on our
targeted selective and effective oxidative stress therapy.
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Acute myeloid leukemia (AML) is a hematological malignancy with a poor prognosis attributed to elevated reactive oxygen species
(ROS) levels. Thus, agents that inhibit ROS generation in AML should be exploited. Azelaic acid (AZA), a small molecular
compound, can scavenge ROS and other free radicals, exerting antitumor effects on various tumor cells. Herein, this study
evaluated the antileukemic activity of AZA against AML via regulation of the ROS signaling pathway. We found that AZA
reduced intracellular ROS levels and increased total antioxidant capacity in AML cell lines and AML patient cells. AZA
suppressed the proliferation of AML cell lines and AML patient cells, expending minimal cytotoxicity on healthy cells. Laser
confocal microscopy showed that AZA-treated AML cells surged and ruptured gradually on microfluidic chips. Additionally,
AZA promoted AML cell apoptosis and arrested the cell cycle at the G1 phase. Further analysis demonstrated that
peroxiredoxin (Prdx) 2 and Prdx3 were upregulated in AZA-treated AML cells. In vivo, AZA prolonged survival and attenuated
AML by decreasing CD33+ immunophenotyping in the bone marrow of a patient-derived xenograft AML model. Furthermore,
mice in the AZA-treated group had an increased antioxidant capacity and Prdx2/Prdx3 upregulation. The findings indicate that
AZA may be a potential agent against AML by regulating the Prdxs/ROS signaling pathway.

1. Introduction

Acute myeloid leukemia (AML) is one of the most common
hematological malignancies with a rapidly progressive and
poor prognosis. Larger numbers of blasts accumulate in the
bone marrow and infiltrate other tissues, thus inhibiting
hematopoietic functions and inducing subsequent hemor-
rhage and severe infection. The annual mortality rate is 2.2
per 100,000 [1]. High-dose induction chemotherapy for inhi-
biting leukemic blast proliferation in the acute stage and con-
solidation chemotherapy during the remission stage remain
the main methods of treating AML; the curative treatment
for AML is successful allogeneic stem cell transplantation

after achieving complete remission. However, some patients
cannot tolerate the toxic adverse effects of chemotherapeutic
drugs and experience chemotherapeutic resistance and
severe adverse reactions, such as severe infection, that can
lead to treatment failure and result in death.

Reactive oxygen species (ROS) are small short-lived
oxygen-containing molecules that regulated many processes,
such as cell growth and death, inflammation, stem cell
renewal, tumorigenesis, oxygen sensing, angiogenesis, and
immune responses [2, 3]. Elevated ROS levels are a major
cause of DNA damage and mutation, triggering malignant
cell transformation and promoting cancer initiation [4],
including the initiation and progression of inherited and
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sporadic human leukemias [5]. ROS are frequently elevated
in cancer cells [6]. Likewise, AML patients have significantly
increased ROS levels and a lower total antioxidant capacity
(T-AOC) [7]. Overproduction of NADPH oxidase-derived
ROS and Ras-induced ROS can promote the proliferation of
AML blasts [8, 9], thus accelerating AML progression [10].
In addition, increased intracellular ROS levels are concomitant
with thioredoxin (Trx) and 8-hydroxydeoxyguanosine overex-
pression, which is associated with AML relapse [7]. Excessive
ROS trigger activation of the oncogene, c-Jun activation
domain-binding protein 1 (Jab1), in AML patient relapse,
and the upregulated Jab1 can regulate Trx by binding to
Trx1, which contributes to the poor survival [11]. Addition-
ally, increased ROS levels have been correlated with pheno-
typic change in hematopoietic stem cells (HSCs) and loss of
HSC quiescence, and excessive oxygen limits the lifespan of
HSCs by regulating the ROS-p38 MAPK pathway [12].

The roles of ROS depend on their intracellular levels. Low
ROS levels are required to initiate and promote tumor growth;
moderate ROS levels are involved in the inflammatory
response, while high ROS levels contribute to apoptosis and
autophagy [13]. Both ROS-elevating and ROS-eliminating
strategies have been developed to treat cancer [14]. Over the
past several years, ROS-elevating strategies have been predom-
inantly used in clinics, including agents targeting the Prdx2
and Prdx3 to treat AML [15–17]. However, overproduction
of ROS induced by chemotherapeutic drugs increases oxida-
tive stress, which can lead to therapeutic resistance and there-
fore help to drive tumor recurrence [18, 19]. AML patients
with FMS-like tyrosine kinase 3 (FLT3) mutations have high
relapse rates because FLT3 induces elevated ROS levels [20,
21]. In addition, increased ROS levels accompanied by Trx1
and Jab1 overexpression are correlated with recurrence and
poor survival in AML patients [11]. Furthermore, elevated
ROS levels greatly contribute to immunosuppression in the
tumor microenvironment [19]. Overproduction of ROS trig-
gers the dysfunction of natural killer and T-cells and inhibits
the cytotoxicity of effector cells [22, 23]. Therefore, ROS-
eliminating strategies have emerged as a promising approach
to treating AML.

Azelaic acid (AZA) is a natural, nontoxic, saturated, nine-
carbon dicarboxylic acid that was first recognized as a second-
ary metabolite in fungal infections withMalassezia [24]. AZA,
as a competitive inhibitor of tyrosinase [25] and other oxido-
reductases, has hypopigmentation and anti-infective proper-
ties and is commonly used to treat skin disorders such as
melasma and acne [26]. Prior studies demonstrated that
AZA can scavenge ROS and inhibit the generation and action
of oxygen radicals [27, 28]. AZA can also reversibly inhibit
cytochrome-P450 reductase and respiratory chain enzymes
[29]. Furthermore, AZA exhibits antitumor effects on several
tumor cells, such as lentigo maligna [30], malignant mela-
noma [31], lymphoma [32], and human T lymphotropic virus
1- (HLTV-1-) infected T-cell leukemia [33], by inhibiting Trx
reductase activity, ROS generation, and DNA synthesis in
tumor cells [28, 31, 33]. A previous study showed that AZA
could suppress AML cell proliferation and sensitize AML cells
to chemotherapy [34]. However, the exact mechanism of AZA
on AML cells remains unknown. Therefore, in the present

study, we examined the antileukemia activity of AZA and
further explored its molecular basis.

2. Materials and Methods

2.1. Materials. DMSO (Cat# D2650) and AZA (Cat# 95054)
were purchased from Sigma (USA). PrimeScript™ RT reagent
kit with gDNA Eraser was from Takara (Cat# RR047A).
Annexin V-FITC Apoptosis Detection Kit was from KeyGEN
Biotech (Cat# KGA105-KGA108, China). Cell Cycle Staining
Kit was from MultiSciences Biotech (Cat# CCS012, China).
Antibodies to the following proteins were used: Prdx3 was
from CUSABIO (Cat# CSB-PA003861, China); β-actin
(Cat# 14395-1) and Prdx2 (Cat# 10545-2) were from Protein-
Tech (USA).

2.2. Cell Culture. AML cell lines U937, HL60, THP-1, and
Molm-13 cells were grown in RPMI-1640 medium supple-
mented with 10% fetal bovine serum and penicillin/streptomy-
cin at 37°C. Different types of AML patient primary cells
(AML-PC) according to the FAB classification and healthy
peripheral mononuclear cells (PBMCs) were isolated by
Ficoll-Hypaque gradient centrifugation followed by the manu-
facturer’s recommendation (TBD sciences, Cat# HY2015,
China); the detailed AML patient information can be found
in Table S1. Importantly, all subjects were given written
informed consent in accordance with the recommendations
of the Ethics and Scientific Committee of Zhongnan Hospital
of Wuhan University and the Declaration of Helsinki; the
Ethics Committee of Wuhan University approval number is
2018278.

2.3. Measurement of ROS. Intracellular ROS levels were
measured using the Reactive Oxygen Species Assay Kit
(Beyotime, Cat# S0033, China). Briefly, HL60, U937, THP-
1, and AML-PC cells were treated with AZA for 24h, and
the collected cells were then washed with serum-free RPMI-
1640 and incubated with 2,7-dichlorodihydrofluorescein
diacetate (DCF-DA) at the concentration of 5μM for 20
minutes at 37°C to assess ROS-mediated oxidation of the
fluorescence compound DCF-DA. ROS levels were deter-
mined by detecting the fluorescence intensity of the oxidized
DCF cytometer, and the flow cytometry analysis results were
quantified by using CytExpert2.0 software.

2.4. ROS-Related Index Analysis. HL60, U937, and Molm-13
cells were pretreated with 5mM AZA for 24 h; cells were col-
lected and washed twice by PBS. Cells were lysed by using the
ultrasonic wave breaking, and cell homogenate was centri-
fuged for 15 minutes at 12,000 rpm at 4°C. Thereafter, super-
natant was harvested and stored at -20°C. In vivo experiment,
peripheral blood of mice was centrifuged for 15 minutes at
12,000 rpm at 4°C in an anticoagulant tube and the serum
was collected from liquid supernatant. The harvested cell
supernatant and serum were prepared for the following
study. The total antioxidant capacity (T-AOC, Cat# A105),
superoxide dismutase (SOD, Cat# A001) activity, glutathione
peroxidase (GSH-Px, Cat# A006) content, and malondialde-
hyde (MDA, Cat# A003) levels were assayed according to the
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manufacturer’s protocol as described previously (Nanjing
Jiancheng Bioengineering Institute, China) [11].

2.5. Analysis of Cell Viability. Cell viability was measured by
using a Cell Counting Kit-8 (Dojindo, Cat# JE603, Japan).
HL60, THP-1, Molm-13, and different types of AML-PC cells
were seeded in a 96-well plate and treated with different con-
centrations of AZA for 24 h. Thereafter, 10μL CCK8 was
added to each plate and incubated for additional 2 h. The cell
viability was measured by reading the absorbance at 450nm.

2.6. Cytotoxicity Assays at the Single-Cell Level. To observe the
AML cell viability after AZA treatment, THP-1 cells trans-
fected with GFP were used in our study and a DAPI stain
was used as a control for indicating all cell numbers in the
field. When the GFP+-THP-1 cell was dead, the green fluores-
cence disappeared. The cell viability can be assayed by com-
paring the green fluorescence intensity between two groups.

To detect the cytotoxic effect of AZA on AML cells, a
microfluidic chip was designed to capture the cells and allow-
ing the injection of AZA. The clip size was designed accord-
ing to the cell size as described previously [35, 36]. Briefly,
HL60 cells were injected into the chip and fixed in one inlet,
and 5mM AZA was slowly injected from another inlet. The
dynamic changes in the cell morphology after AZA treat-
ment at different time points and fields were observed under
microscopy (Nikon).

2.7. Measurement of Mitochondrial Membrane (MMP). Early
apoptosis analysis was measured by using the Mitochondrial
Membrane Potential Assay Kit with JC-1 (Beyotime, Cat#
C2006, China). JC-1 aggregates in the matrix of mitochondria
to form a polymer (J-aggregates) and can emit red fluores-
cence at normal MMP but gets converted to monomer when
MMP decreased and then can emit green fluorescence. HL60
cells were treated with 5mMAZA for 24h; cells were collected
and stained with JC-1 dye. The change inmitochondrial mem-
brane potential was analyzed by flow cytometry.

2.8. Cell Apoptosis and Cell Cycle Assays. The apoptotic rate
of U937 cells was detected with the Annexin V/FITC Apo-
ptosis Detection Kit. U937 cells were seeded in 6-well plates
and treated with 5mMAZA for 24 h. The collected cells were
washed twice by PBS and stained with 5μL Annexin V-FITC
and 5μL propidium iodide and then incubated for 5 minutes
at 25°C. The apoptotic rate was measured by calculating the
percentage of FITC and PI-positive cells with flow cytometry.

Cell cycle was measured by using a Cell Cycle Staining
Kit. U937 cells were pretreated and collected as above
described. Cells were then fixed by 1mL staining buffer and
incubated with 10μL propidium iodide for 30 minutes. The
number of cells in different phases of the cell cycle was
analyzed by flow cytometry. Data were analyzed by using
CytExpert2.0 software.

2.9. Protein Mass Spectrometry Analysis (LC-MS). THP-1
cells were treated with 5mMAZA for 24 h, and total proteins
were extracted by RIPA buffer. Then, the peptides from the
AZA-treated group and the control group were labeled with
isotopomeric dimethyl label. The labeled samples were ana-

lyzed by using a hybrid Quadrupole-TOF Mass Spectrometer
as described previously [37] (TripleTOF 5600, AB Sciex
Instruments). The raw LC-MS data was accessible on Pepti-
deAtlas, and the direct URL is http://www.peptideatlas.org/
PASS/PASS01499.

2.10. RNA Isolation, cDNA Preparation, and Quantitative
PCR. THP-1 and Molm-13 cells were treated with 5mM
AZA for 24h. The total RNA was isolated, and the reverse
transcription for cDNA was performed by using the Prime-
Script™ RT reagent kit with gDNA Eraser. SYBR-GREEN
qPCR was performed to measure the peroxiredoxin 2 (Prdx2)
and peroxiredoxin 3 (Prdx3) expression using the SYBR
GREEN MIXTURE kit according to the manufacturer’s
recommendations. The expression level was analyzed using
the 2-ΔΔCT approach. The primers are listed as follows:
GAPDH, sense, 5′-TGATGACATCAAGAAGGTGGTGAA-
3′, antisense, 5′-TCCTTGGAGGCCATG TGGGCCAT-3′;
Prdx3, sense, 5′-GCCGCTCTGTGGATGAGACT-3′, anti-
sense, 5′-CCAGCTGGGCACACTTCC-3′; Prdx2, sense, 5-
GTGTCCTTCGCCAGATCACT-3′, antisense, 5-ACAAAC
TTCCCCATGCTCGT-3′.

2.11. Western Blotting Analysis.Molm-13, THP-1, and AML-
PC cells were seeded in 6-well plates and treated with 5mM
AZA for 24 h. Total proteins were extracted by RIPA and
10mM PMSF. Thereafter, protein concentration was deter-
mined by the BCA protein assay kit (ThermoFisher, USA).
The proteins (20μg) were resolved by SDS gel electrophoresis
and transferred to PVDF membranes. The membranes were
blocked by 5% nonfat milk followed by probing with primary
and secondary antibodies.

2.12. Animal Experiment. The B-NSG mice (female, 16-18 g,
5 weeks) were obtained from the Animal Research Center of
Wuhan University. AML-PC cells were used to construct the
model which were isolated from a hyperleukocytic AML
patient sample after undergoing leukapheresis by using a Fre-
senius COM.TEC machine. Mice were given 1.5Gy X-ray
and injected with 1:0 × 107 human AML cells/per mouse
intravenously within 24h for the development of leukemic
disease. The patient-derived xenograft (PDX) AML model
was successfully established when AML-PC cells could be
observed on the peripheral blood (PB) and bone marrow
(BM) smears. Then, mice were randomly divided into two
groups with 6 mice in each group. The mice in the AZA
group were treated with 10mg/kg AZA by intraperitoneal
injection (200μL, every three days, n = 8), while the control
group (n = 8) received saline with the same volume and fre-
quency. At the end of experiments, mice were sacrificed
and the tissues were harvested for further study. Importantly,
all animal studies were approved by the Institutional Animal
Care and Use Committee of Wuhan University (2017048).

2.13. Smear Analysis and Immunohistochemistry. After
injecting mice with AML-PC cells for one week, we randomly
selected one mouse which was humanly killed, and its PB and
BM were harvested. PB and BM smears were stained with
Wright’s stain and observed microscopically to measure the
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proportion of leukemia cells and determine whether the PDX
model was constructed successfully [38].

Tissues collected from the mice were fixed, trimmed, proc-
essed, dewaxed, and rehydrated, then under pretreated for
antigen retrieval in citrate buffer at pH6.0 at 100°C for 30
minutes. Thereafter, tissues were blocked with primary anti-
bodies (Prdx2 and Prdx3 antibodies, 1 : 100) overnight, then
probed with secondary antibodies. Images were photographed
using a Nikon microscope at the Hematology Department,
Wuhan University, Zhongnan Hospital, Wuhan, China.

2.14. Bioinformatics and Statistical Analysis. Differentially
expressed proteins were identified via LC-MS, annotated by
WEGO analysis (http://wego.genomics.org.cn/), and ana-
lyzed with R code by creating a heat map. The protein-
protein interaction networks were analyzed using STRING
v11.0 (https://string-db.org/cgi/network). Data are presented
as the means ± standard deviations and were analyzed via
Student’s t-test and one-way analysis of variance using
GraphPad Prism 7 and IBM SPSS. P < 0:05 was considered
statistically significant.

3. Results

3.1. AZA Decreased Intracellular ROS Levels and Increased
Antioxidant Capacity. Prior studies demonstrated that
AML patients had elevated intracellular ROS levels and
AZA could scavenge the ROS [28]. We detected the ROS
levels and ROS-related indices in HL60, THP-1, and U937
cells and human AML cells after treatment with AZA. As
expected, AZA markedly decreased the intracellular ROS
levels in the AML cell lines and AML patient cells
(Figures 1(a) and 1(b)). Furthermore, in the AZA-treated cell
homogenate, the oxidative injury indexes, such as the MDA
content (Figure 1(c)), were decreased, while the antioxidant
injury indexes, such as the SOD and GSH activity and the
total antioxidant capacity, were significantly increased
(Figures 1(d)–1(f)).

3.2. AZA Exhibited Cytotoxicity against AML Cells. In our pre-
vious study, we have identified that AZA had an antiprolifera-
tive effect on different AML cell lines, the IC50 value of AZA
for 24h was ranged from 3.4 to 7.2mM, and the median
IC50 value was approximately 5mM [34], so we chose the
concentration of 2.5, 5.0, and 10.0mM for our present cytotox-
icity assay. AZA markedly suppressed AML cell lines and
different types of AML patient cell proliferation dose-
independently as described in our previous study (Fig. S1).
Additionally, GFP+ Molm-13 cells revealed hypofluorescence
after treatment with 5mM AZA for 24h compared to the con-
trol group; this result also indicated AZA could inhibit AML
cell viability (Figure 2(a)). However, the same concentration
of AZA had little toxicity on PBMC and other healthy cell lines
such as 293T, hFOB 1.19, MC3T3-E1, and AML 12 cells
(Figure 2(b)). Even so, we believe that more experiments would
be required to show that AZA is really more toxic to AML cells
compared to hematopoietic stem and progenitor cells.

To observe the cytotoxicity of AZA on AML cells at the
single-cell level, we designed a microfluidic chip that can trap
cells and injected AZA into the chip from two opposite direc-
tions (Figure 2(c)). The HL60 cell morphology became swol-
len, apoptotic bodies were detected, and the cells ultimately
showed lysis after continuous AZA treatment on the micro-
fluidic chips (Figure 2(d)).

3.3. AZA Promoted AML Cell Apoptosis. Loss of MMP is
common in the early stages of apoptosis. AZA induced a sig-
nificant loss of MMP as measured by the percentage of JC-1
monomer cells (Figure 3(a)). AZA markedly increased the
percentage of Annexin-V/FITC-positive cells (Figure 3(b)).
Furthermore, the cell cycle was arrested at the G1/G0 phase
after AZA treatment (Figure 3(c)). However, the same AZA
concentration had no toxicity on PBMC isolated from
healthy people (Figures 3(d) and S2).

3.4. AZA Upregulated Prdx2 and Prdx3 in AML Cells. To
understand the molecular basis for the antileukemic activity
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Figure 1: AZA decreased intracellular ROS levels and increased the antioxidant capacity. (a) U937, HL60, and THP-1 cells were treated with
5.0mM c–AZA for 24 h. The collected cells were stained with DCF-DA, and ROS levels were analyzed by flow cytometry. (b) Statistical
analysis of the intracellular ROS levels after AML cell lines and AML patient cells were treated with 5mM AZA for 24 h. (c–f) U937,
HL60, and Molm-13 cells were treated with 5.0mM AZA for 24 h. The cell homogenates were harvested, and ROS-related indices were
tested with kits as described in the methods. (c) MDA; (d) GSH; (e) SOD; (f) T-AOC. Each experiment was repeated three times, ∗P <
0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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of AZA, we performed LC-MS analysis. Differentially
expressed proteins (DEPs) were identified after AZA treat-
ment. The DEPs were then annotated by WEGO analysis as
described previously [38]. Five hundred and twenty-eight
DEPs were annotated into three areas: cellular components,
molecular functions, and biological processes. The potential
DEPs involved in antioxidant activity and immune response
were analyzed by a heat map (Figure 4(a)). LC-MS data
showed that AZA upregulated Prdx2 and Prdx3 with approx-
imately 2.0-fold higher Prdx3 expression in AZA-treated
THP-1 cells than in the control group. The Prdx system
played a crucial role in decreasing intracellular ROS levels

and maintaining the redox balance [39]. Prdx2 and Prdx3
were the main ROS-scavenging antioxidant enzymes in the
Prdx system. Thus, Prdx3 was selected for further analysis.

We performed quantitative real-time PCR and western
blotting to confirm this finding. Consistent with our MS
results, AZA induced higher Prdx2 and Prdx3 RNA and
protein expressions (Figures 4(b) and 4(d)). Finally, we used
STRING to analyze the proteins that interacted with Prdx3
and found that Prdx3 interacted with many antioxidant
enzymes, including catalase (CAT) and SOD2 (Figure 4(c)),
which were also upregulated after AZA treatment as shown
in Figure 4(a). This result was also validated by further
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analysis by using RT-PCR and WB in Fig. S3. This unex-
pected finding indicated that the upregulation of SOD2 and
CAT caused by AZA may have a synergetic effect with Prdx3
on decreasing intracellular ROS levels. Many nutraceuticals
and antioxidants, such as vitamin C, selenium, and lycopene,
have been developed for cancer prevention and treatment as
they can scavenge ROS [14]; likewise, AZA can exert antileu-
kemic effects by decreasing ROS levels via upregulation of
Prdx2 and Prdx3.

3.5. AZA Repressed the Leukemic Growth In Vivo. To test
whether AZA could repress leukemia in vivo, we constructed
a PDX AML model as per a previous report [40]. Briefly, B-
NSG mice were intravenously injected with 1:0 × 107 CD33+
AML patient primary cells after 1.5Gy irradiation. When PB
and BM smears indicated illness, mice were randomly divided
into two groups (n = 8). AZA was administered every three
days for 2 weeks; saline was administered as a negative control.
The PDX AML models progressed rapidly, and most mice
died within 18-27 days; thus, all mice were sacrificed on day
21, and their tissues were harvested for further study
(Figure 5(a)). AML patient cells could be observed on the PB
and BM smears one week after the injection, and the leukemic
blasts could be observed on the BM and spleen by hematoxylin
and eosin stain, which indicated the development of leukemia
disease (Figures 5(b) and S4). Mice in the AZA group lost
weight more slowly and survive longer than did mice in the
saline group (Figures 5(c) and 5(d)). Additionally, the percent-
age of CD33+ AML cells in the BMwas significantly decreased
in the AZA group compared with the saline group, suggesting
disease remission (Figure 5(e)). Importantly, compared with
the saline group, the MDA levels were decreased, while the
T-AOC, GSH levels, and SOD activity were increased in the
AZA group in the mouse blood plasma (Figure 5(f)). More-
over, higher Prdx2 and Prdx3 expressions occurred in the
AZA group than in the saline group on BM biopsies detected
via immunohistochemical staining in the PDX AML model

(Figure 5(g)). These results were consistent with the in vitro
experimental results.

These results suggest that AZA decreases intracellular
ROS levels and increases the antioxidant capacity by upregu-
lating Prdx2 and Prdx3, thus maintaining the redox balance
and further suppressing AML in vitro and in vivo.

4. Discussion

AML has a high incidence of relapse and poor prognosis, one
of the main reasons is therapeutic resistance. Although emerg-
ing targeted drugs and immunotherapies may benefit some
patients, they are limited in their applications. Tyrosine kinase
inhibitors (TKI) can be used only in patients with FLT-3
mutations and patients who develop resistance [41]. Immune
checkpoint inhibitors (ICIs) are effective in malignancies with
high mutational burden, but ICIs have little effect on AML
because AML patients have the lowest mutational burden
[42]. Chimeric antigen receptor T-cell (CAR-T) therapy also
has a modest effect on AML because of the lack of leukemia-
specific cell surface antigens [43, 44]. Therefore, novel agents
and therapeutic approaches should be exploited.

ROS are generated from multiple sources. The main
source of intracellular ROS is the mitochondria. Healthy cells
control the intracellular ROS balance via the scavenging
system [45]. One major scavenging system by which mito-
chondria neutralize excess ROS is through a dedicated Prdx
system comprising Prdx3. Prdx3 is exclusively located in
the mitochondria. Prdx3 is the most abundant and efficient
H2O2-eliminating enzyme involved in detoxifying 90% of
H2O2 [8]. Deleting of Prdx3 results in H2O2 accumulation
and elevated ROS levels in the mitochondria [46]. Prdx2 is
a cytoplasmic Cys-dependent peroxidase with the highest
affinity of H2O2 [45]. Early studies showed that Prdx2 inhib-
ited the myeloid cell proliferation by reducing ROS levels and
acted as an epigenetically silenced tumor suppressor in AML
[47]. In addition, activation of Prdx2 by depletion of cyclin-
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dependent kinase 2 (CDK2) can drive the therapeutic
differentiation of AML [48]. Moreover, Prdx3 and Prdx2
have been associated with cancer aggressiveness and patient
survival, and higher Prdx2 and Prdx3 expressions were asso-
ciated with less aggressiveness and longer survival [47, 49]. In
our study, we identified that AZA increased Prdx2 and Prdx3
expressions, thus regulating the redox state by decreasing
ROS levels to suppress AML growth.

Identifying agents that can decrease intracellular ROS levels
is a potential method of treating cancer. Lycopene can suppress
the progression of prostate carcinoma by decreasing oxidative
DNA damage and scavenging ROS [50, 51]. Some clinical trials
showed selenium and vitamin C supplementation could
decrease the incidence and mortality of gastric and lung cancer
[52, 53]. One study demonstrated selenium exerted antileuke-
mia effect by increasing antioxidant capacity [54]. A previous

study showed that AZA exhibited antitumor effects against
melanoma by inhibiting ROS generation and reducing oxida-
tive tissue injury [28]. In the present study, AZA inhibited
AML proliferation by decreasing intracellular ROS levels and
increasing the antioxidant capacity. Further analysis of the
mechanisms by quantitative proteomics, qPCR, western blot,
and immunohistochemistry identified that antioxidative Prdx2
and Prdx3were upregulated after AZA treatment. Accordingly,
we concluded that AZA exerts antileukemic effects by regulat-
ing the Prdxs/ROS signaling pathway.

AZA exerts antitumor effects at micromole concentra-
tion, it was usually topical application in the form of water-
miscible or gel for the treatment of skin disorder with only
mild additional side effects; however, when it was adminis-
trated orally or intraperitoneal injection in the form of
solution, it could cause noticeable weight loss and acid-base
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Figure 4: AZA upregulated Prdx2 and Prdx3 expression. (a) Differentially expressed proteins (DEPs) were identified by LC-MS/MS after
AZA treatment. Then, DEPs were annotated by WEGO analysis; the changes of DEPs involved in antioxidant activity and immune
response were shown on a heat map. (b) The RNA expression levels of Prdx2 and Prdx3 in Molm-13 and THP-1 cells after AZA
treatment and their detection by qPCR. (c) The interaction between Prdx3 and other proteins was analyzed by STRING. (d) The protein
expression levels of Prdx2 and Prdx3 in Molm-13, THP-1, and AML patient primary cells (AML-PC) after AZA treatment and their
detection by western blot.
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imbalance [55, 56]. Therefore, further research work is still
needed to decrease the required concentration so as to mini-
mize side effects.

Our MS detection results showed that AZA upregulated
other antioxidant enzymes such as CAT and SOD2. These
antioxidant enzymes interact with Prdx3 and Prdx2, but
how they act in synergy with Prdxs to maintain intracellular
redox equilibrium is being studied. Several immune-related
signaling pathways were active after AZA treatment as
shown on the heat map; the most obvious was Notch. Notch
can maintain low ROS levels to promote cell development
and survival [57]. In addition, Notch is an important regula-
tor of immune cell development and function [58]. Our
previous study had identified that AZA could activate the
Notch signaling pathway and enhance the cytotoxicity of
immune effector cells against AML [59]. However, whether
AZA can alleviate immunosuppression in the tumor micro-
environment via the regulation of Prdxs and Notch requires
further study.

In summary, we provided a potential novel agent and
therapeutic approach to treating AML by regulating the
Prdxs/ROS signaling pathway, which may provide insight
into ROS-eliminating strategies.

5. Conclusion

AZA decreased intracellular ROS levels and increased antiox-
idant capacity by upregulating Prdx2 and Prdx3, which
maintained the intracellular redox balance and further sup-
pressed AML in vitro and in vivo. AZA is a potential agent

for treating AML; ROS-eliminating strategies may be prom-
ising strategies for treating AML.
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Altered neuronal Ca2+ homeostasis and mitochondrial dysfunction play a central role in the pathogenesis of traumatic brain injury
(TBI). R-Phenibut ((3R)-phenyl-4-aminobutyric acid) is an antagonist of the α2δ subunit of voltage-dependent calcium channels
(VDCC) and an agonist of gamma-aminobutyric acid B (GABA-B) receptors. The aim of this study was to evaluate the potential
therapeutic effects of R-phenibut following the lateral fluid percussion injury (latFPI) model of TBI in mice and the impact of R-
and S-phenibut on mitochondrial functionality in vitro. By determining the bioavailability of R-phenibut in the mouse brain
tissue and plasma, we found that R-phenibut (50mg/kg) reached the brain tissue 15min after intraperitoneal (i.p.) and peroral
(p.o.) injections. The maximal concentration of R-phenibut in the brain tissues was 0.6 μg/g and 0.2 μg/g tissue after i.p. and p.o.
administration, respectively. Male Swiss-Webster mice received i.p. injections of R-phenibut at doses of 10 or 50mg/kg 2 h after
TBI and then once daily for 7 days. R-Phenibut treatment at the dose of 50mg/kg significantly ameliorated functional deficits
after TBI on postinjury days 1, 4, and 7. Seven days after TBI, the number of Nissl-stained dark neurons (N-DNs) and
interleukin-1beta (IL-1β) expression in the cerebral neocortex in the area of cortical impact were reduced. Moreover, the addition
of R- and S-phenibut at a concentration of 0.5 μg/ml inhibited calcium-induced mitochondrial swelling in the brain homogenate
and prevented anoxia-reoxygenation-induced increases in mitochondrial H2O2 production and the H2O2/O ratio. Taken together,
these results suggest that R-phenibut could serve as a neuroprotective agent and promising drug candidate for treating TBI.

1. Introduction

Traumatic brain injury (TBI) is a leading cause of mortality
and disability among trauma-related injuries [1]. TBI can
result in temporary, long-term, and even life-long physical,
cognitive, and behavioural problems [2, 3]. Therefore, there
is an increased need for effective pharmacological approaches
for treating patients with TBI. Phenibut, a nootropic pre-
scription drug with anxiolytic activity, is used in clinical prac-
tice in Eastern European countries for the treatment of
anxiety, tics, stuttering, insomnia, dizziness, and alcohol
abstinence [4, 5]. R-Phenibut ((3R)-phenyl-4-aminobutyric

acid), which is one of the optical isomers of phenibut, binds
to gamma-aminobutyric acid B (GABA-B) receptors and the
α2δ subunit of voltage-dependent calcium channels (VDCC),
while S-phenibut binds only to the α2δ subunit of VDCC
[6–8]. Our previous studies have shown that R-phenibut treat-
ment significantly decreased the brain infarct size and
increased brain-derived neurotrophic factor and vascular
endothelial growth factor gene expression in damaged brain
tissue in an experimental stroke model [9]. The similarity of
the pathogenic mechanisms of TBI and cerebral ischaemia
indicate that therapeutic strategies that are successful in treat-
ing one may also be beneficial in treating the other [10].
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Treatment options for TBI are limited due to its complex
pathogenesis and the heterogeneity of its presentation, which
includes haematomas, contusions, hypoxia, and vascular,
axonal, and other types of central nervous system injuries
[11, 12]. Among the processes that impact TBI, the genera-
tion of reactive oxygen species (ROS) by mitochondria
occurs within the first minutes after TBI and thus leads to
the disruption of calcium ion (Ca2+) homeostasis, which is
the “final common pathway” for toxic cellular degradation
[13, 14]. Maintaining regional neuronal Ca2+ homeostasis
and mitochondrial function is crucial to prevent secondary
neuronal injury [15, 16]. Thus, mitochondrial-targeted drugs
and drugs acting on specific intracellular Ca2+ signalling
pathways or subcellular components show promise as thera-
peutic interventions for TBI [17, 18]. In fact, upregulation of
the neuronal calcium channel α2δ subunit modulates the
activation of mitochondrial Ca2+ buffering in pathological
conditions [19]. There is also evidence that GABA-B receptor
agonists provide neuroprotection against N-methyl-D-
aspartate-induced neurotoxicity mediated by the mitochon-
drial permeability transition pore [20]. Since both isomers
of phenibut bind to the α2δ subunit of VDCC and only R-
phenibut binds to the GABA-B receptor, these both isomers
could be used to specify the possible molecular mechanisms
of phenibut in different experimental models.

This is the first investigation of the potential therapeutic
effects of R-phenibut following TBI in mice. In addition, to
evaluate possible molecular mechanisms underlying the
actions of R-phenibut against anoxia-reoxygenation-
induced mitochondrial damage, the effects on mitochondrial
functionality were evaluated in an in vitro model of anoxia-
reoxygenation and compared for R- and S-phenibut.

2. Materials and Methods

2.1. Animals and Treatment. Forty-eight Swiss-Webster male
mice (25-40 g; Laboratory Animal Centre, University of
Tartu, Tartu, Estonia) were used in a lateral fluid percussion
injury (latFPI) model of TBI [21, 22]. Additionally, 6 Swiss-
Webster male mice were used for the preparation of brain
homogenate and the isolation of brain mitochondria for
in vitro assays. Forty-two ICR male mice (Laboratory Animal
Breeding Facility, Riga Stradins University, Latvia) were used
in a pharmacokinetic study. All animals were housed under
standard conditions (21-23°C, 12h light-dark cycle) with
unlimited access to standard food (Lactamin AB, Mjölby,
Sweden) and water in an individually ventilated cage housing
system (Allentown Inc., Allentown, New Jersey, USA). Each
cage contained bedding consisting of Eco-Pure ™ Shavings
wood chips (Datesand, Cheshire, UK), nesting material,
and wooden blocks from TAPVEI (TAPVEI, Paekna, Esto-
nia). For enrichment, a transparent tinted (red) nontoxic
durable polycarbonate safe harbour mouse retreat (Ani-
maLab, Poznan, Poland) was used. The mice were housed
with up to 5 mice per standard cage (38 × 19 × 13 cm). All
studies involving animals were reported in accordance with
the ARRIVE guidelines [23, 24]. The experimental proce-
dures were performed in accordance with the guidelines
reported in the EU Directive 2010/63/EU and in accordance

with local laws and policies; all procedures were approved by
the Latvian Animal Protection Ethical Committee of Food
and Veterinary Service in Riga, Latvia.

The dose of R-phenibut was selected based on the previ-
ous studies, where pharmacological efficacy was observed in
dose-range between 10 and 50mg/kg, while R-phenibut at
doses higher than 100mg/kg showed sedative and coordina-
tion inhibitory effects [6, 8, 9]. Mice were randomly assigned
to four experimental groups: sham-operated mice, saline-
treated latFPI mice, and latFPI mice that received R-
phenibut (JSC Olainfarm, Olaine, Latvia) at a dose of
10mg/kg or 50mg/kg. Six mice were excluded because of a
dural breach that occurred during surgery (4 mice from the
sham-operated, 1 mouse from the control, and 1 mouse from
the R-phenibut 50mg/kg groups), and four mice died imme-
diately after latFPI and were excluded from the study (3 mice
from the control and 1 mouse from the R-phenibut 50mg/kg
groups). The final number of included animals per group was
as follows: sham-operated mice (n = 8), saline-treated latFPI
mice (control group, n = 8), and latFPI mice that received
R-phenibut at a dose of 10mg/kg (n = 12) or 50mg/kg
(n = 10). R-Phenibut and saline were initially administered
intraperitoneally (i.p.) 2 h after injury and then once daily
for an additional 7 days for a total treatment period of 1 week.
During the treatment period, the animals were weighed at 0,
1, 2, 4, and 7 days after latFPI between 9:00 and 10:00 am. To
avoid the influence of subjective factors on the rating process,
all experimental procedures were performed in a blinded
fashion.

2.2. Determination of R-Phenibut in the Plasma and Brain
Tissue after p.o. and i.p. Administration. The concentrations
of R-phenibut in the brain tissue extracts and plasma were
measured by ultraperformance liquid chromatography-
tandem mass spectrometry (UPLC/MS/MS). To determine
the concentration of R-phenibut in the plasma and brain,
mice received an i.p. and p.o. R-phenibut at a dose of
50mg/kg 15 and 30min and 1, 2, 4, 6, and 24 h (n = 3 in each
time point) before the plasma and brain tissue collection. The
blood and brain samples were prepared as described previ-
ously [25]. The chromatographic separation was performed
using an ACQUITY UPLC system (Waters, USA) on an
ACQUITY UPLC BEH Shield RP18 (1.7μm, 2:1 × 50mm)
(Waters) with a gradient elution from 5 to 98% acetonitrile
in 0.1% formic acid aqueous solution at a flow rate of
0.15ml/min. The analyte was ionized by electrospray ioniza-
tion in positive ion mode on a Quattro Micro triple quadru-
pole mass spectrometer (Waters). The mass spectrometer
was set up as follows: capillary voltage of 3.3 kV; source and
desolvation temperatures of 120 and 400°C, respectively.
Cone voltage was 20V, and collision energy was 18 eV. R-
Phenibut analysis was performed in the MRMmode. Precur-
sor to production transition was m/zm/z 180.0→116.1. Data
acquisition and processing were performed using the Mas-
sLynx V4.1 and QuanLynxV4.1 software (Waters).

2.3. Lateral Fluid Percussion Injury-Induced Brain Trauma.
To induce TBI, the latFPI model was generated as previously
described [21, 22] with slight modifications. Mice were
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anaesthetized with 4% isoflurane contained in a mixture of
oxygen and nitrous oxide (70 : 30, AGA, Riga, Latvia), and
anaesthesia with 2% isoflurane (Chemical Point, Deisenho-
fen, Germany) was maintained during the surgical proce-
dures using a face mask. The depth of anaesthesia was
monitored by a toe pinch using tweezers. Before trauma
induction, mice received subcutaneous (s.c.) administration
of tramadol (KRKA, Novo Mesto, Slovenia) (10mg/kg). Eye
cream was applied to prevent the eyes from drying out. A
midline longitudinal scalp incision was made, and the skull
was exposed. A craniectomy that was centred at 2mm poste-
rior to bregma and 2mm right of midline was performed
using a 3mm outer-diameter trephine. Any animal noted to
have a dural breach was euthanized and excluded from the
study. A plastic cap was attached over the craniotomy using
dental cement (Fulldent, Switzerland), and a moderate sever-
ity (1:5 ± 0:2 atm) brain injury was induced with a commer-
cially available fluid percussion device (AmScien
Instruments, Richmond, USA). Immediately after the injury,
apnoea was noted, and when spontaneous breathing
returned, anaesthesia was resumed. The cement and cap were
removed, and the skin was sutured using resorbable sutures
(6-0, silk). The animal was placed in a separate cage to allow
full recovery from anaesthesia. Sham-injured animals were
subjected to an identical procedure as the latFPI animals
except for the induction of trauma.

2.4. Neurological Severity Score (NSS). The neurobehavioural
status of mice was obtained by the NSS using the method
described previously [26]. The animals were trained on the
NSS beams and equipment prior to the baseline measure-
ments. The general neurological state of mice was evaluated
at baseline (day before latfTBI) and 1, 4, and 7 days postin-
jury before the next dose of R-phenibut or saline administra-
tion. The NSS consisted of 9 individual clinical parameters,
including motor function, alertness, and physiological behav-
iour tasks. The mice were assessed for the following items:
presence of paresis; impairment of seeking behaviour;
absence of perceptible startle reflex; inability to get down
from a rectangle platform (34 × 27 cm); inability to walk on
3, 2, and 1 cm wide beams; and inability to balance on a ver-
tical beam of 7mmwidth and horizontal round stick of 5mm
diameter for 10 sec. If a mouse showed impairment on one of
these items, a value of 1 was added to its NSS score. Thus,
higher scores on the NSS indicate greater neurological
impairment.

2.5. Tissue Preparation for Histological Analysis. The animals
used for histological analysis were randomly selected from
each group. Seven days after TBI, the mice were anaesthe-
tized using i.p. administration of ketamine (200mg/kg) and
xylazine (15mg/kg). The depth of anaesthesia was monitored
by a toe pinch using tweezers. Animals were transcardially
perfused at a rate of 3ml/minutes with 0.01M phosphate-
buffered saline (PBS, pH = 7:4) for 5 minutes until the blood
was completely removed from the tissue. Perfusion was then
performed with 4% paraformaldehyde (PFA) fixative solu-
tion for 5-7 minutes until stiffening of the mouse body
occurred. After perfusion, the brains were carefully dissected

and postfixed in 4% PFA overnight at 4°C. The brains were
cryoprotected with a 10-20-30% sucrose-PBS gradient for
72 hours. Coronal sections of the brain (20μm) were made
using a Leica CM1850 cryostat (Leica Biosystems, Buffalo
Grove, IL, United States) and mounted on Superfrost Plus
microscope slides (Thermo Scientific, Waltham, MA, United
States).

2.6. Cresyl Violet (Nissl) Staining and Interleukin-1beta (IL-
1β) Immunofluorescence Staining. Nissl and IL-1β staining
techniques were used to evaluate neuronal cell damage.
Nissl-stained dark neurons (N-DNs) indicated the typical
morphological change in injured neurons following TBI
[27, 28]. The number of N-DNs and cells expressing IL-1β
in the cerebral neocortex in the cortical impact area were
determined at day 7 after latFPI. For Nissl staining, coronal
frozen sections (20μm) of the mouse brain were used. The
sections were incubated in graded ethanol solutions (96%
ethanol for 3 minutes and 70% ethanol for 3 minutes). After
washing with distilled water for 3 minutes, the sections were
stained with 0.01% cresyl violet acetate (ACROS organics)
solution for 14 minutes. The sections were then washed with
distilled water for 3 minutes and dehydrated in ethanol. The
stained sections were coverslipped using DPX mounting
medium (Sigma-Aldrich, St. Louis, MO, United States).

For IL-1β staining, the sections were washed once with
PBS containing 0.2% Tween 20 for 5 minutes (on a rotary
shaker at 250 rpm). The antigen retrieval procedure was per-
formed with 0.05M Na citrate (pH = 6:0) containing 0.05%
Tween 20 for 30 minutes at 85°C. The sections were then
washed with PBS (0.2% Tween 20) 3 times for 5 minutes
each. Protein blocking was performed using 5% BSA solu-
tion, and the sections were incubated for 1 hour at room tem-
perature. The sections were washed with PBS (0.2% Tween
20) 3 times for 5 minutes each. The slices were incubated
with primary antibody against anti-IL-1β (1 : 1000; Abcam,
Cat# ab9722) for 16 h at +4°C. The antibody was diluted in
PBS containing 3% BSA and 0.3% Triton™ X-100. After
incubation with the primary antibody, the sections were
washed with PBS (0.2% Tween 20) 4 times for 5 minutes
each. The sections were subsequently incubated for 1 h at
room temperature with goat anti-rabbit IgG H&L (Alexa
Fluor® 488, 1 : 200; Abcam, Cat# ab150077) diluted in PBS
containing 5% BSA. The sections were washed with PBS
(0.2% Tween 20) 4 times for 5 minutes each. The stained sec-
tions were mounted using Fluoromount™ aqueous mounting
medium (Sigma-Aldrich, St. Louis, MO, United States, Cat#
F4680) and finally coverslipped. Images were obtained with
a Nikon Eclipse TE300 microscope (Nikon Instruments,
Tokyo, Japan).

N-DNs were defined as hyperbasophilic neurons with a
shrunken morphology. The number of N-DNs per field of
vision was calculated in three randomly selected sections at
the epicentre of the injury. The number of N-DNs and cells
expressing IL-1β per field of vision were calculated using
ImageJ software at 10-fold magnification for N-DNs and at
4-fold magnification for IL-1β. For analysis of expression of
IL-1β, eight-bit images were generated from the pictures
and were cropped to contain the regions of interest. Images
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for IL-1β staining were thresholded to select a specific signal
over the background, and the stained area for each region
was calculated and used for statistical analysis. Three individ-
ual measurements were performed for each sample. The
schematic illustration of the brain region was created using
BioRender software (https://biorender.com).

2.7. Mitochondrial Respiration and H2O2 Production
Measurements. To evaluate mitochondrial functionality,
mouse brain homogenate or isolated brain mitochondria
were prepared. Briefly, brain tissues were homogenized
1 : 20 (w/v) in a medium containing 320mM sucrose,
10mM Tris, and 1mM EDTA (pH7.4). The homogenate
was centrifuged at 1000 g for 10min, and the supernatant
was centrifuged at 6200 g for 10min. The mitochondrial pel-
let obtained was washed once and resuspended in the isola-
tion medium. Mitochondrial respiration and H2O2
production measurements were performed at 37°C using
Oxygraph-2k (O2k; Oroboros Instruments, Austria) with
O2k-Fluo-Modules in MiR05Cr (110mM sucrose, 60 1mM
K-lactobionate, 0.5mM EGTA, 3mM MgCl2, 20mM tau-
rine, 10mM KH2PO4, 20mM HEPES, pH7.1, 0.1% BSA
essentially fatty acid free, and creatine 20mM). H2O2 flux
(ROS flux) was measured simultaneously with respirometry
in the O2k-fluorometer using the H2O2-sensitive probe
Ampliflu™ Red (AmR) [29, 30]. 10μM AmR, 1U/ml horse
radish peroxidase (HRP), and 5U/ml superoxide dismutase
(SOD) were added to the chamber. H2O2 detection is based
on the conversion of AmR into the fluorescent resorufin. Cal-
ibrations were performed with H2O2 added at 0.1μM step.
H2O2 flux was corrected for background (AmR slope before
addition of sample). H2O2/O flux ratio (%) was calculated
as H2O2 flux/(0.5 O2 flux).

2.8. In Vitro Anoxia-Reoxygenation Model. Mitochondrial
functionality after anoxia-reoxygenation was determined in
mouse brain tissue homogenate prepared as described previ-
ously [31]. To induce anoxia maximal respiration rate, the
sample was stimulated by the addition of substrates,
pyruvate + malate (5 + 2mM), succinate (10mM), and ADP
(5mM), and preparation was left to consume all O2 in the
respiratory chamber (within 10-20min), thereby entering
into an anoxic state [32]. 15 minutes after anoxia, the vehicle
or R-phenibut (0.5μg/ml) was added to the chamber and O2
was reintroduced to the chamber by opening the chamber to
achieve reoxygenation. After 8 minutes of reoxygenation, the
chamber was closed and O2 flux was monitored for addi-
tional 2 minutes. At the end of the experiment, antimycin
A (2.5μM) was added to determine residual oxygen con-
sumption (ROX).

2.9. Substrate-Uncoupler-Inhibitor Titration (SUIT) Protocol.
To determine the effect of R-phenibut on mitochondrial elec-
tron transfer system functionality, mitochondria were iso-
lated from mouse brain as described previously, and
mitochondrial respiration and H2O2 production measure-
ments were performed in the presence or absence of R-
phenibut at 0.5μg/ml concentration [30]. In addition, effects
of S-phenibut (0.5μg/ml) were tested to determine whether

the effects of R-phenibut in mitochondria involve the
GABA-B receptor or the α2δ subunit of VDCC. Pyruvate
and malate (5mM and 2mM, respectively) were used to
determine N-pathway complex I (CI) linked LEAK (L) respi-
ration. ADP was added at 5mM concentration to determine
oxidative phosphorylation-dependent respiration (OXPHOS
state, P). Then, glutamate (10mM) was added as an addi-
tional substrate for N-pathway. Succinate (10mM, complex
II (CII) substrate) was added to reconstitute convergent
NS-pathway CI&II-linked respiration. Titrations with the
uncoupler CCCP (0.5–1μM steps) were performed to deter-
mine the electron transfer system (ETS) capacity. Rotenone
(0.5μM, inhibitor of complex I) was added to determine
the CII-linked OXPHOS capacity. Then, antimycin A
(2.5μM, inhibitor of complex III) was added to evaluate
residual (non-mitochondrial) oxygen consumption (ROX).
Oxygen fluxes were compared after correction for ROX.

2.10. Ca2+-Induced Mitochondrial Swelling Measurement.
Swelling of isolated brain mitochondria was assessed by mea-
suring changes in absorbance at 540 nm as described previ-
ously with slight modifications [33–35]. Mitochondria
(0.125mg/ml) were preincubated with R- or S- phenibut at
a concentration of 0.5μg/ml for 15min in a buffer containing
120mM KCl, 10mM Tris, 5mM KH2PO4 pH7.4, and pyru-
vate (5mM), malate (2mM), and ADP (5mM) as substrates.
R- and S-enantiomers of phenibut were used to determine
whether the effects of R-phenibut on Ca2+-induced mito-
chondrial swelling involve the GABA-B receptor or the α2δ
subunit of VDCC. Swelling was induced by the addition of
200μM CaCl2, and changes in absorbance were monitored
for 10min. All experiments were performed at 37°C.

2.11. Statistical Analysis. All results are expressed as the
mean ± S:E:M or S.D. (for mitochondrial studies). Health
outcomes, animal behaviour, and Ca2+-induced mitochon-
drial swelling were analysed using two-way repeated-
measures analysis of variance (ANOVA). Dunnett’s post
hoc test was performed when appropriate. The histological
data and mitochondrial functionality were evaluated by
one-way ANOVA. Whenever the analysis of variance indi-
cated a significant difference, further multiple comparisons
were made using Tukey’s multiple comparison test as the
post hoc test. p values less than 0.05 were considered to be
significant. The statistical calculations were performed using
the GraphPad Prism software package (GraphPad Software,
Inc., La Jolla, California, USA).

The sample size calculations for latFPI-induced brain
trauma were based on the effects of R-phenibut in our previ-
ous experiments. For example, it was calculated that R-
phenibut demonstrates a medium effect in the ET-1-
induced middle cerebral artery occlusion model [9] and a
large effect in the formalin-induced paw-licking test [6].
Through a power calculation (using G-power software) for
a two-way ANOVA test (repeated measures), four-group
comparison, four measurements per group (0, 1, 4, and 7
days after TBI) with α = 0:05, a power of 80%, and a stan-
dardized effect size Cohen’s f = 0:5, a total sample size of 8
mice per group was deemed sufficient. Since TBI-induced
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brain trauma can result in death of some animals, our sample
size of n = 12 would allow identifying smaller differences,
with the same statistical power, for the same significance
level.

3. Results

3.1. R-Phenibut Crosses the Blood-Brain Barrier. As shown in
Figure 1(a), R-phenibut in plasma could be detected 15min
after a single i.p. and p.o. injection. The maximal concentra-
tions of R-phenibut in the plasma were observed 15min after
the i.p. injection and 30min after the p.o. administration
(Figure 1(a)). The maximal concentration of R-phenibut in
the plasma after the i.p. injection was 16.8μg/ml; at the same
time, the maximal concentration of R-phenibut in the plasma
after the p.o. injection was 24μg/ml (see Figure 1(a)). R-
Phenibut in the plasma was not detected 24h after both the
i.p. and p.o. injections. R-Phenibut in the brain tissue extracts
was detected already 15min after a single i.p. and p.o. injec-
tion (Figure 1(b)). The maximal concentrations of R-
phenibut in the brain tissues were 0.64μg/g and 0.17μg/g tis-
sue after the i.p. and p.o. injections, respectively (Figure 1(a)).
The maximal concentrations of R-phenibut in the brain tis-
sues were observed 15min after i.p. injection and 60 till
240min after p.o. administration. 24 h after both the i.p.
and p.o. injections, R-phenibut in the brain tissues was
0.02μg/g and 0.012μg/g, respectively.

3.2. Health Outcome Monitoring after latFPI. The body
weight of the sham group animals was not decreased at 1,
2, 4, and 7 days after TBI. A two-way repeated-measures
ANOVA showed a significant interaction between time and
treatment (Fð12,118Þ = 4:6, p < 0:0001) and main effects of
time (Fð1:4,42:7Þ = 25:7, p < 0:0001) and treatment
(Fð3,34Þ = 6:7, p = 0:0011). The control group animals lost sig-
nificantly more weight after TBI than the sham-operated
group animals (p < 0:05). Treatment with R-phenibut at both
doses had no effect on weight loss compared to weight loss in
the control group (Figure 2).

3.3. R-Phenibut Treatment Improved Neurological Status
after TBI. TBI induced significant functional deficits in control
mice compared with sham-operated mice (p < 0:0001). The
average NSS in the control group was 6:1 ± 0:4, 5:3 ± 0:3,
and 5:0 ± 0:6 on postinjury days 1, 4, and 7, respectively.
The average NSS score between baseline value and the first
day postcraniotomy in the sham-operated group was signifi-
cantly higher (p < 0:01). There was a significant time ×
treatment interaction observed between groups (two-way
repeated-measures ANOVA: (Fð9,102Þ = 5:7, p < 0:0001) for
time × treatment interaction; (Fð3,34Þ = 22:2, p < 0:0001) for
treatment; (Fð2:7,92Þ = 161:8, p < 0:0001) for time; Figure 3).
R-Phenibut treatment at a dose of 50mg/kg significantly ame-
liorated functional deficits by 28%, 25%, and 30% after TBI on
postinjury days 1, 4, and 7, respectively (p < 0:05; Figure 3).

3.4. R-Phenibut Treatment Reduced Early Neuronal Cell
Death and Neuroinflammation in the Brain Cortex after
TBI. To assess histopathological changes in the ipsilateral

brain site, N-DNs and cells expressing IL-1β (Figure 4) were
quantified in the sham-operated, control, and R-phenibut
treatment groups 7 days after TBI. N-DNs and IL-1β-
expressing cells were found in the ipsilateral hemisphere of
control group animals (Figures 4(a) and 4(b)). Histological
analysis showed that R-phenibut treatment at a dose of
50mg/kg significantly reduced the number of N-DNs and
cells expressing IL-1β in the neocortex after TBI (p < 0:05).
Significant differences were found in the N-DNs and IL-1β-
positive cell numbers in the ipsilateral cortex around the
lesion site between the control group (9:1 ± 6:4/per field of
vision for N-DNs and 379 ± 82/per field of vision for IL-
1β-expressing cells) and the R-phenibut treatment group at
a dose of 50mg/kg (3:0 ± 1:9/per field of vision for N-DNs
and 246 ± 31/per field of vision for IL-1β-expressing cells; p
< 0:05; Figures 4(d) and 4(e)). There was no statistically sig-
nificant difference between the control group and the R-
phenibut treatment group at the dose of 10mg/kg. No N-
DNs were observed in the sham-operated mice.

3.5. R-Phenibut Protects Brain Mitochondria against Anoxia-
Reoxygenation Damage. To determine whether R-phenibut-
induced neuroprotection could be a result of the preservation
of mitochondrial functionality, ROS production and the
mitochondrial respiration rate were assessed after anoxia-
reoxygenation in vitro. To better mimic the conditions
observed in vivo, R-phenibut at the concentration of
0.5μg/ml was added to the chamber immediately before
reoxygenation. Anoxia-reoxygenation induced 33% and
59% increases in the H2O2 production rate and the H2O2/O
ratio, respectively (Figure 5). R-Phenibut treatment signifi-
cantly decreased the anoxia-reoxygenation-induced increase
in the H2O2 production rate and the H2O2/O ratio
(p < 0:05).

3.6. R-Phenibut Reduces ROS Production and Attenuates
Ca2+-Induced Mitochondrial Swelling. To determine whether
the protective effect of R-phenibut is related to its direct
action onmitochondria, measurements of mitochondrial res-
piration, ROS production, and Ca2+-induced swelling were
performed in isolated mouse brain mitochondria in the pres-
ence or absence of the compounds. As seen in Figure 6, R-
phenibut and S-phenibut at 0.5μg/ml did not induce any
changes in the mitochondrial respiration rate (Figure 6(a)),
while H2O2 production and the H2O2/O ratio (Figures 6(b)
and 6(c)) were significantly decreased by 31-53% in the
LEAK and OXPHOS states. These results show that R-
phenibut and S-phenibut reduce ROS production without
affecting the mitochondrial electron transfer system capacities,
indicating the improvement of mitochondrial coupling. In addi-
tion, both R- and S-phenibut attenuated calcium-induced brain
mitochondrial swelling (two-way repeated-measures ANOVA:
main effect of treatment (Fð40,360Þ = 4:576, p < 0:0001), time
(Fð2:611,46:99Þ = 104:5, p < 0:0001), and interaction between treat-
ment and time (Fð40,360Þ = 4:576, p < 0:0001); Figure 6(d)).

Thus, the phenibut treatment-induced protection of
mitochondria against anoxia-reoxygenation could be due to
a reduction in ROS production and the modulation of Ca2+

signalling.
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4. Discussion

In the current study, we examined the effects of R-phenibut
treatment on brain trauma induced by latFPI. For the first
time, we showed that R-phenibut could be detected in the
mouse brain 15min after a single p.o. or i.p. injection and
found in brain extracts even 24 h after the administration.
The present study confirms that R-phenibut, which is an
antagonist of the α2δ subunit of VDCC and an agonist of
GABA-B receptors, improves sensorimotor functional out-
comes and significantly ameliorates brain damage and neu-
ronal death in the acute phase after TBI via mechanisms
related to Ca2+ homeostasis and oxidative stress.

The binding characteristics of R-phenibut were previ-
ously investigated using radiolabeled gabapentin that was
the first ligand shown to bind to the α2δ1 and α2δ2 subunits
with high affinity (Kd=59 and 153nM, respectively), while

at the same time demonstrating no binding activity to the
α2δ3 and α2δ4 subunits [36, 37]. The pathologies associated
with gene disruption of α2δ1 protein include neuropathic
pain and cardiac dysfunction, while in case of α2δ2 protein,
the pathologies are related to epilepsy and cerebellar ataxia
[38]. We showed previously that pharmacological activity
of R-phenibut is associated with neuropathic pain rather
than epilepsy [6]; thus, we could speculate that the effects of
R-phenibut are α2δ1 protein binding-related.

The α2δ subunits of VDCC are widely expressed by excit-
atory neurons in the cerebral cortex, hippocampus, and other
brain regions [39, 40]. Furthermore, the α2δ subunits of
VDCC have been shown to be involved in processes that
are not directly linked to calcium channel function, such as
synaptogenesis [41]. Other studies have reported that the
administration of VDCC ligands in rodent models of TBI
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Figure 1: The concentration of R-phenibut in the mouse plasma and brain tissue after a single administration. Mice received an i.p. and p.o.
injection of R-phenibut at a dose of 50 mg/kg. The amount of compound in the plasma (a) and brain tissue extracts (b) was measured 15 and
30 min and 1, 2, 4, and 6 h after R-phenibut administration (n = 3). Values are represented as the mean ± S:E:M:.
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Figure 3: Effects of R-phenibut on the neurological severity score
(NSS) after TBI. R-Phenibut and saline were initially administered
i.p. 2 h after injury and then once daily for an additional 7 days
for a total treatment period of 1 week. Data are shown as the
mean ± S:E:M: (n = 8 − 12). ∗Indicates a significant difference
compared to the control group; #indicates a significant difference
compared to the sham-operated group (two-way repeated-
measures ANOVA followed by Dunnett’s multiple comparison
test; ∗P < 0:05; #P < 0:01).
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Figure 2: Body weight changes of the sham-operated, control, and R-
phenibut treatment groups. Mice were weighed before and 1, 2, 4, and
7 days after latFPI. Data are expressed as the percentage change in
body weight relative to the initial body weight of each animal (%).
Data are shown as the mean ± S:E:M: (n = 8 − 12). ∗Indicates a
significant difference compared to the sham-operated group (two-
way repeated-measures ANOVA followed by Dunnett’s multiple
comparison test; ∗P < 0:05).
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Figure 4: Cresyl violet (Nissl) and IL-1β immunofluorescence staining 7 days post-TBI. (a) Cresyl violet-stained sections of the mouse
neocortex ipsilateral to the injury site. R-Phenibut treatment at doses of 10 mg/kg and 50 mg/kg reduced the number of N-DNs. Scale bar
= 100μm. (b) IL-1β expression based on immunofluorescence staining in the mouse neocortex ipsilateral to the injury site. R-Phenibut
treatment at doses of 10 mg/kg and 50 mg/kg reduced the number of IL-1β-positive cells. Scale bar = 250μm. (c) Schematic illustration of
the brain region indicated in the filled area, which was selected for the quantitative analysis of cell injury. (d) Quantitative assessment of
N-DNs in the ipsilateral cortex at postinjury day 7. Data are expressed as the mean ± S:E:M: (n = 7 for the R-phenibut 50 mg/kg group
and n = 6 for the sham, control, and R-phenibut 10 mg/kg groups). (e) Quantitative assessment of IL-1β-positive cells in the ipsilateral
cortex at postinjury day 7. Data are expressed as the mean ± S:E:M: (n = 4 for the control group and n = 3 for the sham, R-phenibut 10
mg/kg, and 50 mg/kg groups). #Indicates a significant difference compared to the sham-operated group; ∗indicates a significant difference
compared to the control group (one-way ANOVA followed by Tukey’s multiple comparison test; ∗P < 0:05).
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reduced cell death and improved cognitive function [40].
Similar to phenibut, ligands of the α2δ subunit of VDCC,
such as pregabalin, at a high dose of 60mg/kg reduce neuro-
nal loss and improve functional outcomes 24h after trauma
in experimental models of TBI [41, 42]. Moreover, pregabalin
at a dose of 30mg/kg has been shown to improve functional
recovery and to demonstrate anti-inflammatory and antia-
poptotic effects in a rat model of spinal cord injury [43, 44].

Cytoskeletal protein loss results in altered neuronal mor-
phology after TBI [45, 46]. N-DNs represent a typical patho-
morphological change in injured neurons after TBI, showing
abnormal basophilia and shrinkage [27, 28]. N-DNs appear
in the neocortex immediately after TBI and can be observed
even two weeks postinjury [27, 47]. In addition, IL-1 is a major
driver of the secondary neuronal injury cascade after TBI [48].
It is involved in the recruitment of other types of immune
cells, neuronal apoptosis, and blood-brain barrier disruption
after TBI [49–51]. Furthermore, IL-1β antagonism was shown
to be neuroprotective in clinical trials and in rodent models of
TBI [52–54]. The present study shows that treatment with R-
phenibut at a dose of 50mg/kg significantly reduced the num-
ber of N-DNs and significantly reduced IL-1β expression in
the neocortex after TBI. The histopathological findings of the
current study revealed that R-phenibut could attenuate neuro-
nal damage, inflammation, and degeneration.

For the first time, we showed that R-phenibut limits
mitochondrial dysfunction in the brain induced by anoxia-
reoxygenation. Compared with other types of cells, neurons
are endowed with less robust antioxidant defence systems
[55]. As mitochondrial dysfunction has been shown to be
involved in TBI, perturbations in energy metabolism are
likely to contribute to the pathogenesis of TBI [56, 57]. In
TBI, oxidative cell damage is caused by an imbalance
between the production and accumulation of ROS, in which
mitochondria are the major intracellular source of ROS.
Accordingly, there is accumulating evidence that antioxidant
agents and membrane lipid peroxidation inhibitors, such as
tirilazad, U-78517F and U-83836E, are effective in treating

preclinical models of TBI [17]. Mitochondrial-targeted
drugs, such as mitoquinone and thymoquinone-containing
antioxidants, have been shown to decrease neurological defi-
cits and β-amyloid-induced neurotoxicity after TBI [58, 59].
Meanwhile, the inhibition of ROS production has been
shown to inhibit secretion of IL-1β [60].

Notably, the immunosuppressant drug cyclosporine A,
which is an IL-1β receptor antagonist, has been shown to
decrease pathological changes in the brain after TBI by blocking
themitochondrial permeability transition pore [61]. Our results
indicate that R-phenibut treatment improves mitochondrial
tolerance and thus protects brain energetics against anoxia-
reoxygenation damage by reducing ROS production. R-
Phenibut treatment reduces ROS production without affecting
themitochondrial electron transfer system capacities, indicating
the improvement of mitochondrial coupling. Another study has
demonstrated that phenibut has neuroprotective effects in vitro
but does not possess antioxidant potential [62]. Perfilova et al.
recently showed that phenibut can limit heart and brain mito-
chondrial damage in rats exposed to stress [63].

To determine the molecular mechanisms underlying the
actions of R-phenibut against anoxia-reoxygenation-
induced mitochondrial damage, the activity of the R- and
S-enantiomers of racemic phenibut was compared. We found
that both R-phenibut and S-phenibut reduced mitochondrial
ROS production and inhibited Ca2+-induced mitochondrial
swelling. This suggests that the protective effects of R-
phenibut in mitochondria do not involve the GABA-B recep-
tor (in contrast to R-phenibut, S-phenibut does not bind to
the GABA-B receptor) and might be mediated by the α2δ1
subunit of VDCC. It was shown previously that increased
intracellular Ca2+, as a result of increased activity of α2δ1,
could be rapidly taken up by mitochondria and subsequently
released into the cytoplasm avoiding Ca2+ accumulation and
maintaining intracellular Ca2+ signalling [19]. This could
explain why, in the presence of R- and S-phenibut, reduced
Ca2+-induced mitochondrial swelling was observed. Both
R-phenibut and S-phenibut demonstrate mitochondrial-
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Figure 5: The effects of R-phenibut (0.5 μg/ml) on ROS production in an in vitro anoxia-reoxygenation model. After anoxia-reoxygenation,
the H2O2 production rate (a) and H2O2/O ratio (b) were significantly decreased in the R-phenibut group. The results are presented as the
mean ± S:D: of 6 independent replicates. ∗Indicates a significant difference compared to normoxia; #indicates a significant difference
compared to the anoxia-reoxygenation control group (one-way ANOVA followed by Tukey’s multiple comparison test; ∗P < 0:05).
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protective properties against anoxia-reoxygenation and Ca2+-
induced stress. Since there is no evidence of α2δ localization in
the mitochondrial membrane, it is possible that compounds
could alter Ca2+ signalling pathways and protect mitochondria
by targeting mitochondrial-specific or mitochondrial-
endoplasmatic reticulum-associated Ca2+ transporters.

Our study has several limitations. One of the limitations
of this study is that the level of ROS in mouse brain after
treatment of R-phenibut following TBI was not measured.
Another limitation is the increase in the NSS score between
the baseline value and the first day postcraniotomy in the
sham-operated group. The increase of the NSS score in
sham-operated mice was reported previously and can be
related to the distinct injury caused by craniotomy proce-
dures [64]. Similar to other studies, the NSS score of injured
mice showed maximum deficits on postinjury day 1 and

remained elevated at 1, 2, 4, and 7 days after latFPI [64,
65]. A potential limitation of this study is that only male mice
were used in experiments.

5. Conclusions

In conclusion, R-phenibut treatment reduces TBI-induced neu-
ronal death and improves functional recovery, suggesting its
therapeutic potential. The present study suggests that the neu-
roprotective properties of phenibut may be mediated by its
effects on mitochondrial calcium influx and ROS generation.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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Figure 6: The effects of R-phenibut and S-phenibut (0.5 μg/ml) on mitochondrial functionality and Ca2+-induced swelling in isolated mouse
brain mitochondria. R-Phenibut and S-phenibut did not affect the mitochondrial respiration rate (a) but significantly decreased the H2O2
production rate (b) and H2O2/O ratio (c). The results are presented as the mean ± S:D: of 5 independent measurements. P: pyruvate; M:
malate; D: ADP; G: glutamate; S: succinate; U: uncoupler; Rot: rotenone; CI: complex I; CII: complex II; LEAK: substrate metabolism-
dependent state; OXPHOS: oxidative phosphorylation-dependent state; ET: electron transfer capacity state. ∗Indicates a significant
difference compared to the control group (one-way ANOVA followed by Tukey’s multiple comparison test, ∗P < 0:05). Both R-phenibut
and S-phenibut at a concentration of 0.5 μg/ml significantly attenuated Ca2+-induced swelling (d). The results are presented as the mean
± S:D: of 7 independent replicates. ∗Indicates a significant difference compared to the control group (two-way repeated-measures
ANOVA followed by Dunnett’s multiple comparison test; ∗P < 0:05).

9Oxidative Medicine and Cellular Longevity



Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

This study was supported by the framework of the EU-ERA-
NET NEURON projects TRAINS and CnsAflame.

References

[1] A. M. Rubiano, N. Carney, R. Chesnut, and J. C. Puyana,
“Global neurotrauma research challenges and opportunities,”
Nature, vol. 527, no. 7578, pp. S193–S197, 2015.

[2] L. J. Carroll, J. D. Cassidy, C. Cancelliere et al., “Systematic
review of the prognosis after mild traumatic brain injury in
adults: cognitive, psychiatric, and mortality outcomes: results
of the international collaboration on mild traumatic brain
injury prognosis,” Archives of Physical Medicine and Rehabili-
tation, vol. 95, no. 3, pp. S152–S173, 2014.

[3] M. Majdan, D. Plancikova, A. Brazinova et al., “Epidemiology
of traumatic brain injuries in Europe: a cross-sectional analy-
sis,” Lancet Public Health, vol. 1, no. 2, pp. e76–e83, 2016.

[4] E. Kupats, J. Vrublevska, B. Zvejniece et al., “Safety and toler-
ability of the anxiolytic and nootropic drug phenibut: a sys-
tematic review of clinical trials and case reports,”
Pharmacopsychiatry, vol. 53, no. 5, pp. 201–208, 2020.

[5] I. Lapin, “Phenibut (beta-phenyl-GABA): a tranquilizer and
nootropic drug,” CNS Drug Reviews, vol. 7, no. 4, pp. 471–
481, 2001.

[6] L. Zvejniece, E. Vavers, B. Svalbe et al., “R-phenibut binds to
the α2–δ subunit of voltage-dependent calcium channels and
exerts gabapentin-like anti-nociceptive effects,” Pharmacology,
Biochemistry, and Behavior, vol. 137, pp. 23–29, 2015.

[7] I. Belozertseva, J. Nagel, B. Valastro, L. Franke, andW. Danysz,
“Optical isomers of phenibut inhibit [H3]-gabapentin binding
in vitro and show activity in animal models of chronic pain,”
Pharmacological Reports, vol. 68, no. 3, pp. 550–554, 2016.

[8] M. Dambrova, L. Zvejniece, E. Liepinsh et al., “Comparative
pharmacological activity of optical isomers of phenibut,” Euro-
pean Journal of Pharmacology, vol. 583, no. 1, pp. 128–134,
2008.

[9] E. Vavers, L. Zvejniece, B. Svalbe et al., “The neuroprotective
effects of R-phenibut after focal cerebral ischemia,” Pharmaco-
logical Research, vol. 113, pp. 796–801, 2016.

[10] H. M. Bramlett and W. D. Dietrich, “Pathophysiology of cere-
bral ischemia and brain trauma: similarities and differences,”
Journal of Cerebral Blood Flow & Metabolism, vol. 24, no. 2,
pp. 133–150, 2004.

[11] Y. Xiong, A. Mahmood, and M. Chopp, “Animal models of
traumatic brain injury,” Nature Reviews Neuroscience,
vol. 14, no. 2, pp. 128–142, 2013.

[12] L. Zvejniece, G. Stelfa, E. Vavers et al., “Skull fractures induce
neuroinflammation and worsen outcomes after closed head
injury in mice,” Journal of Neurotrauma, vol. 37, no. 2,
pp. 295–304, 2020.

[13] A. Görlach, K. Bertram, S. Hudecova, and O. Krizanova, “Cal-
cium and ROS: a mutual interplay,” Redox Biology, vol. 6,
pp. 260–271, 2015.

[14] D. N. Granger and P. R. Kvietys, “Reperfusion injury and reac-
tive oxygen species: the evolution of a concept,” Redox Biology,
vol. 6, pp. 524–551, 2015.

[15] M. Bains and E. D. Hall, “Antioxidant therapies in traumatic
brain and spinal cord injury,” Biochimica et Biophysica Acta,
vol. 1822, no. 5, pp. 675–684, 2012.

[16] J. T. Weber, “Altered calcium signaling following traumatic
brain injury,” Frontiers in Pharmacology, vol. 3, p. 60, 2012.

[17] E. D. Hall, R. A. Vaishnav, and A. G. Mustafa, “Antioxidant
therapies for traumatic brain injury,” Neurotherapeutics,
vol. 7, no. 1, pp. 51–61, 2010.

[18] G. Cheng, R. Kong, L. Zhang, and J. Zhang, “Mitochondria in
traumatic brain injury and mitochondrial-targeted multipo-
tential therapeutic strategies,” British Journal of Pharmacology,
vol. 167, no. 4, pp. 699–719, 2012.

[19] M. D'Arco, W. Margas, J. S. Cassidy, and A. C. Dolphin, “The
upregulation of α2δ-1 subunit modulates activity-dependent
Ca2+ signals in sensory neurons,” The Journal of Neuroscience,
vol. 35, no. 15, pp. 5891–5903, 2015.

[20] T. Kinjo, Y. Ashida, H. Higashi et al., “Alleviation by GABAB
receptors of neurotoxicity mediated by mitochondrial perme-
ability transition pore in cultured murine cortical neurons
exposed to N-methyl-D-aspartate,” Neurochemical Research,
vol. 43, no. 1, pp. 79–88, 2018.

[21] J. Flygt, K. Ruscher, A. Norberg et al., “Neutralization of inter-
leukin-1β following diffuse traumatic brain injury in the
mouse attenuates the loss of mature oligodendrocytes,” Jour-
nal of Neurotrauma, vol. 35, no. 23, pp. 2837–2849, 2018.

[22] N. Marklund, “Rodent models of traumatic brain injury:
methods and challenges,” Methods in Molecular Biology,
vol. 1462, pp. 29–46, 2016.

[23] C. Kilkenny, W. Browne, I. C. Cuthill, M. Emerson, D. G. Alt-
man, and NC3Rs Reporting GuidelinesWorking Group, “Ani-
mal research: reporting in vivo experiments: the ARRIVE
guidelines,” The Journal of Gene Medicine, vol. 12, no. 7,
pp. 561–563, 2010.

[24] J. C. McGrath, G. B. Drummond, E. M. McLachlan, C. Kilkenny,
and C. L. Wainwright, “Guidelines for reporting experiments
involving animals: the ARRIVE guidelines,” British Journal of
Pharmacology, vol. 160, no. 7, pp. 1573–1576, 2010.

[25] L. Zvejniece, B. Zvejniece, M. Videja et al., “Neuroprotective
and anti-inflammatory activity of DAT inhibitor R-
phenylpiracetam in experimental models of inflammation in
male mice,” Inflammopharmacology, vol. 28, no. 5, pp. 1283–
1292, 2020.

[26] M. A. Flierl, P. F. Stahel, K. M. Beauchamp, S. J. Morgan, W. R.
Smith, and E. Shohami, “Mouse closed head injury model
induced by a weight-drop device,” Nature Protocols, vol. 4,
no. 9, pp. 1328–1337, 2009.

[27] H. Ooigawa, H. Nawashiro, S. Fukui et al., “The fate of Nissl-
stained dark neurons following traumatic brain injury in rats:
difference between neocortex and hippocampus regarding sur-
vival rate,” Acta Neuropathologica, vol. 112, no. 4, pp. 471–481,
2006.

[28] R. Hicks, H. Soares, D. Smith, and T. McIntosh, “Temporal
and spatial characterization of neuronal injury following lat-
eral fluid-percussion brain injury in the rat,” Acta Neuropatho-
logica, vol. 91, no. 3, pp. 236–246, 1996.

[29] M. Makrecka-Kuka, G. Krumschnabel, and E. Gnaiger, “High-
resolution respirometry for simultaneous measurement of
oxygen and hydrogen peroxide fluxes in permeabilized cells,

10 Oxidative Medicine and Cellular Longevity



tissue homogenate and isolated mitochondria,” Biomolecules,
vol. 5, no. 3, pp. 1319–1338, 2015.

[30] G. Krumschnabel, M. Fontana-Ayoub, Z. Sumbalova et al.,
“Simultaneous high-resolution measurement of mitochondrial
respiration and hydrogen peroxide production,” Methods in
Molecular Biology, vol. 1264, pp. 245–261, 2015.

[31] J. Burtscher, L. Zangrandi, C. Schwarzer, and E. Gnaiger, “Dif-
ferences in mitochondrial function in homogenated samples
from healthy and epileptic specific brain tissues revealed by
high-resolution respirometry,” Mitochondrion, vol. 25,
pp. 104–112, 2015.

[32] M. Makrecka, B. Svalbe, K. Volska et al., “Mildronate, the
inhibitor of L-carnitine transport, induces brain mitochondrial
uncoupling and protects against anoxia-reoxygenation,” Euro-
pean Journal of Pharmacology, vol. 723, pp. 55–61, 2014.

[33] T. Kristián, J. Gertsch, T. E. Bates, and B. K. Siesjö, “Character-
istics of the calcium-triggered mitochondrial permeability
transition in nonsynaptic brain mitochondria: effect of cyclo-
sporin A and ubiquinone O,” Journal of Neurochemistry,
vol. 74, no. 5, pp. 1999–2009, 2000.

[34] C. P. Baines, R. A. Kaiser, N. H. Purcell et al., “Loss of cyclophi-
lin D reveals a critical role for mitochondrial permeability
transition in cell death,” Nature, vol. 434, no. 7033, pp. 658–
662, 2005.

[35] T. Kobayashi, S. Kuroda, M. Tada, K. Houkin, Y. Iwasaki, and
H. Abe, “Calcium-induced mitochondrial swelling and cyto-
chrome c release in the brain: its biochemical characteristics
and implication in ischemic neuronal injury,” Brain Research,
vol. 960, no. 1-2, pp. 62–70, 2003.

[36] E. Marais, N. Klugbauer, and F. Hofmann, “Calcium channel
alpha(2)delta subunits-structure and gabapentin binding,”
Molecular Pharmacology, vol. 59, no. 5, pp. 1243–1248, 2001.

[37] N. Qin, S. Yagel, M.-L. Momplaisir, E. E. Codd, and M. R.
D'Andrea, “Molecular cloning and characterization of the
human voltage-gated calcium channel α2δ-4 subunit,” Molec-
ular Pharmacology, vol. 62, no. 3, pp. 485–496, 2002.

[38] A. C. Dolphin, “The α2δ subunits of voltage-gated calcium
channels,” Biochimica et Biophysica Acta, vol. 1828, no. 7,
pp. 1541–1549, 2013.

[39] C. P. Taylor and R. Garrido, “Immunostaining of rat brain,
spinal cord, sensory neurons and skeletal muscle for calcium
channel alpha2-delta (α2-δ) type 1 protein,” Neuroscience,
vol. 155, no. 2, pp. 510–521, 2008.

[40] G. Gurkoff, K. Shahlaie, B. Lyeth, and R. Berman, “Voltage-
gated calcium channel antagonists and traumatic brain
injury,” Pharmaceuticals (Basel), vol. 6, no. 7, pp. 788–812,
2013.

[41] C. Calikoglu, H. Aytekin, O. Akgül et al., “Effect of pregabalin
in preventing secondary damage in traumatic brain injury: an
experimental study,” Medical Science Monitor, vol. 21,
pp. 813–820, 2015.

[42] M. Shamsi Meymandi, Z. Soltani, G. Sepehri, S. Amiresmaili,
F. Farahani, and M. Moeini Aghtaei, “Effects of pregabalin
on brain edema, neurologic and histologic outcomes in exper-
imental traumatic brain injury,” Brain Research Bulletin,
vol. 140, pp. 169–175, 2018.

[43] K.-Y. Ha, Y.-H. Kim, K.-W. Rhyu, and S.-E. Kwon, “Pregaba-
lin as a neuroprotector after spinal cord injury in rats,” Euro-
pean Spine Journal, vol. 17, no. 6, pp. 864–872, 2008.

[44] K.-Y. Ha, E. Carragee, I. Cheng, S.-E. Kwon, and Y.-
H. Kim, “Pregabalin as a neuroprotector after spinal cord

injury in rats: biochemical analysis and effect on glial cells,”
Journal of Korean Medical Science, vol. 26, no. 3, pp. 404–
411, 2011.

[45] J. K. Newcomb, A. Kampfl, R. M. Posmantur et al., “Immu-
nohistochemical study of calpain-mediated breakdown
products to alpha-spectrin following controlled cortical
impact injury in the rat,” Journal of Neurotrauma, vol. 14,
no. 6, pp. 369–383, 1997.

[46] R. M. Posmantur, J. K. Newcomb, A. Kampfl, and R. L. Hayes,
“Light and confocal microscopic studies of evolutionary
changes in neurofilament proteins following cortical impact
injury in the rat,” Experimental Neurology, vol. 161, no. 1,
pp. 15–26, 2000.

[47] L. Talley Watts, J. A. Long, J. Chemello et al., “Methylene blue
is neuroprotective against mild traumatic brain injury,” Jour-
nal of Neurotrauma, vol. 31, no. 11, pp. 1063–1071, 2014.

[48] E. A. Newell, B. P. Todd, J. Mahoney, A. A. Pieper, P. J. Fergu-
son, and A. G. Bassuk, “Combined blockade of interleukin-1α
and -1β signaling protects mice from cognitive dysfunction
after traumatic brain injury,” eNeuro, vol. 5, no. 2, pp. -
ENEURO.0385–ENEU17.2018, 2018.

[49] M. Sun, R. D. Brady, D. K. Wright et al., “Treatment with an
interleukin-1 receptor antagonist mitigates neuroinflamma-
tion and brain damage after polytrauma,” Brain, Behavior,
and Immunity, vol. 66, pp. 359–371, 2017.

[50] N. J. Rothwell and G. N. Luheshi, “Interleukin 1 in the brain:
biology, pathology and therapeutic target,” Trends in Neurosci-
ences, vol. 23, no. 12, pp. 618–625, 2000.

[51] K.-T. Lu, Y.-W. Wang, J.-T. Yang, Y.-L. Yang, and H.-I. Chen,
“Effect of interleukin-1 on traumatic brain injury-induced
damage to hippocampal neurons,” Journal of Neurotrauma,
vol. 22, no. 8, pp. 885–895, 2005.

[52] F. Clausen, A. Hånell, M. Björk et al., “Neutralization of
interleukin-1beta modifies the inflammatory response and
improves histological and cognitive outcome following trau-
matic brain injury in mice,” The European Journal of Neurosci-
ence, vol. 30, no. 3, pp. 385–396, 2009.

[53] R. Tehranian, S. Andell-Jonsson, S. M. Beni et al., “Improved
recovery and delayed cytokine induction after closed head
injury in mice with central overexpression of the secreted iso-
form of the interleukin-1 receptor antagonist,” Journal of Neu-
rotrauma, vol. 19, no. 8, pp. 939–951, 2002.

[54] J. Lazovic, A. Basu, H.-W. Lin et al., “Neuroinflammation
and both cytotoxic and vasogenic edema are reduced in
interleukin-1 type 1 receptor-deficient mice conferring
neuroprotection,” Stroke, vol. 36, no. 10, pp. 2226–2231,
2005.

[55] R. A. Floyd and J. M. Carney, “Free radical damage to protein
and DNA: mechanisms involved and relevant observations on
brain undergoing oxidative stress,” Annals of Neurology,
vol. 32, no. S1, pp. S22–S27, 1992.

[56] C. Werner and K. Engelhard, “Pathophysiology of traumatic
brain injury,” British Journal of Anaesthesia, vol. 99, no. 1,
pp. 4–9, 2007.

[57] M. Prins, T. Greco, D. Alexander, and C. C. Giza, “The patho-
physiology of traumatic brain injury at a glance,” Disease
Models & Mechanisms, vol. 6, no. 6, pp. 1307–1315, 2013.

[58] E. E. Genrikhs, E. V. Stelmashook, O. V. Popova et al., “Mito-
chondria-targeted antioxidant SkQT1 decreases trauma-
induced neurological deficit in rat and prevents amyloid-β-
induced impairment of long-term potentiation in rat

11Oxidative Medicine and Cellular Longevity



hippocampal slices,” Journal of Drug Targeting, vol. 23, no. 4,
pp. 347–352, 2015.

[59] J. Zhou, H. Wang, R. Shen et al., “Mitochondrial-targeted anti-
oxidant MitoQ provides neuroprotection and reduces neuro-
nal apoptosis in experimental traumatic brain injury possibly
via the Nrf2-ARE pathway,” American Journal of Transla-
tional Research, vol. 10, no. 6, pp. 1887–1899, 2018.

[60] R. L. Schmidt and L. L. Lenz, “Distinct licensing of IL-18 and
IL-1β secretion in response to NLRP3 inflammasome activa-
tion,” PLoS One, vol. 7, no. 9, article e45186, 2012.

[61] R. L. Veech, C. R. Valeri, and T. B. VanItallie, “The mitochon-
drial permeability transition pore provides a key to the diagno-
sis and treatment of traumatic brain injury,” IUBMB Life,
vol. 64, no. 2, pp. 203–207, 2012.

[62] D. Huynh, C. S. Wai, A. Liang, T. J. Maher, and A. Pino-Figue-
roa, “In vitro neuroprotective activity of phenibut,” The
FASEB Journal, vol. 26, 672.6 pages, 2012.

[63] V. N. Perfilova, T. A. Popova, I. I. Prokofiev, I. S. Mokrousov,
O. V. Ostrovskii, and I. N. Tyurenkov, “Effect of phenibut and
glufimet, a novel glutamic acid derivative, on respiration of
heart and brain mitochondria from animals exposed to stress
against the background of inducible NO-synthase blockade,”
Bulletin of Experimental Biology and Medicine, vol. 163,
no. 2, pp. 226–229, 2017.

[64] J. T. Cole, A. Yarnell, W. S. Kean et al., “Craniotomy: true
sham for traumatic brain injury, or a sham of a sham?,” Jour-
nal of Neurotrauma, vol. 28, no. 3, pp. 359–369, 2011.

[65] L. D. Schurman, T. L. Smith, A. J. Morales et al., “Investigation
of left and right lateral fluid percussion injury in C57BL6/J
mice: in vivo functional consequences,” Neuroscience Letters,
vol. 653, pp. 31–38, 2017.

12 Oxidative Medicine and Cellular Longevity



Review Article
Monoclonal Antibody to CD14, TLR4, or CD11b: Impact of
Epitope and Isotype Specificity on ROS Generation by Human
Granulocytes and Monocytes

Dmitry S. Kabanov ,1 Sergey V. Grachev ,1,2 and Isabella R. Prokhorenko 1

1Department of Molecular Biomedicine, Institute of Basic Biological Problems, Federal Research Center “Pushchino Scientific Center
for Biological Research of the Russian Academy of Sciences”, Pushchino 142290, Russia
2Department of Human Pathology of the Institute of Clinical Medicine, Federal State Autonomous Educational Institution of Higher
Education I. M. Sechenov’s First Moscow State Medical University of Russian Healthcare Ministry (Sechenov University),
Moscow 119991, Russia

Correspondence should be addressed to Dmitry S. Kabanov; kabanovd1@rambler.ru

Received 19 July 2020; Revised 24 September 2020; Accepted 10 November 2020; Published 21 November 2020

Academic Editor: Luciano Saso

Copyright © 2020 Dmitry S. Kabanov et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Lipopolysaccharides (LPSs or endotoxins) from Gram-negative bacteria represent pathogen-associated molecular patterns
(PAMPs) that are recognized by CD14 and Toll-like receptor 4 (TLR4). Lipopolysaccharides prime polymorphonuclear
leukocytes (PMNs) for substantial production of reactive oxygen species (ROS) during its response to secondary stimuli such as
chemoattractants or pathogens. The excessive ROS production can damage surrounding host tissues, thereby amplifying the
inflammatory reaction caused by pathogens. Today, specific antibodies against CD14, TLR4, and CD11b are being used as the
essential tools to elucidate the role of these receptors in acute inflammation and some of these antibodies have advised as
therapeutic agents for clinical use. Because each antibody has two antigen-binding arms [F(ab′)2] and one Fc arm, its effect on
cellular response is much more complicated rather than simple blockage of target receptor. In fact, IgG antibody, once bound to
target receptor, engages Fc receptors γ (FcγRs) and thereby is able to activate the adaptive immune system. The consequences of
antibody-dependent binary heterotypic association of CD14, TLR4, or CD11b with FcγRs as well as homotypic one on ROS
production are not well elucidated. Moreover, the consequences of antigenic recognition of CD14, TLR4, or CD11b by specific
F(ab′)2 fragments are not always investigated. In this review, we will discuss known mechanisms underlying the therapeutic
efficiency of CD14, TLR4, and CD11b/CD18 antibodies with a focus on LPS-dependent ROS or cytokine production by PMNs
or monocytes. The impacts of F(ab′)2 as well as antibody IgG subclasses (isotypes) in therapeutic efficiency or agonistic potency
of known antibodies against abovementioned receptors are presented. We also pay attention to how the efficiency of different
IgG antibody subclasses is modulated during LPS-induced inflammation and by production of priming agents such as interferon
γ (IFN-γ). Our review reinforces the molecular targets and therapeutic approaches to amelioration of harmful consequences of
excessive activation of human pattern recognition receptors.

1. Introduction

Inflammatory and immune diseases affect millions of people
worldwide, providing an impetus to develop new anti-
inflammatory and immunomodulatory therapies. Over the
past two decades, great progress has been made in elucidating
the molecular basis of the inflammation process during infec-

tious, autoimmune, and malignant diseases [1–4]. It favors
the development of new therapeutic drugs directly targeting
cell surface or intracellular molecules involved in the initia-
tion and progression of inflammation. In the case of endotox-
emia, the major attention has been on application of LPS
analogs with “under-acylated” lipid A structures, synthetic
nontoxic lipid A derivatives, monoclonal antibodies to lipid
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A or truncated Re-LPS structure, blocking antibodies against
both cell surface receptors and cytokines, and to other intra-
cellular small molecule antagonists for therapeutic purposes.
Today, a range of specific antibodies against CD14, TLR4,
and CD11b are being used as the essential tool to elucidate
their role in acute inflammation [1, 5–16]. We have shown
earlier that some certain antibodies such as anti-
CD11bICRF-44FcmIgG1 or anti-TLR4HTA125FcmIgG2a are
unable to ameliorate significantly the N-formyl-methionyl-
leucyl-phenylalanine- (fMLP-) triggered ROS production
(luminol) from LPS-primed PMNs [12, 13], while anti-
CD14UCHM-1FcmIgG2a suppresses LPS priming successfully
[14]. Molecular mechanisms underlying our observations,
however, have not been described. So, in this review, we
discuss molecular mechanisms underlying LPS-induced
functional responses of human PMNs and monocytes/ma-
crophages such as ROS generation and production of cyto-
kines after cell exposure to mouse IgG (mIgG) antibody to
CD14, TLR4, or CD11b.

ROS is a collective term that often includes not only
superoxide anion radical (O2

⋅−) but other oxygen radicals
such as hydroxyl (OH−), peroxyl (RO2), alkoxyl (RO⋅),
hydroperoxyl (HO2

⋅), and also nonradicals as hydrogen per-
oxide (H2O2), hypochlorous acid (HOCl), singlet oxygen
(ΔgO2), and peroxynitrite (ONOO−) [17]. Among them,
H2O2 is relatively stable diffusible oxidant acting as a signal-
ing molecule and second messenger in the inflammatory set-
tings. Today, it is known that signaling or damaging actions
of ROS are determined by its amount, type, and cellular loca-
tion. For example, H2O2 has been shown to be involved in
activation of nuclear factor NF-κB and probably in MAPK
signaling cascades [18–22].

Circulating leukocytes are programmed for distinct func-
tions in human physiology. The three main antimicrobial
functions are accepted for PMNs: phagocytosis, degranula-
tion, and the release of nuclear material in the form of
PMN extracellular traps. Nowadays, it is recognized that
PMNs can produce cytokines, modulate activities of neigh-
boring cells, contribute to the resolution of inflammation,
regulate macrophages for long-term immune responses,
and even have a role in innate memory [23, 24]. The main
function of monocytes is the “processing” and degradation
of antigens. Once produced from the bone marrow into the
blood, circulating monocytes should be rapidly activated by
inflammatory signals and migrate to areas of inflammation
where they can differentiate into the proinflammatory (M1)
or anti-inflammatory (M2) phenotypes known as tissues
macrophages. In the M1 state, the activated monocyte-
macrophages undergo a metabolic switch from the oxidative
phosphorylation to glycolysis. Inhibition of oxidative
phosphorylation increases ROS production which exerts
bactericidal activities. During the resolution of inflamma-
tion, abundance of anti-inflammatory (M2) monocyte-
macrophages with more oxidative phosphorylation pheno-
type is increased [25]. Classically activated M1 monocyte-
macrophages have elevated microbicidal function associ-
ated with the ability to secrete high amount of proinflam-
matory cytokines (TNF-α, IL-1β, and IL-12) and ROS,
while alternatively activated M2 monocyte-macrophages

produce high levels of anti-inflammatory mediators (IL-10
and TGF-β) [26].

A change in redox homeostasis may facilitate differentia-
tion of monocytes into macrophages [26]. In fact, in human
myeloid leukemia PLB-985 cells, during VD3-triggered
monocyte-to-macrophage differentiation, the expression
and translocation of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase components to the plasma
membrane coincides with upregulation of surface markers
such as CD11b and CD36 [26, 27]. Mitochondrial ROS
(mitoROS) contribute to LPS-induced cytokine release by
monocyte-macrophages [18, 28]. For example, mitoROS reg-
ulate IL-1β transcription (inflammasome priming), but may
also regulate the maturation and secretion of IL-1β (inflam-
masome activation) [18, 29].

ROS are by-products of numerous enzymatic reactions in
various cell compartments, including the cytoplasm, cell
membrane, endoplasmic reticulum, mitochondria, and perox-
isome [18]. It has been suggested that peripheral blood mono-
cytes depend on oxidative phosphorylation (ATP synthesis)
for their energy supply, whereas PMNs do not. PMNs lose
their mitochondrial dependency during maturation from
bone marrow mitochondrion-rich precursors into peripheral
blood PMNs with relative few mitochondria [30]. As the
result, it has been proposed that mitochondria in PMNs
(unlike monocyte-macrophages) do not play a role in energy
metabolism, but maintain mitochondrial membrane potential
for apoptotic signaling [25]. PMNs during phagocytosis use
large quantities of molecular O2 not for mitochondrial respira-
tion, but, rather, to generate O2

⋅− and other oxidants via a
respiratory burst catalyzed by NADPH oxidase [31].

NADPH oxidase is the enzyme responsible for O2
⋅− pro-

duction [32]. This multicomponent enzyme system is com-
posed of two transmembrane proteins (p22phox and
gp91phox/NOX2 forming cytochrome b558), three cytosolic
proteins (p40phox, p47phox, and p67phox), and GTPase (Rac1
or Rac2). These components of NADPH oxidase are assem-
bled at membrane sites upon transition of PMNs to a state
of enhanced responsiveness known as priming. Three major
events accompany activation of NADPH oxidase: (1) protein
phosphorylation, (2) activation of GTPases, and (3) translo-
cation of cytosolic components of NADPH oxidase to plasma
membrane or to membrane of intracellular granules. Actu-
ally, NADPH oxidase in PMNs exists in different states: rest-
ing, primed, activated, or inactivated [33]. It has been
demonstrated that O2

⋅−/ROS derived by NADPH oxidase
are critically involved in LPS intracellular signaling leading
to PMN priming as well as to maintenance of the resting or
nonprimed state [34–37]. The primed PMNs have been iden-
tified in humans with infections, rheumatoid arthritis,
chronic kidney disease, traumatic injury, and acute respira-
tory distress syndrome [38].

As known, PMNs express a range of receptors including
β2 integrins (CD11/CD18) and Fc receptors γ (FcγRs) which
are capable of initiating complex intracellular signaling
events robustly activating NADPH oxidase. In addition,
some members of G protein-coupled receptors (GPCRs),
especially fMLP receptor FPR1, can directly activate NADPH
oxidase, although to a lesser extent than what has been

2 Oxidative Medicine and Cellular Longevity



observed with activated integrins or FcγRs [32]. It is neces-
sary to note that LPS itself does not elicit in PMN significant
O2

⋅−/ROS production but transforms them into a primed
state in which NADPH oxidase is not fully assembled but
becomes more susceptible to activation by secondary stimuli
[32–34, 39, 40].

2. TLR4 and Their Intracellular
Signaling Molecules

LPS in the bloodstream is recognized by LPS-binding protein
(LBP) that transfers them to CD14 followed by their presen-
tation to MD-2·TLR4 on the surface of monocytes and PMNs
[1, 5, 6, 11, 41–43]. Structural LPS-induced rearrangements
in MD-2·TLR4 trigger TLR4 partitioning into lipid rafts
where it undergoes homotypic dimerization facilitating sig-
nal transduction events. TLR4 operates with the assistance
of other cell surface receptors which are assembled in the
LPS-induced “receptor cluster” [6]. Besides CD14 and
TLR4, other receptors including the β2 integrin
CD11b/CD18 and FcγRs (CD16A, CD32, and CD64) have
been also detected as constituents of monocyte LPS-
induced “receptor cluster” [41, 42, 44].

MyD88-dependent and MyD88-independent TRIF-
dependent signaling pathways have been described in mono-
cytes following TLR4 activation [45, 46]. These signaling
pathways are dependent on Toll/interleukin-1 adaptor pro-
teins including MyD88, TIRAP/MAL, TRIF/TICAM-1, and
TRAM/TICAM-2 [47–49]. It has been shown that the LPS-
caused initiation of MyD88-dependent pathway results in
rapid NF-κB activation and release of proinflammatory cyto-
kines (TNF-α, IL-1β, and IL-6) and chemokines (MCP-1,
MIP-3α, and IL-8). Moreover, in monocytes, the LPS-
caused initiation of the MyD88-independent pathway results
in rapid activation of interferon regulatory factor 3 (IRF3)
leading to release of beta interferon (IFN-β) and to the sec-
ond delayed NF-κB activation [50, 51]. Unlike monocytes,
the MyD88-independent signaling pathway cannot be mobi-
lized in PMNs in the response to LPS [52].

An amplified O2
⋅−/ROS production from LPS-primed and

fMLP-stimulated PMNs is the result at least of two converging
intracellular signaling pathways. The first LPS-induced signal-
ing pathway engages in PMNs such adaptor proteins as
MyD88, TIRAP/MAL, IRAK, TRAF6, and TAK1. Among
them, TAK1 is linked to MAPK signaling cascades [52]. After
20 minutes of PMN exposure to LPS, the MKK3-dependent
phosphorylation of p38 MAPK is observed [53]. The p38
MAPK-dependent translocation of cytochrome b558 and
p47phox but not p67phox or Rac2 to the plasma membrane is
also known. fMLP in LPS-primed PMNs causes a rapid and
strong translocation of the other cytosolic components of
NADPH oxidase to the already mobilized cytochrome b558
followed by O2

⋅−/ROS production [54].

3. Heterotrimeric Giα2 Proteins and Their
Intracellular Signaling Events

The second fMLP-initiated pathway is realized by FPR1
coupled with heterotrimeric Giα2 proteins. The activated

Gβγ subunit of Giα2 initiates concomitant activation of phos-
pholipase C (PLC) and PI3K signaling pathways. The activity
of p38 MAPK and ERK1/2 kinases is also upregulated during
activation of G proteins [55–57]. Activated PLC hydrolyses
phosphatidylinositol 4,5-bis-phosphate [PtdIns(4,5)P2 or
PI(4,5)P2] in the plasma membrane leading to production
of inositol 1,4,5-triphosphate [Ins(1,4,5)P3] that is followed
by Ca2+ release from intracellular stores and generation of
diacylglycerol (DAG), which in turn activates protein
kinase C (PKC). The increase in intracellular free Ca2+

leads to Ca2+ influx into the cell. A rise in Ca2+ is an essen-
tial step in PMN activation and O2

⋅−/ROS generation. Acti-
vated PKC induces phosphorylation of several substrates
including p47phox of NADPH oxidase. At the same time,
activated PI3K produces phosphatidylinositol 3,4,5-triphos-
phate [PtdIns(3,4,5)P3 or PI(3,4,5)P3] from PtdIns(4,5)P2.
The ability of wortmannin to inhibit PI3K and to abolish
the fMLP-triggered respiratory burst without any effect on
agonist-induced [Ca2+]i flux or PKC-mediated NADPH
oxidase activation has provided strong evidence to support
a second-messenger role for PtdIns(3,4,5)P3 in O2

⋅− genera-
tion [58].

In monocytes, LPS-induced release of proinflammatory
cytokines is mediated by PI3K in both a ROS- and G
protein-dependent manner, propagated through NADPH
oxidase complex 4 (NOX4). Upregulation of PKB/Akt is
completely inhibited by pretreatment of human PBMC with
either pertussis toxin (inhibitor of GαiPCRs) or apocynin
(inhibitor of NADPH oxidase 4) [21].

4. Human Fcγ Receptors and Their Ligands

Monoclonal antibodies to cell surface receptors such as
CD14, TLR4, or CD11b/CD18 have various modes of
actions. The simplest mode of their action is mere binding
of the antibody to its antigen, thereby interfering or not with
receptor activation. On the other hand, the antibody is able to
block receptor interaction with their ligand, interfering with
a multimerization process or triggering internalization of
the receptor. In addition, once bound to antigen, IgG anti-
bodies can engage the adaptive immune system via the inter-
action of their constant Fc region with FcγRs [59]. The
human FcγR family contains six known members in three
subgroups, including CD64, CD32 (CD32A, B, C), and
CD16 (CD16A, B) [60]. CD32A is mainly expressed on
monocytes (5 × 104/cell), macrophages, and PMNs
(1 – 4 × 104/cell), whereas CD32B is on B cells principally
[11, 61–63]. The cytoplasmic domain of CD32A contains
the immunoreceptor tyrosine-based activation motif
(ITAM), while CD32B the immunoreceptor tyrosine-based
inhibitory motif (ITIM) [11]. Human CD64 is abundantly
expressed on monocytes (15 – 40 × 103/cell) while at lower
levels on PMNs (1 – 2 × 103/cell) and macrophages
(1 × 105/cell) [61, 62]. Human CD64 could be engaged by
human IgG1 or mouse IgG2a (mIgG2a) but not mIgG1 or
mIgG2b. Human CD32 appears to be engaged by mIgG1 or
mIgG2b preferentially [64–70]. It is becoming increasingly
evident that many receptors on myeloid cells do not act in
isolation, but rather cooperate with other receptors to
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coordinate responses to stimuli. For example, during
immune complex (IC) recognition by the cell, CD11b/CD18
cooperates with CD16B (1 – 3 × 105/PMN) to cause Ca2+ flux
and ROS generation. CD16 and CD11b/CD18 jointly prime
CD32 for ROS generation [71, 72]. In human PMNs, both
CD32 and CD16B are able to upregulate PI3K activity. More-
over, simultaneously engaged CD32 and CD16B via “inside-
out” signaling can recruit and activate CD11b/CD18 on
PMNs. Thus, three different types of interaction between
FcγRs and integrins could be realized: (1) a physical
interaction on the cell surface, (2) integrin response that
occurs because of FcγRs engagement and “inside-out” sig-
nalization, and (3) cellular responses to FcγRs that occur
only after integrin occupation or when both receptors
are stimulated simultaneously, i.e., “outside-in” signaliza-
tion [73].

CD11b is able to regulate PtdIns(4,5)P2 generation at
the cell membrane through an ADP-ribosylation factor
(ARF6)-PIP5K pathway. The increase in PtdIns(4,5)P2
levels causes association of adaptor protein TIRAP/MAL
with the plasma membrane, where it is needed to recruit
MyD88 to TLR4 [74]. The functional coupling of aggre-
gated CD64 to the PLD- and PKC-dependent activation
of NADPH oxidase in IFN-γ-primed and IC-stimulated
human monocytic U937 cells has been shown earlier. On
the other hand, CD32A is coupled to PLC but is indepen-
dent of PLD activation [75].

5. CD14-Associated Intracellular
Signaling Events

CD14 is the most excessively studied TLR4 gatekeeper.
Because CD14 is a glycosylphosphatidylinositol- (GPI-)
anchored membrane protein without a transmembrane
sequence, it is believed that CD14 has no intrinsic signaling
ability during LPS recognition by innate immune cells. How-
ever, the LBP·LPS complex initially binds to CD14 and only
then LPS is presented to the MD-2·TLR4 complex. CD14
controls the generation of PtdIns(4,5)P2 that is required for
maximal LPS-induced TLR4-dependent proinflammatory
signaling [76]. Moreover, CD14 is essential for LPS-
dependent activation of phospholipases and MAPKs [77].
All together, these facts indicate CD14 as a promising thera-
peutic target. The impact of CD14 in TLR4-initiated signal-
ing events has been studied in several works [64, 78–82]
including our own [14].

5.1. CD14 in Ca2+ Signaling. Targeting CD14 by whole anti-
CD14Mo2FcmIgM antibody is not able to stimulate Ca2+ mobi-
lization in human PMNs (CD14 2 – 4 × 103/cell) [83, 84].
However, in human monocytes, targeting CD14
(10 – 135 × 103/cell) by whole anti-CD14UCHM-1FcmIgG2a

antibody (divalent-Fc format) causes a rapid Ca2+ mobiliza-
tion [64, 84]. This rise in intracellular free Ca2+ is less marked
than that seen in the response to anti-CD32CIKM5FcmIgG1

antibody [64, 78]. Similar to anti-CD14Mo2FcmIgM antibody,
the antigenic recognition of CD14 by anti-CD14UCHM-1

F(ab′)2 fragments (divalent Fab2 format) does not elicit in
human monocytes a raise in intracellular free Ca2+ [78].

Thus, in monocytes, Ca2+ signaling could be induced by
antibody-dependent association of CD14 with the high affinity
receptor CD64. In addition, antibody-dependent homotypic
CD32 association (CD32← anti-CD32CIKM5FcmIgG1→CD32)
is also able to induce Ca2+ mobilization. However, associa-
tion of two CD32 is less effective for Ca2+ mobilization when
compared to heterotypic CD14 association with CD64.
When CD64 is saturated, the lower affinity CD32A may also
be engaged by mIgG2a antibody (CD14← anti-CD14UCHM-

1FcmIgG2a→CD64/CD32). It is necessary to note that anti-
CD14UCHM-1FcmIgG2a-induced Ca2+ mobilization is weaker
than that caused by fMLP [64]. Thus, G protein-coupled
FPR1 appeared to be a more potent inductor of Ca2+ signal-
ing than the engagement of CD32 or CD64 (note not
clustering).

Unexpectedly, Ca2+ mobilization in monocytes exposed
to anti-CD14UCHM-1FcmIgG2a antibody has been not associ-
ated with O2

⋅− generation (SOD-inhibitable ferricytochrome
C reduction) [64]. Although in our settings the anti-
CD14UCHM-1FcmIgG2a antibody caused certain priming effect
on fMLP-triggered O2

⋅−/ROS production by human PMNs,
we did not observe any statistically significant differences
[14]. The data from other works have suggested that anti-
CD14UCHM-1FcmIgG2a antibody is able to elicit in monocytes
or PMN sufficient signal for phosphoinositide breakdown
and Ca2+ mobilization but it is not enough to initiate the
assembly of NADPH oxidase and O2

⋅−/ROS generation
[14, 78]. Sufficient mobilization of Ca2+ in all monocytes
but only in subset of PMN (40%) has been detected only
after CD14 crosslinking by anti-CD14Mo2FcmIgM or anti-
CD14MEM-18/63D3FcmIgG1 antibodies followed by secondary
F(ab′)2 fragments. The broad homotypic aggregation
(crosslinking) of CD14 in the plane of plasma membrane
has been suggested to be responsible for the robust increase
in H2O2/ROS production in monocytes while less pro-
nounced in PMNs [80, 81]. The higher sensitivity of mono-
cytes to antibody-dependent initiation of Ca2+ signaling in
comparison to PMNs can be explained by the differences
in CD14 levels on their cell surfaces [84].

The Ca2+ mobilization induced by CD14 crosslinking is
suppressed when PLC or protein tyrosine kinases (PTK) have
been inhibited [80]. Thus, only broad CD14 aggregation is
able to stimulate substantial rise in intracellular free Ca2+

and O2
⋅−/ROS production. CD14 in monocytes is physically

associated with nonreceptor PTK SrcLynp53/56. The crosslink-
ing of CD14 leads to SrcLynp53/56 activation followed by con-
comitant upregulation of SrcFrgp58 and SrcHckp59/61 kinases
[85, 86]. Earlier studies have shown that the signaling events
triggered by CD14 crosslinking were abolished when the GPI
anchor had been replaced by transmembrane sequence, sug-
gesting that the localization to lipid rafts endowed CD14 with
signaling ability [79, 80]. As GPI-anchored receptors have
high lateral mobility in the plane of cell membrane, they
may be more easily aggregated upon interaction with a spe-
cific ligand [81]. Thus, CD14 would function to concentrate
LPS at the cell surface for their recognition by other LPS-
binding proteins and to facilitation of PtdIns(4,5)P2 genera-
tion [87].
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6. Epitope Specificity and Effectiveness of Anti-
CD14 Antibodies against LPS-Induced Effects

LPS-binding sites on CD14 have been intensively studied,
and four regions within the NH2-terminal 65 amino acid res-
idues are identified. All of these regions (R) are clustered
around the hydrophobic pocket of CD14. R1 (D9DED12) is
located close to the wall, whereas R3 (A35VEVE39) is at the
bottom of the pocket, while R2 (P22QPD25) and R4
(D57ADPRQY63) are located at the rim of the pocket.
Another three regions of CD14, namely, T1 (E7LDDEDF13),
T2 (L91RVLAYSRLKE101), and T3 (P185GL), have been pro-
posed to be involved in LPS transfer to MD-2·TLR4 and
therefore are responsible for LPS signaling. R1 within CD14
overlaps with T1 region. Therefore, the T1/R1 sequence
appears to play a role in both LPS binding and transfer
(LPS signaling) to MD-2·TLR4 [88, 89]. The effectiveness of
various anti-CD14 antibodies against LPS-induced effects is
listed in Table 1.

6.1. Targeting R1 and T1 by 3C10 Antibodies Interferes with
LBP·LPS Binding to CD14. Anti-CD143C10FcmIgG2b antibody
binds to mostly anionic E7LDDEDFR14 sequence in CD14
that is able to interact with cationic proteins such as serum
LBP [106, 111, 112]. Anti-CD143C10 antibody almost
completely prevents PMN priming by LBP·LPS for fMLP-
triggered O2

⋅−/ROS production (luminol) [90]. So, the first
antibody-dependent mechanism downregulating LPS delete-
rious effects is based on the ability of anti-CD14 antibodies to
prevent the binding of LBP·LPS to CD14 and to abolish sub-
sequent LPS transfer to MD-2·TLR4 [106, 111].

6.2. Targeting R4 by MEM-18 Antibodies Suppresses LBP·LPS
Binding to CD14. Anti-CD14MEM-18FcmIgG1 antibody binds
to L51–A64 sequence in R4 region (D57–A64) of CD14. It is
able to interfere with entry of lipid A, the hydrophobic region
of LPS, into the hydrophobic pocket of CD14 (R4) during
CD14 recognition of LBP·LPS, thereby suppressing the
harmful effects caused by LPS [113–116]. Thus, despite the
differences in isotype, the anti-CD14MEM-18FcmIgG1 antibody,
similar to anti-CD143C10FcmIgG2b antibody, prevents the
binding of LPS to CD14 [113, 117]. As a result, LPS-
induced production of both TNF-α from human monocytes
[97, 118] or IL-8 from PBMC [119] has been suppressed.
The effectiveness of anti-CD14MEM-18FcmIgG1 antibody can
be explained also by its supplementary ability to downregu-
late CD14 and TLR4, but not CD11b/CD18, from the cell
surface as has been shown earlier using differentiated mono-
cytic THP-1 cells [113, 120]. Since anti-CD14MEM-18 is a
mIgG1 antibody and may be recognized by FcγRs
(CD14← anti-CD14MEM-18FcmIgG1→CD64/CD32), its
mode of action is more complicated [113, 121].

It is necessary to note that LPS-induced IL-8 production
has been shown to be suppressed more effectively by anti-
CD14MEM-18 antibody than anti-TLR4HTA125FcmIgG2a anti-
body [119]. The effectiveness of anti-CD14UCHM-1FcmIgG2a

antibody against LPS-induced effects in human monocytes
is less evident than that of anti-CD14MEM-18FcmIgG1 antibody
[97, 118].

6.3. Targeting R3 by MY4 Antibodies Causes Internalization
of CD14 and TLR4. Anti-CD14MY4FcmIgG2b antibody binds
to S34–G44 sequence of CD14 and does not prime human
PMNs for fMLP-triggered O2

⋅−/ROS production (reduction
of ferricytochrome C) [104, 113] but suppresses LBP·LPS-
induced CD11b/CD18 mobilization to the cell surface [87].
Moreover, both LPS-induced association of Giα2 with PMN
plasma membrane and activation of PLD are significantly
suppressed by prior cell exposure to anti-CD14MY4 antibody
[104]. The effectiveness of anti-CD14MY4FcmIgG2b antibody
against LPS-induced effects is associated with its ability to
induce downregulation of CD14 and TLR4 from the cell
surface. It is interesting to note that LPS-independent
internalization of CD14 and TLR4 during cell response
to anti-CD14MY4FcmIgG2b antibody exceeded that of anti-
CD14MEM-18FcmIgG1 antibody [100, 104, 113]. Thus, the
effectiveness of anti-CD14MY4 antibody against LPS-
induced effects is based on its ability to block LBP·LPS
binding to CD14 and to downregulate CD14 and TLR4
from the cell surface. Why mIgG2b antibodies to CD14
(MY4) or TLR4 (HT4) are internalized better than mIgG1
anti-CD14MEM-18 antibody remain to be elucidated.

6.4. Anti-CD14 Antibodies as a Constituent of Therapeutic
Medications. CD14 as evidenced from data presented in
Table 1 is involved in LPS-dependent PMN priming [103].
The relative weak effectiveness of anti-CD14UCHM-1FcmIgG2a

antibody as a suppressor of LPS-dependent PMN priming
for fMLP-triggered O2

⋅−/ROS production may be explained
by its epitope specificity that blocks CD14 incompletely
[14]. However, the inhibitory effectiveness of anti-
CD14UCHM-1 antibodies may be improved by replacing their
mIgG2a isotype with mouse or human IgG1.

The therapeutic relevance of anti-CD1428CFcmIgG1 or
anti-CD1418E12FcmIgG1 antibodies against LPS-induced
effects has been already studied in vivo in INF-γ-sensitized
Macaca fascicularis [109] and in normal human subjects
(anti-CD14IC14FcmhIgG1) [122]. Anti-CD1428C/18E12FcmIgG1

antibodies protect primates from most of the physiologic
and proinflammatory consequences of acute endotoxemia.
The intravenous treatment of M. fascicularis by anti-
CD1418E12 antibody blocks signaling events without affecting
the binding of LPS to CD14 as it has been estimated during
LPS-induced production of TNF-α. On the other hand, pro-
ductions of IL-6 and IL-1β have been inhibited better by
another anti-CD1428C antibody that is able to block LBP·LPS
binding to CD14 [109]. A beneficial anti-CD14IC14FcmhIgG1

antibody attenuates acute LPS-induced clinical symptoms
and strongly inhibits LPS-induced production of proinflam-
matory cytokines, while it only delayed the release of the
anti-inflammatory cytokines such as soluble TNF receptor
type I and IL-1 receptor antagonist [122].

7. Epitope Specificity and Effectiveness of Anti-
TLR4 Antibodies against LPS-Induced Effects

Human TLR4 is linked to a range of diseases, including infec-
tious disease, atherosclerosis, asthma, cardiac disease, liver
disease, renal disease, inflammatory bowel disease, obesity,
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diabetes (types I and II), rheumatoid arthritis, Alzheimer’s
disease, Parkinson’s disease, and multiple sclerosis [1, 6, 61,
123]. As a result, targeting TLR4 has attracted increasing
attention in the context of anti-inflammatory medications
for patients with different TLR4-dependent complications
[6, 15, 16, 62, 106, 124–129]. The data presented in Table 2
represent TLR4 as a promising therapeutic target for
“antibody”-based therapy.

The extracellular region of TLR4 can be divided into N-
terminal (L52–P202), central (L203–L348), and C-terminal

(K349–F582) domains; each of which contains LRRs 1–6, LRRs
7–12, and LRRs 13–22, respectively [1].

7.1. Targeting the N-Terminal Domain of TLR4. Targeting
LRR2–LRR7 (D50–I190) repeats in TLR4 by anti-
TLR4HTA125FcmIgG2a antibody does not suppress LPS-
dependent PMN priming for fMLP-triggered O2

⋅−/ROS pro-
duction (luminol) [12, 132]. The same result has been
obtained by Sanui et al. [133]. These authors did not observe
pronounced inhibitory effect of anti-TLR4HTA125 antibody

Table 1: The capability of antibodies against CD14 affects the LPS-induced effects (the references are indicated inside the square brackets).

Clone (isotype) Epitope
Influence on LPS-induced effects

References
Does Does not

3C10 (mIgG2b)
Effectiveness decreases
when LPS
concentration
increases

E7–R14

(1) Suppress CD14 binding to LBP·Re-LPS
Salmonella minnesota (1 ng/ml) as well as PMN

priming for fMLP-triggered О2
⋅−/ROS

(2) Whole or F(ab′)2 suppress О2
⋅−/ROS production

in monocytes challenged by Re-LPS Escherichia coli
(1 ng/ml, 5% blood serum)

(3) Prevent CD11b/CD18 mobilization to the cell
surface in PMNs stimulated by Ra/Rb-LPS E. coli

K12 (30 ng/ml, without serum)

[90–96]

biG10 (mIgG1) D9–F13

(1) Suppress TNF-α production in whole human
blood exposed to LPS Salmonella abortus-equi

(10 ng/ml)
[97, 98]

MY4 (mIgG2b) S34–G44

(1) Suppress CD14 binding to LBP·Re-LPS
(2) Decrease PMN priming by LPS from E. coli
O55:B5 (10 ng/ml, 1% serum) or E. coli O111:B4

(10 ng/ml, 10% serum)
(3) Inhibit phosphatidic acid generation in LPS-

primed and fMLP-stimulated PMNs
(4) Suppress LPS-dependent activation of p38

MAPK in human PMNs
(5) Whole or Fab suppress LPS uptake by human

monocytes

(1) Affect fMLP-triggered
О2

⋅−/ROS production from
unprimed PMNs

[77, 94, 99–104]

60bca (mIgG1) S34–V38

(1) Prevent LBP·Re-LPS S. minnesota binding to
CD14

(2) Abolish almost completely PMN priming by
LBP·Re-LPS S. minnesota (1 ng/ml) for fMLP-

triggered О2
⋅−/ROS

[90, 105]

63D3 (mIgG1) (1) Whole or F(ab′)2 suppress weakly LPS-induced
ROS production in human monocytes

(1) Prevent LBP-dependent
delivery of Re-LPS S.
minnesota to CD14

(2) Suppress LPS-induced
TNF-α and IL-8 production

[91, 94, 95, 106–108]

28C5 (mIgG1)

(1) Suppress LBP-dependent delivery of Re-LPS S.
minnesota to CD14

(2) Suppress LPS-dependent activation of p38
MAPK

[94, 109]

biG14 (mIgG2a) E39–G44 (1) Decrease binding of Ra-LPS E. coli to CD14 [97]

UCHM-1 (mIgG2a)

(1) Suppress LPS-induced IL-8 production by
human retinal pigment epithelial cells

(2) Decrease PMN priming by S- or Re-LPS E. coli
(100 ng/ml, 2% serum) for fMLP-triggered О2

⋅

−/ROS production

[14, 110]
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on LPS-induced PMN priming. However, Stadlbauer et al.
[129] showed that the anti-TLR4HTA125 antibody is able to
suppress LPS-induced production of ROS (Phagoburst kit)
in PMNs.

When LPS-induced production of IL-6 and IL-8 was
studied in the human embryonic cell line HEK293, no inhib-
itory effect of anti-TLR4HTA125FcmIgG2a was detected [6, 11].
However, in human retinal pigment epithelial cells, anti-
TLR4HTA125 antibody was almost equally as effective as
anti-CD14UCHM-1FcmIgG2a antibody in suppression of LPS-
induced IL-8 production. It is interesting to note that simul-
taneous use of anti-TLR4HTA125 and anti-CD14UCHM-1 anti-
bodies did not further potentiate antibody inhibitory
effectiveness, suggesting that blockage of initial LPS binding
to CD14 was highly effective and not further increased when
TLR4 was also targeted [110].

The weak inhibitory effectiveness of anti-TLR4HTA125-
FcmIgG2a antibody could be explained by the epitope spec-
ificity. This antibody recognizes an antigenic epitope
within D50–I190 sequence and binds to TLR4 irrespective
of the presence or absence of MD-2 [132]. Thus, it may
be suggested that blockage of LRR2–LRR7 (HTA125) is
not enough to prevent LPS·MD-2-induced TLR4 dimeriza-
tion (Table 2).

7.2. Targeting the C-Terminal Domain of TLR4. Anti-
TLR4HT4FcmIgG2b antibody recognizes the nonlinear epitope
within the LRR13 repeat of TLR4. This epitope is composed
of several amino acid residues (K349, K351S352, G364NA, and
S368E) closely located to the TLR4 dimerization interface
created by LRR15–LRR17 repeats of two LPS·MD-2·TLR4
complexes. Based on experimental data, it has been assumed
that anti-TLR4HT4 antibody is unable to prevent LPS·MD-2
binding to TLR4 but nevertheless inhibits LPS·MD-2-
induced TLR4 internalization. The effectiveness of anti-
TLR4HT4FcmIgG2b antibody in suppression of lipid A-
induced production of TNF-α, IL-6, and IL-12p40 from
human leukocytes is better than that of the anti-
TLR4HTA125FcmIgG2a antibody [1, 5, 6]. Taking these facts
into consideration, it could be concluded that targeting the
C-terminal domain of TLR4 may lead to a more pronounced
therapeutic effect than targeting the N-terminal domain of
TLR4 by HTA125mIgG2a or HT52mIgG1 antibodies. The effect
of anti-TLR4HT52FcmIgG1 (LRR2–LRR7: D50–I190 sequence)
antibody may be potentiated by simultaneous application
with anti-TLR4HT4FcmIgG2b (LRR13) antibody thus causing
double blocking of TLR4 (LRR2–LRR7 and LRR13) [1, 5, 6].
Note that anti-TLR4HTA125 antibody recognizes the same anti-
genic epitope as did anti-TLR4HT52 antibody. We assume that
double targeting TLR4 by anti-TLR4HT4 and anti-TLR4HTA125

antibodies would improve the inhibitory effectiveness of the
latter.

As has been shown experimentally, the inhibitory effec-
tiveness of anti-TLR4HT4FcmIgG2b or anti-TLR4HT52FcmIgG1

is not associated with engagement of FcγRs. In fact, the
inhibitory effectiveness of anti-TLR4HT4FcmIgG2b or anti-
TLR4HT52FcmIgG1 against lipid A-induced effects was unaf-
fected by prior cell exposure to blocking anti-CD32AT-
10FcmIgG1 antibody [1, 5, 6].

7.3. Targeting Both N- and C-Terminal Domains of TLR4.
The improved antibody effectiveness seen with double-
targeted TLR4 led to the generation of a new anti-
TLR415C1FcmIgG1 antibody recognizing both LRR12 (Y328N)
and LRR13 (K349LK, E369VD) sequences [11]. Anti-TLR4

15C1

antibody blocks TLR4 binding to LPS·MD-2 and TLR4
dimerization as well. In addition, anti-TLR415C1 antibody
effectively suppresses LPS-induced IL-6 and IL-8 production
analogous to anti-TLR4HT4FcmIgG2b or anti-
TLR4HT52FcmIgG1 antibodies but with stronger effect than
anti-TLR4HTA125FcmIgG2a antibody [6, 11]. Furthermore,
anti-TLR415C1 antibody prevents LPS-induced TLR4 parti-
tioning into lipid rafts [61]. As earlier has been shown, the
effectiveness of anti-TLR415C1FcmIgG1 antibody is dependent
on the engagement of FcγRs (CD32) [1, 11]. Targeting CD32
by anti-CD32IV.3/AT-10FcmIgG2b antibodies dramatically
reduces the effectiveness of anti-TLR415C1FcmIgG1 antibody
when LPS-induced production of IL-6 was studied. It is nec-
essary to note that LPS-induced IL-6 production had not
been significantly affected by isotype-matched control
mIgG1. Thus, in addition to engagement of CD32
(TLR4← anti-TLR415C1FcmIgG1→CD32) and its signaling
pathway(s), the therapeutic effect of anti-TLR415C1FcmIgG1

antibody is based on its ability to prevent LPS·MD-2 binding
to TLR4 thereby abolishing TLR4 dimerization and its move-
ment into lipid rafts [1, 11, 134].

7.4. Humanized Anti-TLR4 Antibody and FcγRs. The differ-
ences in the affinity of FcγRs for IgG subclasses have been
explored in development of new therapeutic antibodies such
as Hu15C1. This antibody is the humanized version of anti-
TLR415C1FcmIgG1 antibody [61, 135]. Two substitutions
(N325→ S and L328→F) have been introduced into Fc arm
of anti-TLR415C1FcmIgG1 antibody to amplify its inhibitory
effectiveness. As a result, the affinity of the new anti-
TLR4Hu15C1FchIgG1 for CD64 is potentiated, while for
CD16, it is eliminated. An intermediate affinity of anti-
TLR4Hu15C1FchIgG1 for CD32 was detected. Thus, CD64
(TLR4← anti-TLR4Hu15C1FchIgG1→CD64/CD32) is viewed
as the first contributor to the potent inhibitory effectiveness
of anti-TLR4Hu15C1FchIgG1 antibody. In addition, CD32-
initiated ITAMi signaling is expected when CD64 would be
not available. The blockage of CD32B does not change sig-
nificantly the inhibitory effectiveness of anti-TLR4Hu15C1

antibody. When anti-TLR4Hu15C1 antibody had been com-
pared with the parental anti-TLR415C1FcmIgG1 antibody,
the former antibody was more effective than the latter in
inhibition of LPS-induced effects. In addition, it has been
shown using neuronal originated HEK293 cells that
CD32A is involved in the inhibitory potency of anti-
TLR4Hu15C1 antibody. It was also discovered that the
inhibitory potency of anti-TLR4Hu15C1 antibody against
LPS-induced effects is much higher in CD32A-positive
HEK293 cells than in CD32A-negative ones. Besides
engagement of CD64 and CD32, the anti-TLR4Hu15C1 anti-
body is able to interfere with LPS-induced TLR4 dimeriza-
tion thereby preventing TLR4 partitioning into lipid rafts.
Thus, it is postulated that dimerization of TLR4 is a pre-
requisite for TLR4 clustering [61].
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The therapeutic effectiveness of humanized anti-
TLR4NI-0101 antibody has been already evaluated ex vivo
and in vivo in the absence or presence of systemic LPS
challenge (acute inflammation) [7, 9]. The other effective
neutralizing anti-TLR4WN1222-5 antibody mimics the site
of TLR4, recognizing an inner core structure of LPS from
most infectious bacteria regardless of the presence of O-
polysaccharide (O-antigen) and prevents LPS binding to
target cells in the bloodstream [136].

7.5. Impact of CD32 in Effectiveness of IgG Antibodies. Anti-
genic recognition of CD32A by anti-CD32IV.3 Fab/F(ab′)2
fragments recognizing the F132SHLDP137 sequence does not
cause Ca2+ mobilization, upregulation of p38 and ERK
MAPK kinases, and intracellular production of H2O2/ROS
(scopoletin) [137]. The other anti-CD32CIKM5 Fab/F(ab′)2
are also unable to induce Ca2+ mobilization when crosslink-
ing by secondary F(ab′)2 fragments is omitted [64, 78]. Tar-
geting CD32 by anti-CD32AT-10 F(ab′)2 inhibits constitutive
and fMLP-triggered O2

⋅−/ROS (luminol) production by
PMNs [134, 138]. In PMNs, a small rise in intracellular free
Ca2+ has been induced also by anti-CD32CIKM5FcmIgG1 anti-
body but it was not associated with O2

⋅− release (SOD-inhibi-
table reduction of ferricytochrome C) [64, 78]. Antigenic
recognition of CD32A by anti-CD32AT-10 Fab fragments rec-
ognizing an epitope located near or within IgG-binding site
fails to activate differentiated monocytic THP-1 cells [134,
138]. Recent findings however have indicated that antigenic
CD32 recognition by anti-CD32IV.3/AT-10 Fab/F(ab′)2
induced ITAMi signaling [134]. It has been shown that
engagement of CD32 by anti-CD32AT-10 F(ab′)2 stimulates
transient recruitment of tyrosine kinase 2SH2Syk/p72Tyr to
cytoplasmic domain of CD32A followed by incomplete phos-
phorylation of the ITAM leading to the inhibitory ITAMi
conformation. As a result, activated ITAMi allows tyrosine
phosphorylation of SHP-1 (protein tyrosine phosphatase)
followed by inhibition of the major intracellular signaling
players of immune cells such as guanine nucleotide exchange
factor Vav-1 (RacGEF) and IRAK-1 kinase that are both
involved in O2

⋅−/ROS and cytokine production. Thus, block-
age of Vav-1 in human PMNs can abrogate association of
p67phox with NADPH oxidase thereby suppressing O2

⋅

−/ROS production [134]. This suppressive effect of CD32A
and mIgG1 might be reversed by LPS-induced assembly
and stabilization of TLR4, CD11b/CD18, and FcγRs in lipid
rafts followed by the activation of classical ITAM signaling
[11, 41, 44, 79, 139]. Since PMNs express very low levels of
CD32B, an impact of its involvement in the inhibitory effec-
tiveness of mIgG1 antibodies should be negligible [140].

Antigenic recognition of CD16 by anti-CD163G8

Fab/F(ab′)2 despite the minor rise in free Ca2+ does not cause
activation of p38 and ERKMAPK kinases nor actin polymer-
ization and intracellular H2O2/ROS production (DHR) [137,
141, 142]. In addition, fMLP-triggered ROS production
(luminol) is also not influenced by prior PMN exposure to
anti-CD163G8 F(ab′)2 [143]. Thus, it can be concluded that
targeting CD16 by anti-CD163G8 Fab/F(ab′)2 is unable to
prime or upregulate intracellular O2

⋅−/ROS production in

PMNs. By contrast, in monocytes, antibody-dependent
association of CD32 with CD16 (CD16← anti-
CD163G8FcmIgG1→CD32) in the plane of plasma membrane
is able to initiate intracellular signaling events leading to gen-
eration of Ins(1,4,5)P3, DAG, and Ca2+ mobilization but not
to calcium influx [64, 78].

Now, the impact of mIgG subclasses in activation of
human immune cells has been revealed. It has been shown
in PMNs that mIgG2a is unable to induce protein tyrosine
phosphorylation and substantial rise in intracellular free
Ca2+ [70, 144]. When we have used mIgG1 or mIgG2a and
unprimed PMNs, only marginal fMLP-triggered O2

⋅−/ROS
production was observed [12–14]. Neither anti-
CD11b60.1/44FcmIgG1 nor anti-CD11b/CD18IB4FcmIgG2a anti-
bodies are not able to induce Ca2+ mobilization in PMNs
[70, 145, 146]. Targeting CD11b/CD18 on freshly prepared
PMNs by anti-CD11bLeu-15FcmIgG2a antibody does not
stimulate considerable intracellular O2

⋅−/ROS production
[62, 63, 147]. Anti-CD11b/CD18IB4FcmIgG2a or anti-
CD11b44aFcmIgG1 antibodies cause negligible intracellular
H2O2/ROS (DHR) production in PMNs and even to a
lesser extent than agonistic anti-CD11bVIM12FcmIgG1 anti-
body [147]. Antibody-dependent association of
CD11b/CD18 with CD64/CD32 (CD11b← anti-CD11bLeu-
15FcmIgG2a→CD64/CD32 or CD11b← anti-CD11b44aFc-
mIgG1→CD32 or CD11b/CD18← anti-CD11b/CD18IB4Fc-
mIgG2a→CD64/CD32) is also unable to stimulate
considerable intracellular O2

⋅−/ROS production in PMNs.
These data, including ours, may suggest that neither
mIgG2a nor mIgG1 are able to stimulate substantial rise
in intracellular free Ca2+ and ROS production in freshly
isolated PMNs. It is necessary to note that agonistic anti-
CD11bVIM12FcmIgG1 antibody recognizing the CD11b lectin
site causes intracellular H2O2/ROS production in PMNs to
the same extent as fMLP [147].

By contrast, in macrophage-like Mono Mac 6 cells,
LPS-induced production of TNF-α and IL-10 has been
potentiated by mIgG2a, while production of IL-1β has
been suppressed [62]. A line of other data indicates that
LPS-induced activation of IRAK and production of TNF-α
and IL-8 from differentiated human monocytic THP-1 cells
are not influenced by mIgG2a [106, 124, 127].

7.6. Upregulation of PMN Sensitivity to mIgG2a after IFN-γ
Priming. IFN-γ is the most potent priming agent released
in bloodstream during LPS-induced inflammation [15, 16,
148, 149]. Thus, during inflammation, the expression of
CD64 on PMN is upregulated, while CD32 is unaffected or
downregulated [62, 63]. As a result, IFN-γ-primed PMNs
(20 h) acquire the ability to respond to mIgG2a antibodies
such as anti-CD11bLeu-15FcmIgG2a by marked intracellular
O2

⋅−/ROS production (DCFDA) (CD11b← anti-CD11bLeu-
15FcmIgG2a→CD64) [63]. However, IFN-γ does not confer
on PMNs the capability to generate O2

⋅−/ROS in response
to mIgG1 antibodies such as anti-CD11bVIM12FcmIgG1 or
anti-CD11b5A4.C5FcmIgG1 (CD11b← anti-CD11bVI-
M12/5A4.C5FcmIgG1→CD32), which is in agreement with
IFN-γ-dependent CD32 downregulation [62, 63]. Thus, we
concluded that only primed PMNs would be sensitive to
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mIgG2a antibodies, while freshly isolated PMNs are margin-
ally responsive to mouse antibodies with IgG2a or IgG1 iso-
types (regardless of epitope specificity).

In humans, as it has been revealed in vivo, the LPS
administration causes an initial rapid decline in the absolute
PMN counts at 1 h followed by an increase that reaches a
maximum at 6 h and then declines at 22 h to basal levels. In
addition, LPS injection induces biphasic CD64 upregulation
on circulating PMNs. The first phase has been observed after
1 h of LPS challenge, while the second started at 6 h and
reached a maximum at 22h [148].

By contrast, freshly isolated monocytes constitutively
express high levels of surface CD64 [61, 62] and respond to
anti-CD11bVIM12FcmIgG1 or anti-CD11bLeu-15FcmIgG2a anti-
bodies by intracellular ROS production (DCFDA). For exam-
ple, anti-CD11bLeu-15FcmIgG2a antibody causes an increase in
ROS production in monocytes of all responders, while
agonistic anti-CD11bVIM12FcmIgG1 in 60% only. When anti-
CD11bVIM12FcmIgG1 antibody has been devoid of the Fc
arms, its ability to stimulate ROS (DCFDA) production in
freshly isolated monocytes was diminished [63]. Thus, the
agonistic activity of anti-CD11bVIM12FcmIgG1 antibody repre-
sents the cumulative effect of epitope specificity and capabil-
ity to engage CD64/CD32 receptors.

The engagement of CD64, and CD32 to a lesser extent, by
anti-TLR4HTA125FcmIgG2a antibody has been already revealed
using macrophage-like Mono Mac 6 cells (CD32 > CD64).
Mouse IgG2a inhibits most effectively the binding of anti-
TLR4HTA125FcmIgG2a antibody to Mono Mac 6 cells, while
mIgG1 or mIgG2b reveals no significant effect. Further, the
binding of anti-TLR4HTA125 antibody to Mono Mac 6 cells
has been most effectively prevented by anti-CD6410.1FcmIgG1

antibody by contrast to anti-CD32FLI8.26FcmIgG2b antibody.
Targeting CD16 by anti-CD163G8FcmIgG1 antibody does not
influence significantly on anti-TLR4HTA125 binding to Mono
Mac 6 cells [62]. Based on these findings, the high affinity of
human CD64 and moderate affinity of human CD32 for the
constant Fc arm of mIgG2a antibodies can be concluded
[62, 63]. These results indicate also that specific Fab or
F(ab′)2 fragments against cell surface receptors would be
most appropriate and safe for applying in “antibody”-based
therapy.

In summary, the major mechanisms underlying the
inhibitory effectiveness of anti-TLR4 antibodies follow (1)
an interference with TLR4 binding to CD14·LPS and
LPS·MD-2, (2) inhibition of ligand- (LPS-) induced confor-
mational changes that are indispensable for TLR4 signaling
(HT4, HT52, 15C1, and Hu15C1) [1, 11, 61], (3) prevention
of ligand-induced TLR4 partitioning into lipid rafts and its
subsequent internalization (HT4, HT52, and Hu15C1) [1],
and (4) engagement of FcγRs (CD32/CD64) followed by
ITAMi-initiated inhibitory signaling interfering with positive
signaling induced by other receptors on the same cell (CD14,
MD-2·TLR4, and CD11b/CD18) [61, 134].

8. CD11b/CD18 and Their Signaling Partners

Macrophage-1 antigen (Mac-1, αMβ2, or CD11b/CD18) is a
complement receptor (CR3). It consists of noncovalently

linked CD11b (integrin αM) and CD18 (integrin β2) subunits.
Integrins regulate important leukocyte functions including
adhesion, migration, proteolysis, phagocytosis, and oxidative
(respiratory) burst [150]. In resting PMNs, integrins are
maintained in a conformationally inactive state and are
unable to bind their ligands [151]. On cell stimulation,
“inside-out” signaling originating from nonintegrin cell sur-
face receptors such as FPR1, FcγRs, or TLR4 leads to vast
conformational changes in CD11b/CD18, but not directly
to receptor clustering (integrin redistribution in the plane
of plasma membrane) [42, 52]. Thus, only “inside-out”
primed integrins exhibit increased ligand-binding avidity
and initiate “outside-in” signaling by themselves.
CD11b/CD18 has been detected in the LPS-induced “recep-
tor cluster” on monocytes and can act as a signaling partner
for such receptors as FPR1 and CD14 [44, 106, 150, 152,
153]. CD11b/CD18 can be found also in association with
FcγRs, but the consequences of these functional interactions
are not fully understood. The functional association of the
GPI-anchored form of CD16 (PMNCD16BGPI) with
CD11b/CD18 is mediated by the lectin-binding site of the
latter [147, 151, 153–155]. The mechanisms by which
CD11b/CD18 regulates leukocyte functions such as respira-
tory burst are still poorly understood.

Like other β2 integrins, CD11b consists of a short cyto-
plasmic tail, single transmembrane domain, and long extra-
cellular domain. The extracellular domain of CD11b is
composed of seven repeats. The V to VII repeats are similar
to the divalent cation-binding “EF-hand” motif. The II and
III repeats are separated by the I (inserted) domain that is
known also as αA/I-domain [156]. The effectiveness of
anti-CD11b/CD18 antibodies against LPS-induced effects is
listed in Table 3.

8.1. Targeting the CD11b αA/I-Domain. Antigenic recogni-
tion of CD11b/CD18 by anti-CD11b44 Fab recognizing
αA/I-domain does not lead to considerable changes in con-
formation of CD11b/CD18 nor to activation of “outside-in”
signaling [161, 162]. However, full anti-CD11b44a or anti-
CD11b/CD18IB4FcmIgG2a antibodies induce epitope exposi-
tion by CD11b that is recognized by anti-CD11bVIM12Fc-
mIgG1 antibody [147]. This effect may be explained by
antibody-dependent association of CD11b/CD18 with
FcγRs. So, 44a or IB4 antibodies are able to induce
“outside-in” signaling followed by “inside-out” signaling
leading to further conformational changes in CD11b/CD18.

8.2. Targeting the C-Terminal Lectin Domain of CD11b.Anti-
genic recognition of the C-terminal lectin domain of CD11b
(AA614–682) located near the cell membrane by anti-
CD11bOKM1 Fab or F(ab′)2 does not induce PMN intracellular
H2O2/ROS (scopoletin) production [137]. In PMNs, neither
anti-CD11b60.1/44FcmIgG1 nor anti-CD11b/CD18IB4FcmIgG2a

antibodies cause Ca2+ mobilization [70, 145, 146]. The same
result was obtained during cell response to anti-
CD18MHM23FcmIgG1 or anti-CD11b/CD1860.3FcmIgG2a anti-
bodies regardless of isotype differences [78, 145]. Further,
intracellular H2O2/ROS (DHR) triggered in PMNs by
antibody-dependent association of CD32 with CD11b/CD18
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(CD11b/CD18← anti-CD11b44/IB4FcmIgG1/mIgG2a) was less
pronounced than that in response to agonistic anti-
CD11bVIM12FcmIgG1 antibody [147]. Thus, it can be concluded
that simple antibody-dependent association of CD11b/CD18
with CD32 (regardless of epitope specificity) is not enough
to initiate significant agonistic (activating) signaling events
and H2O2/ROS production in PMNs, whereas to induce suffi-
cient intracellular signaling by IgG1 antibodies, targeting of a
particular epitope on CD11b is required. In fact, when agonis-
tic anti-CD11bVIM12FcmIgG1 antibody recognizing the CD11b
lectin site had been employed to PMNs, “outside-in” signaling,
clustering of activated CD11b/CD18, upregulation of PI3K
and PKB/Akt signaling pathways, Ca2+ mobilization, and
actin polymerization were all realized, but the Raf→ME-
K1/2→ERK1/2 signaling pathway was not upregulated
[163]. Agonistic anti-CD11bVIM12FcmIgG1 antibody prevents
association of CD11b/CD18 with CD16BGPI [163] but never-
theless induces PMNs for generation of H2O2/ROS (DHR)
to the same extent as fMLP. Anti-CD11bVIM12FcmIgG1-depen-
dent production of H2O2/ROS (DHR) exceeds that induced by
IB4 or 44a antibodies [147]. Taking these facts into consider-
ation, it may be suggested that CD11b/CD18-dependent
“outside-in” signaling would be successfully realized when
CD11b lectin domain is docked (thus, CD11b/CD18 is
primed) by other appropriate GPI-anchored protein on the
same cell. In PMNs, “outside-in” signaling is also initiated by
CD11b/CD18 that has been clustered in the response to

anti-CD11b2LPM19c F(ab′)2 recognizing αA/I-domain. The
same effect had been observed when whole anti-
CD11b2LPM19cFcmIgG1 antibody was used. Unexpectedly,
monovalent anti-CD11b2LPM19c Fab is unable to produce such
agonistic activity [158]. These results clearly show that agonis-
tic activity of anti-CD11b antibodies is determined by F(ab′)2
epitope specificity. Moreover, F(ab′)2 can potentially bind two
targets leading to close proximity of two integrin molecules
that mimic receptor crosslinking [164].

In PMNs, generation of H2O2/ROS (DHR) induced by
anti-CD11bVIM12FcmIgG1 antibody is not diminished by
prior cell exposure to anti-CD11b44aFcmIgG1 or anti-
CD11b/CD18IB4FcmIgG2a antibodies. It necessary to note that
sequential treatment of PMNs in whole blood by anti-
CD11b/CD18IB4FcmIgG2a and anti-CD11bVIM12FcmIgG1 anti-
bodies led to more pronounced generation of H2O2/ROS
(DHR) than treatment with anti-CD11b44aFcmIgG1 combined
with anti-CD11bVIM12FcmIgG1 antibody [147]. This result
may be explained by the fact that anti-CD11b/CD18IB4Fc-
mIgG2a antibody is able to potentiate the binding of anti-
CD11bVIM12FcmIgG1 antibody to CD11b/CD18 in addition
to their ability to affect both subunits of CD11b/CD18. Thus,
anti-CD11b/CD18IB4FcmIgG2a antibody, besides binding to
CD11b/CD18, can also engage other β2 integrins via the
common CD18 subunits (CD11a/CD18 and CD11c/CD18).
Such broad targeting of β2 integrins could provide sufficient

Table 3: The capability of antibodies against CD11b/CD18 affects the LPS-induced effects (the references are indicated inside the square
brackets).

Clone
(isotype)

Epitope
Influence on LPS-induced effects

References
Does Does not

OKM-1
(mIgG2b)

CD11b
AA614–682
(lectin site)

(1) Increase TNF-α production from
monocytes stimulated by LPS S.

minnesota (1 ng/ml, without serum)

(1) Inhibit binding of LPS E. coli O111:B4 (10 ng/ml,
10% FCS) to human PBMC

(2) Inhibit PMN priming by LPS E. coli O55:B5
(100 ng/ml, 1% serum) for fMLP-triggered О2

⋅−/ROS
production

(3) Inhibit protein (41 and 42 kDa) tyrosine
phosphorylation in macrophages stimulated by Re-
LPS S. minnesota R595 (1 ng/ml, human serum)

(4) Influence onО2
⋅−/ROS production induced by Re-

LPS E. coli (1 ng/ml, 5% serum) in human monocytes
(5) Influence on TNF-α production from human

PBMC stimulated by LPS E. coli O111:B4 (100 ng/ml,
10% serum)

[63, 91, 99,
100, 104, 105,
157, 158]

904
(mIgG2b)

CD11b
AA74–316
(αA/I-
domain)

(1) Suppress macrophage interaction
with bovine erythrocytes opsonized by

Re-LPS S. minnesota R595
[159, 160]

ICRF 44
(mIgG1)

CD11b
(1) Affect PMN priming by S- or Re-LPS E. coli

(100 ng/ml, 2% serum) for fMLP-triggered О2
⋅−/ROS

production
[13]

IB4
(mIgG2a)

CD11b/CD18
(1) Increase TNF-α production from
monocytes stimulated by LPS S.

minnesota (1 ng/ml, without serum)

(1) Inhibit binding of LPS E. coliO111:B4 (100 ng/ml,
10% serum) to human PBMC and TNF-α production
(2) Influence on activation of p38 MAPK during
PMN priming by LPS E. coli O55:B5 (5 ng/ml) for

fMLP-triggered О2
⋅−/ROS production

[77, 99, 157]
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signals for intracellular H2O2/ROS generation (DHR). This
conclusion is supported by the fact that antigenic recognition
of CD11b/CD18 by anti-CD11b/CD18IB4 F(ab′)2 induces
Ca2+ mobilization to a similar extent as whole anti-
CD11b/CD18IB4FcmIgG2a antibody [165].

In PMNs, generation of ROS/H2O2 (DHR) induced by
anti-CD11bVIM12FcmIgG1 antibody can be blocked almost
completely by prior cell exposure to anti-CD32IV.3FcmIgG2b

antibody [160]. Thus, unlike monocytes, CD32 receptor on
PMNs is involved in CD11b/CD18-induced generation of
ROS/H2O2 (DHR) in the response to anti-CD11bVIM12FcmIgG1

antibody (CD11b/CD18← anti-CD11bVIM12FcmIgG1→CD32).
Therefore, it has been supposed that association of
CD11b/CD18 with CD32 is required for ROS generation dur-
ing PMN response to anti-CD11bVIM12FcmIgG1 antibody
[147]. Ortiz-Stern and Rosales [73] have shown that CD32
and CD11b/CD18 are uniformly distributed and not coloca-
lized on the surface of unstimulated PMNs. A similar observa-
tion has been made for PMNCD16BGPI which is also uniformly
distributed across the cell surface and is not colocalized with
CD32 in unstimulated PMNs [73].

By contrast to PMNs, in monocytes, a close spatial prox-
imity between CD11b/CD18 and CD32/CD64 has been sug-
gested by Gadd et al. [63]. These authors have observed that
anti-CD11bVIM12FcmIgG1 antibody interferes sterically with
anti-CD32IV.2FcmIgG2b antibody for binding to CD32 on
monocytes, but not on PMNs [63]. Interestingly, in their
study, anti-CD11bVIM12FcmIgG1 antibody had been unable
to induce intracellular ROS (DCFDA) generation in PMNs
as they did in monocytes [63, 147].

8.3. Anti-CD11b/CD18 Antibodies in Therapeutic
Medications. In the light of data presented here, the effective-
ness of anti-CD11b/CD18 antibodies against LPS-induced
effects should be discussed. It has been shown that
CD11b/CD18 has a site recognizing LPS carbohydrates,
namely, N-acetyl-D-glucosamine (GlcNAc) and mannose.
In addition, CD11b/CD18 binds truncated LPS glycoforms
such as Re-LPS [153–155]. Two putative LPS-binding sites
within the CD18 βA region (AA216–248, 266–318) had been
proposed earlier [166]. It was found that Re-LPS from Salmo-
nella minnesota is bound through cationic interactions by the
βA266–318-exposed CD18 sequence, while another βA216–248
sequence probably utilizes other interactions like hydropho-
bic ones [166]. Thus, it is not excluded that 3-deoxy-D-
manno-octulosonic acid (KDO), the inner core sugar of
almost all LPS molecules, may be involved in LPS recognition
by CD18 [153, 155, 159, 160]. However, neither LPS binding
to PBMC nor LPS-induced PMN priming for fMLP-
triggered ROS production has been blocked by anti-
CD11bOKM1FcmIgG1 antibody [91, 99, 100, 104]. A similar
result has been obtained in our work [13] where we used
anti-CD11bICRF44FcmIgG1 antibody. This antibody binds
probably to αA/I-domain of CD11b (AA201–217, 245–261) in a
manner independent of inactive or active CD11b/CD18 state
[158, 162, 167]. Thus, it may be concluded that targeting the
αA/I-domain of CD11b by anti-CD11bICRF44FcmIgG1 or the
CD11b lectin site by anti-CD11bOKM1FcmIgG1 antibodies is
unable to suppress significantly LPS-dependent PMN prim-

ing for fMLP-triggered O2
⋅−/ROS production [13, 91, 99,

100, 104]. From the data presented here, we can, however,
not exclude that other CD11b/CD18 sites might be involved
in LPS recognition. The effectiveness of anti-CD11b44FcmIgG1

antibodies as suppressors of LBP·LPS-dependent PMN prim-
ing for fMLP-triggered O2

⋅−/ROS production is less pro-
nounced than that of anti-CD143C10FcmIgG2b antibody [90].
Thus, targeting CD14 by appropriate antibodies would be
more effective in comparison to targeting CD11b/CD18 or
TLR4. Moreover, it has been shown that CD11b/CD18 inter-
acts more avidly with aggregated but not monomeric LPS
and this interaction occurs even better in the absence of
LBP [106, 168]. Taking these data into consideration, we con-
cluded that CD11b/CD18 is not an appropriate target for
“antibody”-based therapy even when anti-CD11b Fab/F(ab′
)2 fragments are used.

9. Conclusions

In summary, several conclusions can be drawn. Neither
mIgG2a nor mIgG1 are able to stimulate Ca2+ mobilization
and ROS production in freshly isolated PMNs.

Sufficient signals for phosphoinositide breakdown could
be induced in monocytes by CD14 association with CD64.
Moreover, this heterotypic CD14 association with
CD64/CD32 (anti-CD14UCHM-1FcmIgG2a) or association of
two CD32 receptors together (CD32← anti-CD32CIKM5Fc-
mIgG1→CD32) leads to Ca2+ signaling in monocytes. The
homotypic CD32 association is less effective in Ca2+ signaling
than heterotypic association of CD14 with CD64. In spite of
this, CD14 association with CD64 is not enough to trigger O2

⋅

−/ROS production in monocytes. Ca2+ signaling caused by
CD64/CD32 engagement without crosslinking is weaker
than that induced by fMLP.

In monocytes not only sufficient production of PI(4,5)P2
but also robust upregulation of intracellular H2O2/ROS is
initiated in response to broad CD14 crosslinking by anti-
CD14mIgG1 antibodies and secondary F(ab′)2. In PMNs, this
effect of CD14 crosslinking is less pronounced. TLR4 cross-
linking [anti-TLR476B351.1FcmIgG2b plus F(ab′)2] does not
have the same effect on PI(4,5)P2 production as CD14 cross-
linking. Thus, PI(4,5)P2 generation is a specific response to
CD14 crosslinking (clustering).

Antigenic recognition of CD32 by anti-CD32IV.3/AT-10

Fab/F(ab′)2 is already able to induce ITAMi signaling in
PMNs thereby suppressing both constitutive and fMLP-
triggered O2

⋅−/ROS production. Antigenic recognition of
CD16 by anti-CD163G8 Fab/F(ab′)2 is unable to prime or
activate PMNs for intracellular O2

⋅−/ROS production.
In most cases in PMNs, targeting CD11b [Fab44] causes

“outside-in” signaling and generation of intracellular
H2O2/ROS [Fab/F(ab′)2OKM1]. Antigenic recognition of both
CD11b/CD18 subunits by F(ab′)2IB4 stimulates Ca2+ mobili-
zation in the similar extent as the whole IB4 antibody. In
PMNs, antibody-dependent [anti-CD11bmIgG1/mIgG2a] asso-
ciation of CD11b/CD18 with CD32 or CD64 without cross-
linking (clustering) does not induce sufficient Ca2+

mobilization and intracellular O2
⋅−/ROS production. Thus,
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nonagonistic targeting CD11b followed by its association
with CD32 is not enough to activate PMNs for significant
H2O2/ROS generation but it takes place when CD11b will
be targeted by agonistic antibody followed by CD32 engage-
ment. A high sensitivity of CD11b/CD18 to environmental
stimuli including antibodies and its ability to initiate
“inside-out” signaling makes CD11b/CD18 not an appropri-
ate target for “antibody”-based therapy even if anti-CD11b
Fab/F(ab′)2 fragments would be used.

By contrast to CD11b/CD18, targeting CD14 by Fab or
F(ab′)2 fragments is the most appropriate and safe approach
for “antibody”-based therapy for LPS-induced deleterious
effects even when innate immune cells are primed by PAMPs
or endogenous priming molecules. A similar conclusion can
be made accordingly targeting TLR4 by specific Fab/F(ab′)2
fragments. The effectiveness of anti-TLR4 Fab/F(ab′)2 frag-
ments further may be potentiated by simultaneous use
with anti-CD14 Fab/F(ab′)2. However, it is necessary to
kept in mind that partial TLR4 blockage may cause the
better therapeutic effect since certain TLR4 activation is
required for development of the adaptive immune
responses. Anti-TLR4 antibody is able to interfere with
TLR4 binding to LPS·MD-2 thereby preventing TLR4
dimerization in addition to engagement of CD32 and
CD64 signaling pathways.

In light of the data presented and based on our own
observations [12, 13, 14], we can conclude that only anti-
CD14UCHM-1FcmIgG2a but neither anti-TLR4HTA125FcmIgG2a

nor anti-CD11bICRF44FcmIgG1 antibodies are able to prevent
significantly LPS-induced PMN priming for fMLP-triggered
O2

⋅−/ROS generation. Therefore, we confirm that CD14 is
really the main TLR4 gatekeeper. We believe that anti-
CD14 Fab/F(ab′)2 fragments will be very suitable for clinical
use and could improve outcomes during LPS-initiated
inflammation.
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Ferroptosis is a form of oxidative cell death and has become a chemotherapeutic target for cancer treatment. Curcumin (CUR), a well-
known cancer inhibitor, significantly inhibits the viability of breast cancer cells. Through transcriptomic analysis and flow cytometry
experiments, it was found that after 48 hours of treatment of breast cancer cells at its half maximal inhibitory concentration (IC50),
curcumin suppressed the viability of cancer cells via induction of ferroptotic death. Use of the ferroptosis inhibitor ferrostatin-1 and
the iron chelator deferoxamine rescued cell death induced by curcumin. Furthermore, in subsequent cell validation experiments, the
results showed that curcumin caused marked accumulation of intracellular iron, reactive oxygen species, lipid peroxides, and
malondialdehyde, while glutathione levels were significantly downregulated. These changes are all manifestations of ferroptosis.
Curcumin upregulates a variety of ferroptosis target genes related to redox regulation, especially heme oxygenase-1 (HO-1). Using
the specific inhibitor zinc protoporphyrin 9 (ZnPP) to confirm the above experimental results showed that compared to the
curcumin treatment group, treatment with ZnPP not only significantly improved cell viability but also reduced the accumulation of
intracellular iron ions and other ferroptosis-related phenomena. Therefore, these data demonstrate that curcumin triggers the
molecular and cytological characteristics of ferroptosis in breast cancer cells, and HO-1 promotes curcumin-induced ferroptosis.

1. Introduction

Breast cancer is the most common invasive cancer in women
and the second most common cause of death [1]. Globally,
approximately 2.1 million new breast cancer cases were diag-
nosed in 2018, accounting for one-quarter of cancer cases in
women [2]. According to the North American Association of
Central Cancer Registries (NAACCR) criteria, the breast
cancer subtypes are defined as HR+/HER2-, HR+/HER2+,
HR-/HER2+, and HR-/HER2- [3]. Due to the poor prognosis
and tumor heterogeneity of breast cancer, no clear molecular

target has been identified, making the recovery of breast can-
cer patients very challenging [4]. In addition, fewer than 30%
of women with metastatic triple negative breast cancer
(TNBC) survive 5 years [5]. Therefore, in addition to the
known effective molecular targets of classical chemotherapy
treatment, the search for new targets among natural drugs
with extensive anticancer effects is expected to become a fea-
sible strategy for the safe treatment of breast cancer [6].

Curcumin has been widely and safely consumed for hun-
dreds of years as a natural food color, and preclinical studies
have shown its potential applications in both pharmacology
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and cancer treatment [7]. Curcumin was first discovered by
Vogel and Pelletier in turmeric rhizomes (turmeric) and is
chemically referred to as diferuloylmethane [8]. Previous
studies have shown that curcumin has antiproliferative and
proapoptotic effects in pancreatic cancer cells [9], prostate
cancer cells [10], and malignant mesothelioma cell lines
[11]. Curcumin not only effectively removes active oxygen
but also activates antioxidant response elements to inhibit
active oxygen-induced lipid peroxidation [12]. Interestingly,
it has been shown that curcumin inhibits the production of
reactive oxygen species at low concentrations but induces
the production of reactive oxygen species at high concentra-
tions [13]. Depending on the cell type, curcumin may exhibit
both antioxidant and prooxidant effects [14]. In addition,
numerous studies have shown that curcumin upregulates
the expression of HO-1 in a variety of cells. Shi and Li
showed that HO-1 expression was upregulated in a dose-
and time-dependent manner after treatment of neuroblas-
toma with curcumin [15]. Recent studies have shown that
upregulation of HO-1 promotes the degradation of heme
and the synthesis of ferritin, altering the iron distribution in
cells. Enhanced HO-1 expression can increase or induce fer-
roptosis by promoting iron accumulation and reactive oxygen
species (ROS) production [16], which means that curcumin is
closely related to ferroptosis through its effects on HO-1.

Inducing direct cytotoxicity in cancer cells is one of the
main goals of anticancer treatments. In general, apoptosis is
considered the major form of cytotoxicity and is through to
be required for tumor regression and sustained clinical remis-
sion [17]. Ferroptosis is a unique iron-dependent form of non-
apoptotic cell death characterized by the accumulation of
intracellular iron, which leads to the overproduction of ROS,
decreased glutathione (GSH) levels, and lipid peroxidation
[18, 19]. Recently, regulating mast cell processes has been used
in a chemotherapy-based strategy for cancer treatment, and
several drugs have been shown to trigger cell ferroptosis by
acting on system Xc

-, glutathione peroxidase 4 (GPX4), and
ferritin degradation through autophagy [20, 21]. Interestingly,
curcumin can regulate the intracellular redox response and, as
explained above, also induces the high HO-1 expression in
cells, which may cause changes in intracellular ferritin. There-
fore, a discussion of whether the anticancer effects of curcu-
min are the basis for induction of ferroptosis is worthwhile.

Curcumin affects a variety of molecular targets and sig-
naling pathways, and bioavailability-enhanced curcumin
preparations are administered to patients with breast cancer,
in whom they have been observed to inhibit systemic inflam-
mation and significantly improve the quality of life in these
patients [11]. Therefore, the purpose of this study was to
accurately assess the possible gene pathways targeted by cur-
cumin in breast cancer cells using RNA sequencing and bio-
informatics analysis and to explore and validate the
therapeutic potential of curcumin in representative major
breast cancer cell lines.

2. Materials and Methods

2.1. Chemicals and Reagents. Antimycotics (#15240062), fetal
bovine serum (FBS, #10091148), RPMI 1640 medium

(#A1049101), and Dulbecco’s modified Eagle’s high glucose
medium (#11965118) were purchased from HyClone
(HyClone, Logan, UT, USA). Cell Counting Kit-8 (CCK-8,
#CK04) was obtained from Dojindo (Dojindo Laboratories,
Kumamoto, Japan). The malondialdehyde (MDA) assay kit
(#A003-1-2) and reduced glutathione (GSH) assay kit
(#A006-2-1) were purchased from Jiancheng (Jiancheng,
Nanjing, China). The DAPI staining solution kit (#MA0127)
and zinc protoporphyrin-9 (#MB4231) were purchased from
Meilui (Meilui, Dalian, China). Liperfluo (#L248) was pur-
chased from Dojindo (Dojindo Laboratories, Shanghai,
China). 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-
DA, #S0033S), Annexin V (#C1062M-1), and Propidium
Iodide (PI, #C1062M-3) were purchased from Beyotime
(Beyotime, Shanghai, China). For western blot analysis, anti-
bodies against HO-1 (#ab13243), GPX4 (#ab40993), Nrf2
(#ab137550), and β-actin (#ab8226) were purchased from
Abcam (Abcam, Cambridge, MA). The Iron Assay Kit
(#MAK025), dimethyl sulfoxide (DMSO, #D2650), curcumin
(#C1386), z-VAD-fmk (#V116), ferrostatin-1 (#SML0583),
and deferoxamine (#D9533) were purchased from Sigma
(Sigma, St Louis, USA). These compounds were dissolved in
DMSO (at final concentrations less than 0.1% (v/v)).

2.2. Cell Culture. The breast cancer cells used in this study
were obtained from American type culture collection
(ATCC). The human breast adenocarcinoma-derived MCF-
7 cell line was cultured in Dulbecco’s modified Eagle’s high
glucose medium supplemented with 10% FBS, 100 UI/mL
penicillin, and 100μg/mL streptomycin. The human TNBC
cell line MDA-MB-231 was cultured in RPMI 1640 medium
supplemented with 10% FBS, 100 UI/mL penicillin,
100μg/mL streptomycin, and 2mM glutamine. Cells were
maintained in a humidified incubator at 37°C and 5% CO2.
Cultures were tested periodically and confirmed to be myco-
plasma-free.

2.3. Treatment Methods for Cells. Curcumin was dissolved in
DMSO at a concentration of 50mM for storage and diluted
to specific concentrations in cell culture medium for cell
treatments. ZnPP was dissolved in DMSO to a concentration
of 6mM and diluted to 10μM in cell culture medium for cell
treatments. The final concentration of DMSO in the above-
prepared treatment solutions was less than 0.1% (v/v). Dur-
ing treatment, the same volume of DMSO was added to the
control groups. The curcumin stock solution was diluted in
cell culture medium to concentrations of 5, 10, 20, 40, 60,
80, 100, 120, and140μM, and the same volume of DMSO
was added to the control groups. When the confluence of
breast cancer cells in the culture dish reached more than
80%, cell viability was tested after 48 hours of treatment with
the above concentrations. The IC20 and IC50 values were
calculated using GraphPad Prism7.0.

2.4. Treatment Method of Inhibitor. Culture the cells in a 6-
well plate, and when the degree of polymerization of the cells
in the culture dish reaches 80%, preincubate the breast cancer
cells with 50μM z-VAD-fmk, 1μM ferrostatin-1, and 50μM
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deferoxamine, respectively, for 2 h. Then, the cells were
treated with curcumin at IC50 concentration for 24 h or 48 h.

2.5. Cell Viability Assay. Cell viability was determined by the
Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan). Cells
were seeded into 96-well plates at a density of 0:2 × 104 cells
per well, and after curcumin treatment of breast cancer cells
for 24 h or 48 h, 10μL CCK-8 reagent was added to each well.
Plates were incubated for 1 hour at 37°C, and the absorbance
value (OD) of each well was measured at 450nm according to
the manufacturer’s instructions.

2.6. RNA Sequencing. MCF-7 cells were treated with vehicle
or 40μM curcumin for 48h, and MCF-MB-231 cells were
treated with vehicle or 50μM curcumin for 48h. Breast can-
cer cells were collected and washed with cold PBS twice.
According to the TriPure protocol, total RNA was extracted
and resuspended in diethyl pyrocarbonate. After validating
its integrity and purity, qualifying RNA was subjected to
PCR amplification for the construction of a cDNA library.
Raw data were filtered to remove low-quality sequences that
might affect data quality and subsequent analysis. The cDNA
library was sequenced using an Illumina HiSeq™ 300 plat-
form. Raw sequence data were filtered using HISAT to
remove low-quality sequences and adaptor reads. After qual-
ity trimming, Bowtie (1.1.2) was used to map pure reads to
the V. vinifera reference genome using standard mapping
parameters. Data that could be mapped to the reference
genome were >100 bp in length and contained <2 mis-
matched reads. SAM tools and BamIndexStats were used to
calculate the gene expression and reads per kilobase per mil-
lion (RPKM). Gene expression annotation was performed
using the Cufflinks software, and all the parameters were
set to default values. The BioProject accession of this study
is PRJNA613560.

2.7. K-Means Heat Map Clustering and Pathway Enrichment
Analyses. K-Means heat map clustering was performed using
the IDEP website (http://bioinformatics.sdstate.edu/idep/).
KEGG pathway enrichment analyses were performed to
determine upregulated and downregulated genes in each
comparison group from the heat map cluster using the Clus-
terProfiler package [22].

2.8. Gene Set Enrichment Analysis (GSEA) and PPI Network
Diagrams. GSEA analysis was based on NetworkAnalyst, an
integrative approach for protein–protein interaction network
analysis and visual exploration, and the GSEA results were
used to correlate the gene signature with the effects of curcu-
min. The normalized enrichment score (NES) is the primary
statistic for examining gene set enrichment analysis results,
and the nominal P value estimates the significance of the
enrichment score. A gene set with a nominal P ≤ 0:05 was
considered to be significantly enriched in the genes identi-
fied. PPI network diagrams were generated using the Cytos-
cape 3.7.2 software for visualization and analysis of
biological networks.

2.9. Staining with Annexin V and PI. Ferroptosis was assessed
following the method described by Chen et al. [23]. After

treatments, cells were collected and stained with Annexin
V-FITC reagent and PI followed by analysis by flow cytome-
try. The percentage of dead cells was quantified using the
FlowJo 10.5 software.

2.10. Fluorescence Measurements of Intracellular Oxidants.
DCFH-DA was used to detect ROS production in cells. The
fluorescence of each labelled penetrant significantly
increased after oxidation in cells. DCFH-DA was dissolved
in dimethyl sulfoxide (DMSO) and stored at -20°C in a
10mM stock solution. MCF-7 cells and MDA-MB-231 cells
were cultured with curcumin for 48h, incubated with
10μM DCFH-DA for 30 minutes, washed 3 times with
PBS, and immediately observed and imaged using a fluores-
cence microscope.

2.11. Measurement of MDA, Total Iron, and GSH Content.
The cellular MDA, total iron, and GSH contents were deter-
mined using commercial kits. The MDA level is expressed as
nmol/mg protein in relation to the cellular protein concen-
tration. The GSH level is expressed as μmol/gprot protein
in relation to the cellular protein concentration.

2.12. Cell Morphology Observation. FITC fluorescent
substance-labeled phalloidin specifically binds to F-actin in
eukaryotic cells, thereby showing the distribution of the
microfilament skeleton in the cell. Three days before being
stained, cells were cultured on sterile glass coverslips. The
coverslips were fixed with a 4% formaldehyde solution for
10 minutes, permeabilized with a 0.5% Triton X-100 solution
for 5 minutes, and then incubated with FITC-labeled phalloi-
din in the dark for 30 minutes at room temperature. Cells
were washed 3 times with PBS, and then, nuclei were coun-
terstained for 30 seconds using a 100nM DAPI solution,
washed with PBS, inverted on a glass slide containing a drop
of a Fluoromount-GTM water-soluble sealing solution, and
permanently sealed with nail polish. Fluorescence was
observed under a fluorescence microscope.

2.13. Detection of Lipid Peroxides in Cells. The Spy-LHP ana-
logue Liperfluo was used for lipid peroxide detection. In
organic solvents, such as ethanol, the specific oxidation of
lipid peroxides causes intense fluorescence emission. The
oxidized form shows little fluorescence in aqueous solution
but produces strong fluorescence in fat-soluble fractions,
such as cell membranes. Therefore, Liperfluo can be used
for fluorescence imaging of lipid peroxides in living cells.
First, 60μL DMSO was added to a test tube containing
50μg Liperfluo and uniformly mixed to prepare a Liperfluo
solution at a concentration of 1mmol/L. Then, 2μL of the
Liperfluo solution was added to each well of a six-well plate
and incubated for 30 minutes at 37°C in the dark. Cells were
examined using a fluorescence microscope.

2.14. RNA Isolation and Quantitative Real-Time PCR. MCF-
7 cells were randomly divided into two groups: the control
and 40μM curcumin-treated groups. MDA-MB-231 cells
were randomly divided into two groups: the control and
50μM curcumin-treated groups. Tested according to the
methods of this laboratory, total RNA was isolated using
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TriPure isolation reagent (Roche, Mannheim, Germany),
and DNA was removed from samples using DNase I
(TaKaRa, Shiga, Japan). The purity of the isolated RNA was
determined using a Nanodrop-2000 system (Thermo). RNA
samples were used to prepare cDNA using a reverse tran-
scriptase kit. Ten microliters of cDNA was analyzed using
the SYBR Green PCR kit and a real-time fluorescence quan-
tifier. The list of primers used for sequence validation is pre-
sented in the Supplement File (for the details of the primers
used for sequence verification, please refer to Table 1 in the
supplementary document). The primer pairs and probes
were designed using the Primer3 software according to the
recommendations described therein, and their specificity
was determined with the Primer-BLAST program. Three
analyses were performed for each sample. PCR was
performed under the following conditions: 95°C for 10
minutes, 35 cycles at 95°C for 15 s, 60°C for 20 s, and 72°C
for 30 s. Melting curve analysis confirmed the specificity of
the amplification. The fold change of the target gene
expression was normalized by the 2-fold abundance of β-
actin mRNA-ΔΔCt method.

2.15. Western Blot Analysis. Cells were extracted as lysates,
and 20μg protein from each sample was subjected to 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were transferred to a
nitrocellulose membrane (NC) filters (Pall, BioTrace NT,
USA) and blocked with 5% skim milk in TBST (10mmol/L
Tris-HCl (pH8.0), 150mmol/L NaCl, and 0.1% Tween 20)
at RT for 2 hours. The membranes were washed one time
with TBST buffer and incubated with a suitable primary rab-
bit antibody (1 : 1000) specific for HO-1, GPX4, or Nrf2 at
4°C overnight. After washing four times with TBST, the
immunoblotted membranes were incubated with a horserad-
ish peroxidase-labeled goat antirabbit IgG-conjugated sec-
ondary antibody for 2 hours at room temperature. Finally,
using a Pierce ECL substrate (Thermo Scientific, Waltham,
Massachusetts, USA), protein bands were imaged on a
chemiluminescence imaging analyzer (Tanon 5200, Shang-
hai, China).

2.16. Statistical Analysis. All experiments were performed
independently at least three times, and the data are expressed
as themean ± standard error of themean (SEM). The Graph-
Pad PRISM software (Windows 5.02; GraphPad Software,
Inc.) was used to test the significance of the data by the inde-
pendent sample t-test, the statistical method for the treat-
ment group using ZnPP used one-way analysis of variance,
and P < 0:05 was deemed a statistically significant difference.

3. Results

3.1. Breast Cancer Cell Viability Is Inhibited by Curcumin
Treatment. We first examined the effect of curcumin on
breast cancer cell proliferation. Cell viability was used as a
measure of cell proliferation. We treated breast cancer cells
with curcumin at the same concentration gradient for 24 h
and 48h. After 24 hours of treatment, the IC50 values of cur-
cumin in MCF-7 and MDA-MB-231 cells were approxi-

mately 101.3μM and 87.42μM, respectively (Figure 1(a)).
After 48 h of treatment, the IC50 values of curcumin in
MCF-7 and MDA-MB-231 cells were approximately
41.90μM and 53.51μM, respectively (Figure 1(b)). The
research results of Ali et al. show that the IC50 value of cur-
cumin at 24 h in human normal breast epithelial MCF-10A
cells is approximately 190μM, and the IC50 value at 48 h is
approximately 114μM [24]. Therefore, we selected the IC50
value of curcumin after 48 hours of breast cancer cell treat-
ment for subsequent experiments. This choice allowed us to
obtain sufficient biological information with less toxicity to
and fewer side effects in normal breast epithelial cells, thereby
laying a good foundation for studying the clinical anticancer
effects of curcumin. Phalloidin staining was used to observe
changes in cell morphology after 48 h of curcumin treatment.
As shown in Figure 1(c), curcumin treatment caused signifi-
cant changes in the morphology of breast cancer cells. The
cell shape was significantly rounded, and the volume was
greatly reduced.

3.2. Transcriptomic Analysis of the Effects of Curcumin on
Breast Cancer Cells. To systematically investigate the biolog-
ical processes underlying the inhibition of breast cancer cell
proliferation by curcumin, we sequenced the above
curcumin-treated breast cancer cells by transcriptome
sequencing. The results of the differential expression analysis
revealed that a total of 2740 genes were upregulated, and
3893 genes were downregulated in the MCF-7 cell line, while
in the MDA-MB-231 cell line, 4619 genes were upregulated,
and 1964 genes were downregulated (Figures 2(a) and 2(b)).
To further explore the key pathways shared by the two cell
lines, we performed K-means clustering analysis. The results
suggested that 3000 differentially expressed genes in the four
groups formed three clusters. Cluster A is a specific upregu-
lated gene groups (NC+curcumin) in the MCF-7 cell line,
and Cluster C is a specific upregulated gene groups
(NC+ curcumin) in the MDA-MB-231 cell line. Cluster B is
responsible for the genome of curcumin treatment effect
(MDA-MB-231-curcumin+MCF7-curcumin). Therefore,
we only focused on the signal pathways enriched in Cluster
B; among them, the pathway with the highest enrichment
ratio is ferroptosis, as shown in Figure 2(c).

3.3. Ferroptosis Network Analysis of Breast Cancer Cells
Treated with Curcumin. We generated a GSEA heat map
based on analysis of the ferroptotic pathway form the results
of the pathway enrichment analysis determined through Net-
workAnalyst. As shown in Figure 3(a), we found that after
treatment with curcumin at a specified concentration,
MCF-7 cells exhibited greater gene activation than MDA-
MB-231 cells, and the GSEA plots showed that the ferroptotic
pathways in both cell lines were upregulated. Next, 14 curcu-
min targets were identified in the ferroptotic pathway
according to the comparative toxicogenomics databa-
se(CTD), and in MCF-7 and MDA-MB-231 cells, these tar-
gets presented the same expression trends (Figures 3(b) and
3(c)). We used Cytoscape to construct a target gene interac-
tion network diagram of curcumin in these ferroptotic path-
ways. Using the STRING database, we found that curcumin
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not only directly activates HO-1 but also upregulates its
expression by activating nuclear factor-E2-related factor 2
(Nrf2). In addition, Nrf2 inhibits the expression of GPX4
(Figure 3(d)).The KEGG pathway analysis results indicated
that the upregulation of HO-1 and downregulation of
GPX4 directly trigger ROS production and that ferroptosis
depends on the cytotoxicity induced by ROS (Figure 3(e)).

3.4. Curcumin Causes Iron Accumulation in Breast Cancer
Cells to Induce Ferroptosis. To confirm the validity of ferrop-
tosis as the main cause of cell death, various pharmacological
inhibitors of apoptosis (z-VAD-fmk) and ferroptosis (ferros-
tatin-1 and deferoxamine) were used to define the type of cell
death induced by curcumin. As shown in Figure 4(a), when

cells were treated with curcumin at the IC50 concentration,
cell death induced by curcumin was significantly reduced in
the presence of ferrostatin-1 and deferoxamine, but z-
VAD-fmk had no such effect. At the same time, when the
IC20 concentration of curcumin was used to treat cells, none
of the pharmacological inhibitors had a significant effect on
cell death induced by curcumin. Cell death was also deter-
mined by Annexin V/PI and analyzed by flow cytometry
[23]. As shown in Figures 4(b) and 4(c), curcumin signifi-
cantly increased the PI positive cell population but had little
effect on Annexin V staining. The addition of ferrostatin-
1and deferoxamine effectively suppressed curcumin-
induced cell death. Next, we used the intracellular iron detec-
tion kit to further assess the changes in the total iron
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Figure 1: Breast cancer cell viability is inhibited by curcumin treatment. (a) Curcumin effectively inhibits the cell viability of cancer cells.
Cancer cells were treated with the indicated concentrations of curcumin for 24 h. Cell viability was measured by the CCK-8 assay. Each
point represents the mean value of three independent determinations; the error bars represent the SEM. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P <
0:001, compared to controls (MCF-7 cells). #P < 0:05; ##P < 0:01; ###P < 0:001, compared to controls (MDA-MB-231 cells). (b) Curcumin
effectively inhibits the cell viability of cancer cells. Cancer cells were treated with the indicated concentrations of curcumin for 48 h. Cell
viability was measured by the CCK-8 assay. Each point represents the mean value of three independent determinations; the error bars
represent the SEM. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001, compared to controls (MCF-7 cells). #P < 0:05; ##P < 0:01; ###P < 0:001, compared
to controls (MDA-MB-231 cells). (c) MCF-7 cells were treated with 40μM curcumin for 48 h (CUR), and MCF-MB-231 cells were treated
with 50 μM curcumin for 48 h (CUR), with the control groups (CON) receiving the same volume of DMSO (curcumin solvent) as the
treatment groups, and cell morphology was imaged using a fluorescence microscope (scale bar represents 100 μm). Representative images
from three independent experiments are shown. All the CON groups treated above received the same volume of reagent solvent as the
treatment groups.
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Figure 2: Differential expression and heat map hierarchical clustering analysis. (a, b) Volcano plots of the transcription levels of genes in
control and 40 μM curcumin-treated MCF-7 cells. Volcano plots of the transcription levels of genes in control and 50 μM curcumin-
treated MDA-MB-231 cells. (c) Differentially upregulated genes are defined by their fold change (log 2fold change > 1) and FDR
(−log 10FDR > 1). (c) K-Means heat map hierarchical clustering and KEGG pathway enrichment analysis of the top 3000 DEGs among
the 4 groups. The sequence of the enriched pathways represents the degree of enrichment. The area of each spot represents the number of
genes contained in the pathway.
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Figure 3: Continued.
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concentration in breast cancer cells after curcumin treat-
ment. As shown in Figure 4(d), after 48 h of treatment with
curcumin at the IC50 concentration, the total iron content
of the cells was significantly increased, but there was no sig-
nificant change at the IC20 concentration. These results indi-
cate that the primary form of cell death caused by treatment

of cells with the IC50 concentration of curcumin for 48 h can
be attributed to ferroptosis.

3.5. RT-qPCR and Western Blotting Results Validate the RNA
and Redox Proteins Related to the Ferroptotic Pathway. We
next examined the gene expression associated with cellular
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Figure 3: Ferroptosis network analysis of breast cancer cells treated with curcumin. (a) GSEA heat map analysis showing the ferroptotic
pathway. Interactive heat map (GSEA) analysis was provided by NetworkAnalyst (https://www.networkanalyst.ca/NetworkAnalyst/home
.xhtml). The value of 0-30 on the color scale bar of the heat map does not represent the relative fold change degree; each value is ranked
on DE method used; the minimum value is 0, and the maximum value is 30, which has been explained by the literature provided by the
official website [25]. (b, c) GSEA results based on KEGG pathways with enriched genes, indicating that the ferroptotic signaling pathway
was upregulated by curcumin in both cell lines. (d) Cytoscape was used to construct a target gene interaction network diagram showing
the ferroptotic pathways affected by curcumin according to the STRING database. (e) The ferroptotic pathway model was obtained from
the KEGG pathway analysis results. The green boxes indicate genes that were downregulated by curcumin treatment. The red boxes
indicate genes that were upregulated by curcumin treatment.
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Figure 4: Curcumin causes iron accumulation in breast cancer cells to induce ferroptosis. (a) Cancer cells were preincubated with various
inhibitors, z-VAD-fmk (VAD, 50μM), ferrostatin-1 (Ferro, 1μM), or deferoxamine (DFO, 50μM), for 2 h followed by curcumin (IC50)
treatment for 48 h. Cell viability was assessed by the CCK-8 assay. All values are the mean ± SEM of three independent experiments. ∗∗P
< 0:01; ∗∗∗P < 0:001, compared to CUR (curcumin) alone. NS: no significant difference compared to CUR (curcumin) alone. (b) Cancer
cells were preincubated with various inhibitors, ferrostatin-1 (Ferro, 1 μM), or deferoxamine (DFO, 50 μM), for 2 h followed by curcumin
(MCF-7: 40μM, MDA-MB-231: 50 μM) treatment for 48 h. Cell death was assessed by Annexin V/PI staining. For Annexin V/PI staining,
cells were collected, and the proportion of PI positive cells (dead) was determined by flow cytometry. Q1: nonapoptotic or ferroptotic cells
(Annexin V negative/PI positive); Q2: late apoptotic and early necrotic cells (Annexin V positive/PI positive); Q3: early apoptotic cells
(Annexin V positive/PI negative); Q4: viable cells (Annexin V negative/PI negative). (c) Use the FlowJo 10.5 software to perform statistical
analysis on the experimental results of (b). All values are the mean ± SEM of three independent experiments. ∗∗∗P < 0:001, compared to
CUR (curcumin) alone (MCF-7 cells). ###P < 0:001, compared to CUR (curcumin) alone (MDA-MB-231 cells). (d) After treating both cell
lines with the IC20 (MCF-7: 14μm, MDA-MB-231: 24μm) and IC50 concentrations of curcumin for 48 h, the changes in the intracellular
iron levels were measured according to the instructions of the kit. All the values are the mean ± SEM of three independent experiments. ∗

P < 0:05; ∗∗P < 0:01, compared to CON (control) alone. All the CON (control) groups treated above received the same volume of reagent
solvent as the treatment groups.
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redox reactions, intracellular iron homeostasis, autophagy,
and endoplasmic reticulum stress, as shown in Figures 5(a)
and 5(b), which have been shown to respond to ferroptotic
agents. Curcumin upregulates genes involved in oxidative
stress and ER stress, including HO-1, heat shock 70 kDa pro-
tein 5 (HSPA5), activating transcription factor 4 (ATF4), and
DNA damage inducible transcript 3 (DDIT3). Curcumin also
induced transcription factors, including BTB domain and
CNC homolog 1 (BACH1), v-rel reticuloendotheliosis viral
oncogene homolog A (RELA), upstream transcription factor
1 (USF1), NFE2-related factor 2 (NFE2L2), and the
autophagy-related gene beclin 1 (BECN1). Cellular redox
regulation and autophagy pathways were also responsive to
curcumin, including glutamate-cysteine ligase catalytic sub-
unit (GCLC), sequestosome 1 (SQSTM1), and X-box binding
protein 1 (XBP1). At the same time, curcumin treatment
caused a decrease in the GPX4 gene expression in both cells.
The intracellular iron content is affected by the transferrin
receptor and iron transporter. Studies have shown that the
amount of intracellular transferrin is positively correlated
with the degree of ferroptosis [26]. Curcumin upregulated
FTL (encoding ferritin light chain), FTH1 (encoding ferritin
heavy chain), and TFRC (encoding transferrin receptor) in
MDA-MB-231 cells (Figure 5(b)). In MCF-7 cells, FTH1
and FTL were upregulated (Figure 5(a)).

Next, we used western blotting to determine the expres-
sion levels of GPX4, HO-1, and Nrf2 in both cell lines in
response to curcumin treatment for 48 hours. The results
showed that GPX4 was significantly downregulated com-
pared its level in the control group (Figures 5(c) and 5(d)).
HO-1 and Nrf2 were significantly upregulated compared
with their levels in the control group (Figures 5(c)–5(f)),
and Figures 5(c)–5(e) show that HO-1 in MCF-7 cells was
upregulated to a greater extent than in MDA-MB-231 cells.

3.6. Curcumin Induces ROS Production in the Breast Cancer
Cells. Ferroptosis cytotoxicity depends on ROS. To investi-
gate whether upregulation of the HO-1 expression and
downregulation of the GPX4expression cause inevitable
ROS generation in the ferroptotic pathway, using DCFH-
DA staining, we examined the intracellular ROS content after
48 hours of curcumin treatment. As shown in Figures 6(a)
and 6(b), the ROS content inMCF-7 andMDA-MB-231 cells
was significantly increased in response to curcumin treat-
ment compared to the control group. At the same time, ZnPP
treatment significantly prevented the increase in ROS levels
caused by curcumin.

3.7. Marked Upregulation of HO-1 Is the Primary Factor for
Curcumin-Induced Ferroptosis. To determine whether HO-
1 is a key gene for curcumin-induced ferroptosis, we used a
specific inhibitor of HO-1. The use of ZnPP to verify the role
of HO-1 in cell ferroptosis has proven very effective [27].
Treatment with ZnPP effectively alleviated curcumin-
induced cancer cell death, as shown in Figure 7(a). ZnPP also
significantly reduced the intracellular iron accumulation
induced by curcumin (Figure 7(b)). In addition, for live cell
imaging, we used Liperfluo (L248), which reduces lipid
hydrogen peroxide to its hydroxyl homologues, producing

fluorescent products. Liperfluo fluorescence reliably reflects
intracellular sites of lipid hydroperoxide accumulation [28].
We found that breast cancer cells accumulated lipid-
reactive lipid hydrogen peroxide for 48 hours after curcumin
treatment. The accumulation of lipid hydroperoxide, as
shown in these cells, is considered the primary feature of fer-
roptosis. Subsequently, accumulation of lipid hydroperoxide
was partially inhibited by ZnPP (Figures 7(c) and 7(d)). GSH
is an important reducing agent involved in cellular redox
reactions and participates in the ferroptotic pathway. Treat-
ment with curcumin caused significant inhibition of the
intracellular GSH levels, but treatment with ZnPP reversed
this phenomenon (Figure 7(e)). Free radicals induce lipid
peroxidation, and the final oxidation product is malonalde-
hyde, which is cytotoxic. After curcumin treatment of breast
cancer cells for 48 hours, the intracellular MDA content was
significantly increased, and compared to the curcumin treat-
ment group, ZnPP treatment significantly reduced the MDA
content (Figure 7(f)). Taken together, these results indicate
that in response to ZnPP inhibition of HO-1, curcumin-
induced breast cancer cell death and cell lipid peroxidation
are significantly attenuated, and the intracellular glutathione
levels are increased. Therefore, HO-1 plays a significant role
in promoting curcumin-induced breast cancer cell
ferroptosis.

4. Discussion

In general, the consumption of curcumin is considered safe
and healthy. As per JECFA (The Joint FAO/WHO Expert
Committee on Food Additives) and EFSA (European Food
Safety Authority) reports, the adequate daily intake value of
curcumin is from 0-3mg·kg−1 [29, 30]. According to the
results of Ramachandran et al., MCF-7 cells are more sensi-
tive to curcumin than normal human breast epithelial cells
(MCF-10A). After curcumin treatment, MCF-10A cells
break down curcumin and retain relatively little drug in the
medium, thereby reducing the cytotoxic effect of MCF-10A
cells. Curcumin induced a significantly higher percentage of
Annexin V positive apoptotic cells in MCF-7 than in MCF-
10A cells. In addition, among the apoptosis-related genes
identified by microarray hybridization, curcumin treatment
of MCF-7 cells upregulated apoptosis regulatory factors,
including Bcl-w, caspase-2 precursor, caspase-3, and
caspase-4. However, curcumin-induced gene expression
changes were significantly reduced in MCF-10A cells, and
the changes were always less than 2-fold [31]. These results
indicate that curcumin induces breast cancer cell apoptosis
while having relatively few side effects on human normal
breast epithelial cells.

In this study, RNA was sequenced and quantified from
breast cancer cells with and without curcumin treatment.
Bioinformatics analysis after RNA sequencing showed that
both the apoptotic and ferroptotic pathways were enriched
by KEGG pathway analysis (Figure 2(c)). However, it can
be seen in the figure that the degree of enrichment of the fer-
roptotic pathway was greater than the apoptosis pathway. To
further clarify the form of cell death caused by treatment of
cells with the IC50 concentration of curcumin for 48 hours,

10 Oxidative Medicine and Cellular Longevity



⁎
⁎

⁎
⁎
⁎
⁎

⁎
⁎
⁎

⁎

⁎

⁎
⁎

⁎
⁎ ⁎ ⁎

⁎ ⁎
⁎
⁎ ⁎

⁎
⁎
⁎

#
#
#

#
#
# #

#
#

#
#
#

#
#
# #

#
#

#
#
#

#
#
# #

#
#

#
#
#

#
#
#

#
#
#

#
#

#

#
#

Re
la

tiv
e e

xp
re

ss
io

n 
(lo

g2
)

H
O

–1

D
D

IT
3

FT
L

MCF-7

SQ
ST

M
1

FT
H

1

BA
CH

1

H
SP

A
5

G
CL

C

A
TF

4

N
FE

2L
2

RE
LA

U
SF

1

V
D

A
C2

BE
CN

1

G
PX

4

–2

–4

0

2

4

6

8

Sequencing sample
RT-qPCR sample

(a)

Sequencing sample
RT-qPCR sample

⁎
⁎
⁎

⁎

⁎
⁎
⁎

⁎
⁎
⁎

⁎
⁎
⁎

⁎
⁎

⁎
⁎

⁎
⁎

⁎

⁎ ⁎

⁎
⁎

⁎
⁎ ⁎

⁎
⁎

⁎
⁎

#
#
# #

#
# #

#
#

#
#
# #

#
#

#
#
#

#
#
#

#
#
#

#
#
#

#
#
#

#
#
#

#
#
# #

#
#

#
#
#

#
# #

#

#
#
#

MDA-MB-231

Re
la

tiv
e e

xp
re

ss
io

n 
(lo

g2
)

–2

H
O

–1

D
D

IT
3

FT
L

SQ
ST

M
1

TF
RC

FT
H

1

V
D

A
C2

A
TF

4

H
SP

A
5

XB
P1

BE
CN

1

U
SF

1

N
FE

2L
2

RE
LA

G
CL

C

BA
CH

1

G
PX

4

–1

0

1

2

3

4

5

(b)

MCF-7 MDA-MB-231
CON CUR CON CUR

GPX4 22 kDa

33 kDa

110 kDa

43 kDa

HO–1

Nrf2

𝛽-Actin

(c)

GPX4

MCF-7 MDA-MB-231

4

3

2

1

0

Re
la

tiv
e e

xp
re

ss
io

n

⁎⁎⁎

⁎⁎

CON
CUR

(d)

MCF-7 MDA-MB-231

4

3

2

1

0

Re
la

tiv
e e

xp
re

ss
io

n

CON
CUR

HO-1

⁎

⁎⁎⁎

(e)

Figure 5: Continued.
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apoptosis inhibitors and ferroptosis inhibitors were used
(Figure 4). The results showed that compared to the curcu-
min treatment group, the addition of ferroptosis inhibitors
significantly improved cell viability and inhibited cell death,
while apoptosis inhibitors had no such effect. Based on the
above data, it can be inferred that ferroptosis is the primary
pathway of death in this experiment. We conducted a series
of validation tests and found that cancer cells treated with
curcumin for 48 hours showed increased ROS levels and sig-
nificantly reduced GPX4, cell lipid peroxidation, and iron
accumulation levels. Class I ferroptotic inducers (e.g., erastin
and sulfasalazine) cause cellular GSH depletion and a redox
status imbalance [32]. Class II ferroptotic inducers, especially
GPX4 inhibitors (e.g., RSL3 and DPI derivatives), can cause
fatal levels of lipid peroxidation [33]. The results of our
experiments were consistent with the treatment results of
these recognized ferroptotic compounds. Therefore, we can
be certain that, in these experiments, curcumin-treated breast
cancer cells underwent ferroptosis.

An increasing number of studies have shown that HO-1
plays a key role in ferroptosis and plays a pathogenic role in
the development of many diseases [34, 35]. Patients with Alz-
heimer’s disease exhibit increased lipid peroxidation levels,
which may be related to increased HO-1 and iron accumula-
tion [36]. Several HO-1 inhibitors have been developed and

widely and effectively used. ZnPP is a heme analog composed
of protoporphyrin IX and metal Zn [37]. Due to its similar
chemical structure to heme, it is possible to competitively
inhibit enzymatic activity by occupying the heme binding site
of heme oxygenase. ZnPP has been widely used in studying
HO-1 in ferroptosis. In breast cancer cells, ZnPP not only
inhibits BAY-induced cell ferroptosis but also significantly
prevents the increase of unstable iron pools caused by BAY
and h-HO-1 overexpression [27]. The carcinogenic RAS
selective lethal small molecule erastin induces ferroptosis.
In HT-1080 fibrosarcoma cells, erastin induces the HO-1
expression in a time- and dose-dependent manner, and
erastin-induced cellular ferroptosis is inhibited by ZnPP in
a manner similar as ferrostatin-1, which has been identified
as an inhibitor of ferroptosis [28].

HO-1 is a rate-limiting enzyme in the degradation of
heme. Some studies have shown that the induction of HO-1
has antitumor activity. The induction of HO-1 in breast can-
cer suppressed proliferation and invasion through reducing
intracellular ROS [38, 39]. Overexpression of HO-1 in hepa-
tomas reduced cell migration and xenograft tumor growth
[40]. In addition, induction of HO-1 by chemopreventive
agents such as curcumin and sulforaphane inhibits tumori-
genesis via increasing antioxidant response genes [41, 42].
Heme can be degraded into bilirubin, CO, and Fe2+.
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Figure 5: RT-qPCR verification of RNA associated with the ferroptotic pathway. (a) Total RNA extracted from MCF-7 cells treated with
40μM curcumin (CUR) for 48 hours was analyzed by RT-qPCR for gene expression analysis. The expression levels of mRNA were
normalized to the level of β-actin. Each reported value represents the mean ± SEM from three independent experiments. ∗P < 0:05; ∗∗P <
0:01; ∗∗∗P < 0:001, compared to CON (control, RT-qPCR samples). #P < 0:05; ##P < 0:01; ###P < 0:001, compared to CON (control,
sequencing samples). (b) Total RNA extracted from MDA-MB-231 cells treated with 50μM curcumin (CUR) for 48 hours was analyzed
by RT-qPCR for gene expression analysis. The expression levels of mRNA were normalized to the level of β-actin. Each reported value
represents the mean ± SEM of three independent experiments. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001, compared to CON (control, RT-qPCR
samples). #P < 0:05; ##P < 0:01; ###P < 0:001, compared to CON (control, sequencing samples). (c) MCF-7 cells were treated with vehicle
or 40 μM curcumin for 48 h, and MCF-MB-231 cells were treated with vehicle or 50 μM curcumin for 48 h. Cells were then harvested for
the western blot analysis. The representative figure shows one of the three independent experiments. (d) Quantitative results for the GPX4
expression in breast cancer cells as determined from greyscale analysis of (c) using the ImageJ software. The results are expressed as the
means ± SEM of three independent experiments; ∗∗P < 0:01; ∗∗∗P < 0:001, compared to CON (control). (e) Quantitative results of the HO-
1 expression in breast cancer cells determined by greyscale analysis of (c) using the ImageJ software. The results are expressed as the
means ± SEM of three independent experiments; ∗P < 0:05; ∗∗∗P < 0:001, compared to CON (control). (f) Quantitative results of the Nrf2
expression in breast cancer cells determined by greyscale analysis of (c) using the ImageJ software. The results are expressed as the means
± SEM of three independent experiments; ∗∗∗P < 0:001, compared to CON (control). All CON (control) groups treated above received the
same volume of reagent solvent as the treatment groups.
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Upregulation of HO-1 enhances the degradation of heme
and the synthesis of ferritin, altering the intracellular iron
distribution [43]. Iron overload can promote Fenton reac-
tions and ROS production. Excessive ROS generation leads
to peroxidation and oxidative damage to neighboring lipids,
DNA, and proteins, eventually leading to ferroptosis [44].
The metabolism of iron in cells is regulated by related ferritin.
When the regulation capacity of ferritin is disturbed by
strong oxidative stress, it causes uncontrolled release of large
amounts of iron, eventually leading to excessive accumula-
tion of iron in the cell and subsequent lipid peroxidation
[45]. Activation of iron metabolism-related proteins pro-
motes the development of ferroptosis [26]. In our study, the
gene expression of the transferrin receptor and iron trans-
porter in breast cancer cells was significantly upregulated,
and cellular ROS and cellular lipid peroxidation were intensi-
fied. It can be concluded that overexpression of HO-1 causes
intracellular iron metabolic disorders and cellular lipid per-
oxidation, leading to ferroptosis. Previous studies have

detailed the dual role of HO-1 in cells, and its role in ferrop-
tosis may be cell type and stimulus specific [46]. In a recent
study of kidney damage related to rhabdomyolysis, curcumin
was found to inhibit renal tubular cell ferroptosis by activat-
ing HO-1 [47]. This finding means that the exact regulatory
mechanism of curcumin in ferroptosis needs to be further
studied and that the role of HO-1 in ferroptosis still needs
to be elaborated. Furthermore, the application of curcumin
in cancer chemotherapy needs far more research support.

In addition, GPX4 is an essential regulator of ferroptotic
cancer cell death that provides antioxidants to counteract
lipid peroxidation and is the only enzyme that reduces lipid
hydroperoxides in biofilms [48]. GPX4 is a key factor in
maintaining cell redox balance [49]. Analysis of mass
spectrometry-based proteomics data from an affinity pull-
down experiment ranked GPX4 as the top protein target for
(1S,3R)-RSL3 [50]. Friedmann et al. provided direct genetic
evidence that knocking out GPX4 leads to cell death in a
pathologically related form of ferroptosis [51]. Glyoxalases
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Figure 6: Determination of the ROS levels by fluorescence intensity measurements using a fluorescence microscope. (a) MCF-7 cells were
treated with vehicle (CON, DMSO), curcumin (CUR, 40μM), or a mixture of 40μM curcumin and zinc protoporphyrin 9 (ZnPP, 10μM)
for 48 hours. MDA-MB-231 cells were treated with vehicle (CON, DMSO), curcumin (CUR, 50μM), or a mixture of 50 μM curcumin and
zinc protoporphyrin 9 (ZnPP, 10μM) for 48 hours. After incubation with 5μM DCFH-DA, cells were washed and examined by a
fluorescence microscopy (scale bar represents 200 μm). Representative images from three independent experiments are shown. (b) The
results of ROS upregulation in breast cancer cells were determined by fluorescence analysis using the ImageJ software. The results are
expressed as the means ± SEM of three independent experiments;∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001. NS: no significant difference
compared to CON alone. All CON groups treated above received the same volume of reagent solvent as the treatment groups.
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(Glo1 and Glo2) are involved in the glycolytic pathway by
detoxifying the reactive methylglyoxal (MGO) into d-lactate
in a two-step reaction using glutathione (GSH) as cofactor.
Inhibitors of glyoxalases are considered anti-inflammatory
and antitumor agents. Curcumin inhibits Glo1, resulting in
nontolerable levels of MGO and GSH. As a result, various
metabolic pathways are disturbed so that, for example, cellu-
lar ATP and GSH content are depleted [52]. The depletion of
cellular ATP and GSH may in turn decrease cell survival.
GPX4 reduces membrane hydroperoxide through GSH, and
GPX4 and GSH appear together to become the main deter-
minant of the balance between cell proliferation and death.
The inactivation of GPx4 or the depletion of GSH in the cell
can lead to a new type of cell death that depends on lipid per-
oxidation, which is called ferroptosis [53]. Therefore, GPX4
and GSH play an important regulatory role in ferroptosis.

In both the sequencing and RT-qPCR results in our
study, curcumin treatment significantly downregulated
GPX4 and upregulated HO-1. It is worth noting that 48
hours after curcumin treatment, the upregulation of the
HO-1 expression in MCF-7 cells was dramatic. The degree
of GPX4 downregulation was similar between the two cell
lines, but the degree of ferroptosis in the two cells was differ-
ent, indicating that GPX4 is not the most important regulator

in the process of curcumin-induced breast cancer cell ferrop-
tosis. Therefore, we believe that GPX4 is a basic effector of
curcumin, but HO-1 seems to be more responsible for the
difference in the inhibitory effects of curcumin observed in
the two cell lines. HO-1 is the limiting factor for curcumin
to exert its therapeutic role and thus is the preferred target
gene for this study. Although the comparative toxicoge-
nomics database suggests HO-1 as a direct target gene for
curcumin, in our opinion, the activation of HO-1 also
depends on additional transcription factors, including Nrf2.
Nrf2 is a major regulator of cellular antioxidant and electro-
philic stress defense responses, and HO-1 is one of its target
genes [54]. Due to its binding to the cytoskeleton-related pro-
tein Keap1, the inactive form of Nrf2 partially or fully local-
izes in the cytoplasm. The activation of Nrf2 is considered
an important molecular target for many chemopreventive
and cytoprotective agents. Nrf2 protects cells against oxi-
dative stress through ARE-directed induction of several
phase 2 detoxifying and antioxidant enzymes, particularly
HO-1. Some studies have reported that Nrf2 inhibits fer-
roptosis [55, 56], but the results from study by Cao
et al. have shown that even when Nrf2 induces increased
intracellular glutathione content, it only weakly protects
cells from ferroptosis [57].
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Figure 7: Curcumin upregulates the expression of HO-1 in breast cancer cells and triggers ferroptosis, as verified by ZnPP treatment. (a) Cell
viability after treatment and under basal conditions (i.e., untreated cells) as measured by the CCK-8 assay. MCF-7 cells were treated with
vehicle (CON, DMSO), curcumin (CUR, 40μM), or a mixture of 40μM curcumin and zinc protoporphyrin 9 (ZnPP, 10μM) for 48
hours. MDA-MB-231 cells were treated with vehicle (CON, DMSO), curcumin (CUR, 50 μM), or a mixture of 50μM curcumin and zinc
protoporphyrin 9 (ZnPP, 10 μM) for 48 hours. The results are expressed as the means ± SEM of three independent experiments. ∗∗∗P <
0:001. NS: no significant difference compared to CON alone. (b) Iron assay kit to detect changes in the total iron content in cells. The cell
treatment method is the same as for (a). The results are expressed as the means ± SEM of three independent experiments. ∗P < 0:05 and
∗∗P < 0:01. NS: no significant difference compared to CON alone. (c) Using Liperfluo to detect changes in the lipid peroxide content in
cells. The cell treatment method was the same as for (a). After incubation with 2 μM Liperfluo, cells were washed and examined by a
fluorescence microscopy (scale bar represents 50 μm). Representative images from three independent experiments are shown. (d) The
results of lipid peroxide upregulation in breast cancer cells were determined by fluorescence analysis using the ImageJ software. The
results are expressed as the means ± SEM of three independent experiments; ∗∗P < 0:01; ∗∗∗P < 0:001. NS: no significant difference
compared to CON alone. All the CON groups treated above received the same volume of reagent solvent as the treatment group. (e) The
GSH detection kit was used to detect changes in the GSH content in cells. The cell treatment method is the same as for (a). The results are
expressed as the means ± SEM of three independent experiments. ∗P < 0:05; NS: no significant difference compared to CON alone. (f) The
MDA detection kit was used to detect changes in the MDA content in cells. The cell treatment method is the same as for (a). The results
are expressed as the means ± SEM of three independent experiments. ∗P < 0:05; ∗∗P < 0:01; ∗∗∗P < 0:001. NS: no significant difference
compared to CON alone. All CON groups treated above received the same volume of reagent solvent as the treatment group.
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5. Conclusions

Based on the evidence that curcumin has a significant inhib-
itory effect on breast cancer cells, this study analyzed the pos-
sible genetic pathways of curcumin targeting breast cancer
cells using RNA sequence technology. Ferroptosis, a novel
pathogenic mechanism screened from high-throughput data,
was verified in our in vitro results. The results of our current
study suggest that curcumin triggers the molecular and cyto-
logical features of ferroptosis in breast cancer cells by upreg-
ulating HO-1 and downregulating GPX4. In subsequent
experiments, it was obvious that ferroptosis occurred in
response to curcumin treatment. After treatment with the
HO-1 specific inhibitor ZnPP, compared to the curcumin-
treated group, these phenomena were partially reversed.
Therefore, these data highlight that curcumin triggers the
molecular and cytological features of ferroptosis in breast
cancer cells and that HO-1 potentiates curcumin-induced
ferroptosis. Of note, this study only examined the anticancer
effects of curcumin on two representative breast cancer cell
lines. Whether curcumin can be used as a broad-spectrum
antibreast cancer drug remains unknown, and more exten-
sive follow-up investigations are needed. Our study only pro-
vides the basis of molecular data for the mechanism of action
of curcumin.
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Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease or Charcot disease, is a fatal neurodegenerative disease that
affects motor neurons (MNs) and leads to death within 2–5 years of diagnosis, without any effective therapy available. Although the
pathological mechanisms leading to ALS are still unknown, a wealth of evidence indicates that an excessive reactive oxygen species
(ROS) production associated with an inefficient antioxidant defense represents an important pathological feature in ALS.
Substantial evidence indicates that oxidative stress (OS) is implicated in the loss of MNs and in mitochondrial dysfunction,
contributing decisively to neurodegeneration in ALS. Although the modulation of OS represents a promising approach to protect
MNs from degeneration, the fact that several antioxidants with beneficial effects in animal models failed to show any therapeutic
benefit in patients raises several questions that should be analyzed. Using specific queries for literature search on PubMed, we
review here the role of OS-related mechanisms in ALS, including the involvement of altered mitochondrial function with
repercussions in neurodegeneration. We also describe antioxidant compounds that have been mostly tested in preclinical and
clinical trials of ALS, also describing their respective mechanisms of action. While the description of OS mechanism in the
different mutations identified in ALS has as principal objective to clarify the contribution of OS in ALS, the description of positive
and negative outcomes for each antioxidant is aimed at paving the way for novel opportunities for intervention. In conclusion,
although antioxidant strategies represent a very promising approach to slow the progression of the disease, it is of utmost need to
invest on the characterization of OS profiles representative of each subtype of patient, in order to develop personalized therapies,
allowing to understand the characteristics of antioxidants that have beneficial effects on different subtypes of patients.

1. Introduction

Amyotrophic lateral sclerosis (ALS), also known as Lou Geh-
rig’s disease or Charcot disease, is the most common fatal
motor neuron disorder. This neurodegenerative disease is
characterized by the progressive loss of upper motor neurons
in the cerebral cortex and lower motor neurons in the brain

stem and spinal cord, leading to muscle weakness, and pro-
gressing into muscle atrophy and paralysis, which culminates
in respiratory failure and death [1, 2]. On average, ALS
patients have a survival of about 2-3 years from diagnosis,
being estimated that only 5-10% of patients survive more
than 10 years after diagnosis [3]. So far, no disease-
modifying treatment modality has been found for ALS.
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Currently, there are only two drugs approved by the US
Food and Drug Administration for ALS treatment, riluzole,
which is a neuroprotective agent that only extends the ALS
life expectancy about 3 months, and edaravone, which is
an antioxidant that only delays ALS development [4] in
some patients [5], as detailed in Section 3.9. This fatal neuro-
degenerative disease has a worldwide prevalence of 4-6 cases
in 100,000 and typically has a late-onset with symptoms aris-
ing between 55 and 65 years of age, on average [3]. Gener-
ally, men present with an earlier age of onset compared to
women, and they are more prone to spinal-onset, whereas
bulbar-onset is more frequent in women [6]. The most com-
mon form of ALS is sporadic (sALS), with no known etiol-
ogy, accounting for nearly 90-95% of all the cases, while
the remaining 5–10% of the cases are inherited (Familial
ALS-fALS), and frequently associated with an earlier age of
onset [2, 7].

Although the causes of sALS are still unknown, the dis-
ease has been associated with different risk factors, includ-
ing age, smoking, body mass index, level of physical
fitness, and occupational and environmental risk factors,
such as exposure to chemicals, pesticides, metals, and elec-
tromagnetic fields [8]. However, as none of these external
parameters are considered as direct factors triggering the
development of this disease, it is believed that there are
some individual susceptibility factors that coupled to exter-
nal exposure to environmental factors lead to the develop-
ment of ALS [9–11]. Over 50 disease-modifying genes
have been described in ALS [12]; mutations in chromosome
9 open reading frame 72 (C9orf72) [13, 14], Cu2+/Zn2+

superoxide dismutase type-1 (SOD1) [15–18], TAR DNA-
Binding (TARDBP) [19], and fused in sarcoma (FUS) [20,
21] are among the most prevalent ones. As neither the
mutations nor the environmental risk factors completely
describe the etiopathogenesis of this disease, a gene-time-
environment model has arisen to explain the development
of this disease, considering the development of ALS as a
multistep process in which genetic background is one of
the several triggering factors [10, 22].

Although the precise pathological mechanisms of ALS
are still unknown, it is assumed that fALS and sALS share
at least some pathological mechanisms, since they present
similar clinical pictures [3, 23]. Many molecular mecha-
nisms have been suggested, including glutamate excitotoxi-
city, altered RNA metabolism, defective axonal transport,
protein misfolding and aggregation, endoplasmic reticulum
stress, disrupted protein trafficking, oxidative stress (OS),
inflammation, and mitochondrial dysfunction [3, 24, 25].

In this review, we provide an update on the role of OS
in ALS that accelerates mitochondrial dysfunction and cell
damage. Considering that OS decisively contributes to neu-
rodegeneration in ALS, we also describe antioxidant-based
therapeutic strategies that have been suggested for ALS
management. Several antioxidant agents have failed to
show any meaningful therapeutic benefit or were not suffi-
ciently examined. In this regard, we try to sum up the
evidence on the positive and negative outcomes for each
drug with the aim of achieving novel opportunities for
intervention.

2. Evidence on the Involvement of Oxidative
Stress in ALS

Reactive oxygen species (ROS) are radical or nonradical
oxygen species formed by the partial reduction of oxygen,
such as superoxide radical anion (O2

•-), hydrogen peroxide
(H2O2), and hydroxyl radical (HO•), which are generated as
cellular metabolic by-products through enzymatic and non-
enzymatic reactions [26]. Mitochondria are one of the most
important sites of intracellular ROS production due to their
main role in oxidative ATP production, in which molecular
oxygen is reduced to water in the electron transport chain
[27, 28]. The O2

•- is produced at a number of sites in mito-
chondria, including complexes I and III of the electron
transport chain [27, 29], pyruvate dehydrogenase [30], and
2-oxoglutarate dehydrogenase [31, 32], all directing ROS
towards the mitochondrial matrix (MM), glycerol 3-
phosphate dehydrogenase [33] that produces ROS towards
the intermembrane mitochondrial space (IMS) [27], and
complex III that can leak electrons to oxygen on both sides
of the inner mitochondrial membrane (IMM) [34]. Other
proteins involved in mitochondrial ROS generation include
cytochrome P450 (CYP) enzymes [35], dihydroorotate dehy-
drogenase [36, 37], complex II [38], and monoamine
oxidases [39] which can also contribute to mitochondrial
ROS production. Outside mitochondria, several enzymes
have also been identified as major sources of ROS, including
the nicotinamide adenine dinucleotide phosphate oxidase
(NOX), xanthine oxidase, cycloxygenases, CYP450, and
lipoxygenases [40]. Under normal conditions, the production
and the clearance of ROS are balanced [41]. OS arises when
the capability of the organism to maintain the balance is
compromised by an excess amount of ROS or by defective
antioxidant defense and can be manifested in multiple ways,
including modifications of the redox state of critical proteins,
and hence of their activity [42, 43]. The cellular antioxidant
defense is composed of enzymatic and nonenzymatic antiox-
idants [44]. Superoxide dismutases, catalase (CAT), glutathi-
one peroxidase (GPx), glutathione reductase (GR), and
thioredoxin (Trx) are the major enzymatic antioxidants with
an important role in the catalytic removal of ROS, while
nonenzymatic antioxidants include low molecular weight
compounds, as glutathione (GSH), vitamins A, C, and E, fla-
vonoids, and proteins (e.g., albumin, ceruloplasmin, and
metallothionein) [45]. An excessive ROS production associ-
ated with an inefficient antioxidant defense represents an
important pathological feature in ALS [46].

A large number of studies have reported increased levels
of oxidative damage in proteins, lipids, and DNA of postmor-
tem neuronal tissue [47–49], as well as in cerebrospinal fluid
(CSF) [50–53], plasma [54], and urine [55] samples collected
from ALS patients, suggesting the involvement of OS mech-
anisms in the central nervous system (CNS) as well as other
tissues. However, it is difficult to determine if oxidative dam-
age represents the primary cause or a secondary consequence
of this disease [56, 57] and whether oxidative damage appears
early or late in the course of the disease. The impossibility of
evaluating OS markers in humans at an early stage of the
disease constitutes an obstacle to resolve this riddle, since

2 Oxidative Medicine and Cellular Longevity



the initial phase of the disease progresses in a subclinical
manner and thus years can pass before the diagnosis. There
is no current way to predict which individuals will develop
this neurodegenerative disease. On the other hand, the
patients’ life expectancy is usually very short, and it is not
possible to follow OS markers during a long period of time.
Nevertheless, animal models can bring some insights. For
example, it was described in mutant SOD1 (mutSOD1)
mice that the activation of the nuclear factor erythroid-2-
related factor 2 (Nrf2)- antioxidant response element
(ARE) OS-responsive system occurred in distal muscles
before the disease onset [58], supporting the hypothesis that
augmented OS in the muscles is implicated in an initial
phase of this disease that eventually leads to axonal “dying
back” and culminates with motor neurons (MNs) loss.
However, it is noted that the studies with animal models
that correlate different OS markers with the disease pro-
gression only refer to the mutSOD1 model of the disease,
which does not represent the majority of patients. For sALS,
which represents the highest number of patients, evidence
of oxidative damage includes the increase in protein car-
bonyls [48, 49, 59, 60], 8-hydroxy-2′-deoxyguanosine (8-
OHdG) [48, 61], malondialdehyde-modified proteins [48],
4-hydroxynonenal (4-HNE) protein conjugates [61, 62],
and nitrotyrosine products [63–65] in spinal cord tissue.
Moreover, in erythrocytes from sALS patients, an increase
in lipid peroxidation associated with a decrease in CAT,
GR, and glucose-6-phosphate dehydrogenase activities and
a decrease in GSH, especially in cases with longer disease
duration times were measured [66]. The fact that some of
the environmental risk factors of ALS, including exposure
to agricultural chemicals, heavy metals, excessive physical
exertion, chronic head trauma, and smoking, share OS
mechanisms as a possible common factor suggests that the
appearance of ALS can be facilitated by any factor that
favors the prooxidative state [67]. However, the exact oxi-
dative mechanism involved in ALS progression remains to
be determined, as well as the real involvement of mitochon-
dria in this process. To clarify this question, Walczak et al.
[68] analyzed different parameters of mitochondrial func-
tion and antioxidant enzymes to compare sALS patients
with fALS patients and controls. Decreased expression of
complexes I, II, III, and IV protein subunits was observed
in fibroblasts from practically all sALS patients, which also
presented lower mitochondrial membrane potential and
decreased protein expression of two different antioxidant
enzymes: SOD1 and CAT (Figure 1). Principal component
analysis allowed a clear separation between 3 classes, corre-
sponding to controls, sALS, and fALS. Controls were mainly
characterized by a high expression of SOD1 protein, whereas
sALS samples were characterized by high Ci for complexes I
and IV (a coefficient that represents the control of metabolic
fluxes by a given enzyme), and fALS samples were character-
ized by a high rate of maximal respiration with substrates
for complexes I and II and a high level of the complex I
NDUFB8 subunit. These results suggest distinct mecha-
nisms of mitochondrial dysfunction in sALS patients that
can lead to chronic mitochondrial stress [68], which should
be further clarified in the future.

2.1. Association of SOD-1 Mutations with Oxidative Stress in
ALS. MutSOD1, accounting for approximately 20% of ALS
cases, is one of the most studied causes of ALS, involving
OS mechanisms and disruption of mitochondrial function
observed in cultured cells [69–71] and in animal models
[72–74]. SOD1 is a Cu-Zn metalloprotein responsible for
the conversion of O2

•- into O2 and H2O2 and is localized
mainly in the cytosol, being also present in the nucleus, per-
oxisomes, and mitochondria. This enzyme plays a key role in
the antioxidant defense of the cell [75], also regulating cellu-
lar respiration and energy metabolism [76]. In ALS patients,
there are more than 180 mutations identified across the cod-
ing region of the SOD1 gene as well as several others in the
noncoding regions [77, 78]. The influence of these mutations
on dismutase activity is considerably variable, and they may
be associated with a decrease [52], maintenance [79, 80], or
increase [52, 81] in the activity compared to wild-type
SOD1. Because SOD1 knockout mice do not develop ALS
per se [82], and due to the lack of correlation between
SOD1 dismutase activity and aggressiveness of clinical phe-
notypes [83], it has been suggested that mutSOD1 exerts its
deleterious effect by a toxic gain of function rather than by
altered SOD1 activity [84].

The mechanism of this toxic gain is currently unknown.
A number of hypotheses regarding this toxic property have
been proposed, none of them being proven so far: (1) mut-
SOD1 could act as a peroxidase by using as a substrate the
H2O2 produced through ordinary dismutase reaction [80,
85]; (2) mutSOD1 could react with peroxynitrite to cause
tyrosine nitration [42, 86]; and (3) formation of aggregates
due to a decrease in the stability of SOD1 monomer/dimers
[87]. As a peroxidase, it has been proposed that SOD1 cata-
lyzes the reverse of its normal dismutase reaction or uses
the H2O2 produced in the dismutation as a substrate to pro-
duce HO• through the Fenton reaction [88, 89]. It has also
been suggested that mutSOD1 causes elevated oxidative
damage through the dissociation of zinc from the enzyme
[90] or exposure to toxic copper at the active site, promoting
reverse O2

•- production [91]. On the other hand, O2
•- also

reacts with nitric oxide which is generated by nitric oxide
synthase, more rapidly than it does with native SOD1, pro-
ducing peroxynitrite, with consequent tyrosine nitration of
cellular proteins [42, 86] (Figure 2).

Notwithstanding, it has also been proposed that the mat-
uration of SOD1 is a complex multistep process, which eas-
ily predisposes SOD1 to misfolding or/and polymerization
and aggregation [92–94]. In fact, the SOD1 enzyme can
itself be a target for OS, leading to possible folding and
aggregation defects [95], which remains controversial in
ALS pathogenesis. While a correlation was found between
the accumulation of SOD1 aggregates and the disease pro-
gression in cervical, thoracic, and lumbar spinal cord tissues
of B6-SJL-Tg (SOD1G93A) mice, it was also suggested that an
enhanced capacity of drawing the misfolded SOD1 into
aggregates may confer resistance against its own toxicity
[96]. Similarly, Zhu et al. [92] showed that low molecular
weight nonnative SOD1 trimers were cytotoxic in neuro-
blastoma cells, while SOD1 aggregates did not affect cell via-
bility. Together, these studies suggest that misfolded SOD1
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can be a disease driver, especially for the spinal cord, while
SOD1 aggregates are considered benign or protective agents
against the disease progression. Indeed, misfolded SOD1
identified in spinal cord mitochondria from both SOD1G93A

rats and SOD1G37R mice was associated with an increased
susceptibility to OS and mitochondrial damage [72]. More-
over, in the mouse motoneuronal NSC-34 cell line, the mut-
SOD1 proteins were found to associate with mitochondria
due to the oxidation of cysteine residues, which causes mut-
SOD1 to accumulate in an oxidized, aggregated state. Conse-
quently, the presence of mutSOD1 leads to the impairment of
the respiratory chain and a shift in the mitochondrial redox
balance (GSH/GSSG ratio) towards a higher level of OS
[69] (Table 1). Similarly, Liying et al. [70] reported reduced
levels of GSH and enhanced levels of GSSG in NSC34 motor
neuron-like cells and lumbar tissues of the spinal cord of
mutant SODG93A mice, suggesting that the decrease in GSH
and a higher oxidative state in cells promote apoptotic cell
death that contributes, at least partially, to motor neuron
degeneration in ALS. Additionally, it was also found that
the expression of mutSOD1 in SH-SY5Y human neuroblas-
toma cells induces the activation of p66Shc, a protein
involved in controlling mitochondrial redox homeostasis in
neuronal-like cells [71].

The overexpression of mitochondria-targeted CAT
improved mitochondrial antioxidant defenses and mito-
chondrial function in SOD1G93A astrocyte primary cultures,
however SOD1G93A mice treated with this antioxidant did
not develop the disease later or survive longer, suggesting
that preventing peroxide-mediated mitochondrial damage
alone is not sufficient to delay the disease [97]. In mutSOD1
ALS models (H46R/G93A rats and G1H/G1L-G93A mice),
certain residual motor neurons showed the overexpression
of peroxiredoxin-l and glutathione peroxidase-l (Prxl/GPxl)
during their clinical courses, while at the terminal stage of
ALS, a disruption of this common Prxl/GPxl-overexpression
mechanism was observed in neurons, suggesting that the
breakdown of this redox system at the advanced disease stage
probably accelerates neuronal degeneration and neuronal
death [98] (Table 1). Indeed, decreased GSH levels caused
motor neuron degeneration in the SOD1wt mice model [99]
and accelerated motor neuron death in SOD1G93A mice, by
aggravating mitochondrial pathology [73].

Protein cysteine residues are crucial in the regulation of
cellular redox balance, due to their thiol groups that can
form covalent disulfide bonds, which are critical for correct
protein folding, function, and stability [100]. The tripeptide
GSH, which contains cysteine, is the major thiol antioxidant
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and can act as an electron donor to reduce disulfide bonds in
proteins. Cysteine thiols are critical for several cellular func-
tions, including signal transduction and DNA binding of
redox-responsive transcription factors, such as Nrf2 and
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) [101]. SOD1 has four cysteine residues (Cys
5, 57, 111, and 146), and its oligomerization may involve
covalent disulfide cross-linking mediated by Cys 111, which
is relatively exposed on the protein surface [102], with Cys 6
also playing a possible role [103]. However, this cannot
completely explain SOD1 aggregation in ALS because all
SOD1 cysteine residues have been found to be mutated in
ALS and, therefore, are not present in some patients that
present SOD1 aggregates [104].

SOD1 has a tight connection with the Nrf2 pathway,
which is a major regulator of the phase II antioxidant response
and respective antioxidant elements, including GPx, CAT, GR,
and enzymes involved in GSH synthesis and nicotinamide
adenine dinucleotide phosphate (NADPH)- regenerating
enzymes [105–107]. Nrf2 usually resides in the cytosol bound
to Keap1 (Kelch ECH-associating protein 1; the cytoplasmic
Nrf2 regulator). Oxidative modification of cysteine residues
on Keap1 leads to the release of Nrf2, which in turn translo-
cates to the nucleus upregulating the expression of genes
with an ARE in their promoter [108, 109]. Nrf2 expression
was found to be decreased in NSC-34 cells expressing mut-
SOD1, in MNs isolated from familial SOD1-associated ALS
patients [110], and in primary motor cortex and spinal cord
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Table 1: Representative studies that demonstrate the association of specific genetic alterations with oxidative stress in ALS.

Altered
gene

Genetic alterations Experimental model Observed effects on oxidative stress makers Reference

SOD1 Mutation: G93A (i) Transgenic mice

(i) Reduced GSH in the spinal cord and motor
neuron cells that correlates with apoptosis-
inducing factor translocation, caspase 3

activation, and motor neuron degeneration
during ALS-like disease onset and progression

[70]

SOD1

Mutations: A4V, G37R,
H48Q, H80R, G85R, D90A,
G93A, D124V, D125H,

E138Δ,
S134N, H46R

(i) NSC-34 motor neuron-like
cell line

(i) MutSOD1s lowered the GSH/GSSG ratio
in mitochondria of cells

[69]

SOD1
Mutations: G1H, G1L, A4V,
H46R, G93A, frame-shift

126 mutation

(i) Motor neurons from 40 sALS
and 5 mutated SOD1 sALS patients
(frame-shift 126 mutation and A4V)
(ii) Transgenic rats (H46R/G93A)
(iii) Transgenic mice (G1H/G1L-

G93A)

(i) The number of motor neurons with
negative expression of antioxidant enzymes
(Prxll and GPxl) increased with ALS disease

(ii) Neurons with higher expression of Prxll and
GPxl were less susceptible to oxidative stress

[98]

TDP-43 Mutations: M33V, Q331K

(i) TDP-43Q331K mice
(ii) Primary astrocyte cultures
from TDP-43Q331K mice

(iii) Fibroblasts from pre- and
postsymptomatic ALS patient
fibroblasts harboring a TDP-

43M337V mutation

(i) Increased transcript expression of Nrf2
signaling-related genes (NFE2L2, HMOX1,
GCLM, and NQO1) in the spinal cord of

transgenic mice
(ii) No change in protein expression levels of
HO-1, GCLM, GPx1, and NQO1 antioxidant
proteins in transgenic mice (impaired protein

translation of antioxidants)
(iii) Decreased total GSH levels in fibroblasts
from pre- and postsymptomatic patients
(iv) Decreased total GSH levels in primary

astrocytes from transgenic mice

[116]

TDP-43 Mutation: M337V
(i) NSC-34 motor neuron-like

cell line

(i) Decreased nuclear translocation of Nrf2,
total Nrf2, cytoplasmic Nrf2, and downstream

phase II detoxifying enzyme (NQO1)
(ii) Increased lipid peroxidation products

[115]

TDP-43 Mutations: Q331K, M337V
(i) NSC-34 motor neuron-like

cell line

(i) Mitochondrial dysfunction, oxidative
damage, and nuclear accumulation of

Nrf2 in cells
(ii) Downregulation of HO-1, that could

not be restored by sulforaphane
(iii) Reduction of LDH and lipid peroxidation

products by sulforaphane

[117]

C9orf72
GGGGCC hexanucleotide

repeat expansion in
noncoding region

(i) iPSC-derived astrocytes from
C9orf72-mutated fALS patients

and nonaffected donors

(i) Decreased secretion of antioxidant
proteins (SOD1, SOD2, and GSH) in

mutant C9orf72 astrocytes
(ii) Increased ROS levels in mutant

C9orf72 astrocytes
(iii) Conditioned media of mutant

C9orf72 astrocytes increased ROS levels
in wild type motor neurons

(iv) Oxidative stress was increased in an
age-dependent manner

(v) poly(GR) in C9orf72 neurons compromises
mitochondrial function and causes DNA

damage in part by increasing oxidative stress

[129]
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postmortem tissue samples from ALS patients [111], which
suggested that increasing neuronal Nrf2 activity may repre-
sent a novel therapeutic target. The endogenous activation
of the Nrf2-ARE system during the development of pathol-
ogy in the SOD1G93A mouse model of ALS showed that the
early Nrf2-ARE activation occurs in muscle tissue and that
eventually, it progresses in a retrograde manner leading to
MN loss [58], as previously described. However, the fact that
Nrf2-ARE activation may occur in sALS patients, as well as
in those carrying mutSOD1, led these authors to speculate
that this pathway is probably independent of mutSOD1 [58].

Nicotinamide adenine dinucleotide phosphate oxidase-
dependent redox stress is another mechanism described to
be related to mutSOD1. In fact, it has been demonstrated that
the deletion of NOX2, and to a lesser extent NOX1, in
SOD1G93A transgenic mice, slows down disease progression
and improves survival [112, 113]. Accordingly, it was also
presumed that SOD1 can regulate NOX2-dependent O2

•-

production by binding to Rac1, also known as Ras-related
C3 botulinum toxin substrate 1, leading to the inhibition of
its GTPase activity [114]. These authors suggested that in
physiological conditions, SOD1 efficiently binds to Rac-
GTP and inhibits its GTPase activity, increasing NOX2 activ-
ity in reducing conditions, whereas the accumulation of
H2O2 leads to the dissociation of SOD1 from Rac-GTP, pro-
moting the inactivation of Rac through GTP hydrolysis, with
consequent NOX2 inactivation and decrease in ROS produc-
tion. In ALS, mutSOD1 associates more strongly with Rac1
compared to the wild type form of SOD1 (SOD1G93A vs.
SOD1WT transgenic mice), being less sensitive to redox
uncoupling, consequently leading to the hyperactivation of
NOX-derived O2

•- by endomembranes [114] (Figure 2).

2.2. Association of TDP-43 Mutations with Oxidative Stress in
ALS. Other less characterized mutated genes linked to ALS
have also been associated with OS mechanisms. Mutant
TAR DNA-Binding Protein 43 (TDP-43), which has several
interactions with the members of the family of heterogeneous
nuclear ribonucleoproteins (hnRNPs), has also been reported
to affect the Nrf2 pathway [115–117]. Supporting this idea,

Moujalled et al. [116] suggested an association between the
TDP-43 protein and Nrf2, mediated by the third partner
hnRNP K. The same authors showed that fibroblasts from
TDP-43M337V patients and astrocyte cultures from TDP-
43Q331K mice both displayed impaired levels of GSH (down-
stream Nrf2 antioxidant), indicating an increase in OS
dependent on a disruption of the Nrf2 pathway. The idea of
an impairment in the Nrf2/ARE pathway has also been evi-
denced in studies with TDP43 mutations in NSC-34 cells
[115, 117]. NSC-34 cells overexpressing TDP-43M337V

showed increased values of intracellular lipid peroxidation,
lower cell viability, nuclear accumulation of Nrf2, and
decreased protein expression of NAD(P)H quinone dehydro-
genase 1 (NQO1, downstream Nrf2 antioxidant), suggesting
that TDP-43M337V weakened cellular antioxidant defenses,
which turned the cells more susceptible to the increase of
OS [115]. Similar results were also described by Duan et al.
[117] in NSC-34 cells overexpressing TDP-43M337V/Q331K

that showed nuclear accumulation of Nrf2, as well as
decreased heme oxygenase (HO-1) protein levels, which is
also a phase II detoxification enzyme regulated by the Nrf2
pathway (Table 1).

Similarly to SOD1, cysteine residues are candidates for
the mediation of TDP-43 aggregation, although the mecha-
nisms are still not completely explained [118]. TDP-43 has
six cysteine residues, four located in RNA recognition motifs
(Cys 173, 175, 198, and 244) and two in the N-terminal
domain (Cys 39 and 50) [119], with no mutations found so
far in ALS [104]. In fact, oxidation of cysteine residues in
the RNA recognition motifs was shown to decrease protein
solubility and lead to the formation of intra- and intermolec-
ular disulfide bridges [120, 121].

2.3. Association of FUS Mutations with Oxidative Stress in
ALS. Fus, a hnRNP (hnRNP P2) [122], is involved in DNA
damage response induced by DNA-double strand breaks
[123, 124], among other pathways, although its role has not
been completely clarified. Wang et al. [124] showed that the
loss of nuclear FUS in fibroblasts obtained from fALS
patients with the R521H and P525L FUS mutations, and in

Table 1: Continued.

Altered
gene

Genetic alterations Experimental model Observed effects on oxidative stress makers Reference

C9orf72
GGGGCC hexanucleotide

repeat expansion in
noncoding region

(i) iPSCs-derived motor neurons
isolated from C9orf72-mutated fALS

patients
(ii) iPSC-derived control neurons
expressing (GR)80 and dipeptide

repeat (DPR) protein

(i) Increased mitochondrial ROS levels cause
DNA damage in both models

(ii) Prevention of DNA damage by an
antioxidant (Trolox)

[128]

ANG
Human wild type ANG
(wANG) and its variant

K40I (mANG)

(i) SH-SY5Y neuroblastoma cells and
NSC-34 motor neuron-like cell line

(i) wANG prevented cell death under H2O2-
induced oxidative stress

(ii) Increased hydrogen peroxide-induced cell
damage in mutant ANG motor NSC-34

neuron-like cell line

[131]

fALS: familial ALS; GCLM: glutamate-cysteine ligase modifier subunit; GPX1: glutathione peroxidase-l: HMOX1: heme oxygenase-1; iPS: induced pluripotent
stem cell; LDH: lactate dehydrogenase; NQO1: NAD(P)H quinone dehydrogenase 1; PrxII: peroxiredoxin-ll; sALS: sporadic ALS.

7Oxidative Medicine and Cellular Longevity



induced pluripotent stem cells (iPSCs)/MNs derived from
these fibroblasts, caused the accumulation of unrepaired
DNA strand breaks, which culminated in an increased
vulnerability to OS, suggesting a protective effect of FUS
against OS [124].

2.4. Association of C9orf72 Mutations with Oxidative Stress in
ALS. Concerning C9orf72, the most prevalent mutation in
ALS, few studies have related this mutation with OS mecha-
nisms. In C9orf72-related ALS, the expansion of GGGGCC
(G4C2) hexanucleotide is found repeated in the first intron
of the C9orf72 gene at least thirty times [125]. The expres-
sion of expanded G4C2 repeats results in the production of
5 dipeptide repeat (DPR) proteins: poly-glycine-alanine
(poly-GA), poly-glycine-proline (poly-GP), poly-glycine-
arginine (poly-GR), poly-proline-alanine (poly-PA), and
poly-proline-arginine (poly-PR), which still have an unknown
role in ALS progression and OS mechanisms [126, 127].
C9orf72 motor neurons derived from iPSC presented an
overexpression of the poly-GR protein and DNA damage
that increased gradually with the time of cell culture, possibly
due to poly-GR-induced OS [128]. Additionally, these
authors reported that poly-GR preferentially binds to mito-
chondrial ribosomal proteins, compromising mitochondrial
function by increasing mitochondrial membrane potential
and ROS production, revealing the importance of mitochon-
drial OS mechanisms in C9orf72-related ALS [128]. Another
study with astrocytes derived frommutant C9orf72 iPSC also
reported a reduced secretion of several antioxidant proteins
by astrocytes, and wild type MNs exposed to media condi-
tioned by these C9orf72-astrocytes showed increased OS
[129], suggesting that dysfunction of C9orf72-astrocytes also
leads to OS in MNs, contributing to neurodegeneration
(Table 1).

2.5. Association of Other Less Frequent Mutations with
Oxidative Stress in ALS. Mutations in angiogenin (ANG)
may occur in 1-2% of fALS patients [130], and there is evi-
dence that it may be involved in OS associated with ALS
[67, 131, 132] (Table 1). ANG is a secreted ribonuclease that
can cleave some tRNAs and modulate protein translation in
neurons. A study in murine astrocytes has shown that ANG
activates the Nrf-2 pathway in these cells, and the condi-
tioned medium of these astrocytes protects neuronal cells
against H2O2-induced oxidative damage [133].

Paraoxonases (PONs including PON1, PON-2, and PON-
3) are enzymes involved in the neutralization of highly toxic
organophosphates, and their polymorphisms have been
reported in ALS patients [134–136]. Their antioxidant role
has been well studied in cardiovascular diseases [137]; how-
ever, PON genetic alterations may also be associated with OS
in ALS, especially in the context of organophosphate poison-
ing, which is one of the well-established ALS risk factors [67].

3. Preclinical and Clinical
Studies with Antioxidants

Although evidence of oxidative damage in ALS pathogenesis
has been largely described in the literature, all antioxidants

tested in patients have so far failed, remaining unclear
whether any antioxidant therapies might be effective for
treating ALS. In this section, we describe various preclinical
and clinical trials with antioxidants that have already been
completed or are ongoing.

3.1. Vitamin E. Vitamin E (alpha-tocopherol) is the most
active natural lipophilic antioxidant that protects cell mem-
branes from lipid peroxidation [138, 139] and has been
extensively tested in the context of ALS (Figure 3). A preclin-
ical study in SOD1G93A transgenic mice showed that dietary
supplementation with vitamin E (200 UI/kg) slowed the dis-
ease progression and delayed the onset, but did not affect the
survival time [140] (Table 2). Although vitamin E deficiency
is not consistently present in ALS patients [141–143], a
reduced risk for ALS was described in patients with higher
vitamin E levels [141], or in those with low baseline vitamin
E levels who were supplemented with vitamin E [144–146].
Despite these positive results, three double-blind, placebo-
controlled, clinical trials on ALS patients using oral adminis-
tration of vitamin E (in a range from 500 mg twice a day to
5000 mg/day) until 18 months of treatment did not affect
the quality of life neither the survival of the patients, although
ALS progression was slowed [147–149] (Table 2). Although
vitamin E did not appear to affect the survival in ALS,
patients receiving riluzole plus alpha-tocopherol remained
longer in the milder states of ALS, and after 3 months of
treatment, they presented an increase in plasma GSH levels
and a decrease in plasma thiobarbituric acid reactive species
levels [147]. The negative results in human studies may be
justified in part by the effect that vitamin E does not readily
penetrate the blood-brain barrier (BBB) and does not reach
the CNS in sufficient concentration to be efficient. In fact,
the mean ventricular CSF concentration of vitamin E was
0.114μM after an increased monthly dosage (400, 800,
1,600, 3,200, and 4,000 IU/day) over 5 months [150], while
its IC50 (concentration at which a 50% inhibitory effect is
observed) in a variety of in vitro radical scavenging assays
was between 1.5 and 59μM [151].

Based on the assumption that supplementation with
vitamin E may reduce the risk of ALS and moderately slow
ALS progression, a randomized crossover clinical trial in
phase III to test the effect of vitamin E on treatment of
muscular cramps in ALS patients was initiated in 2006
(NCT00372879); however, the results have not yet been pub-
lished. A pilot randomized, double-blind, placebo-controlled
clinical trial in phase II (NCT04140136) was also initiated in
2019 to investigate the effects of vitamin Emixed tocotrienols
in patients with ALS, particularly in delaying disease progres-
sion, as well as to assess its safety profile in this group of
patients. A Cochrane systematic review found that the
evidences on the beneficial effect of vitamin E and other
treatment strategies on muscle cramps were not conclusive
to support the use of these agents in ALS patients [152].

3.2. N-Acetyl-L-Cysteine (NAC). N-acetyl-L-cysteine (NAC)
is a membrane-permeable antioxidant molecule that allevi-
ates free radical damage [153] and replenishes the plasma
levels of cysteine, as well as the depleted GSH pools
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(Figure 3), when administered orally [154]. A preclinical
study showed that NAC (1mM and 24h) lowered mito-
chondrial ROS production, returned MTT reduction rate
to control levels, and also increased ATP levels in human
neuroblastoma SH-SY5Y cell lines carrying G93A SOD1
mutation [155]. Additionally, the administration of NAC
(2.0mg/Kg/day) in SOD1G93A transgenic mice significantly
extended survival and improved motor performance [153].
However, in a double-blind placebo-controlled clinical trial
on 110 ALS patients, a subcutaneous infusion of NAC
(50mg/kg daily) did not result in a major increase in a 12-
month survival or in a reduction of disease progression
[156] (Table 2); therefore, the beneficial effects of NAC in
ALS remain questionable.

3.3. Coenzyme Q10. Coenzyme Q10 (CoQ10), also known as
ubiquinone, is a lipophilic antioxidant, as well as an essential
mitochondrial cofactor that mediates electron transfer in the
respiratory chain [157, 158]. It has been described that
CoQ10 exerts beneficial effects in ALS by scavenging free
radicals, protecting against OS (Figure 3). The administra-
tion of CoQ10 (200mg/kg daily) significantly increased the
mitochondrial concentrations of coenzyme Q10 in the cere-
bral cortex and prolonged the survival of SOD1G93A trans-

genic mice when the administration started at 50 days after
birth [159]. However, another study showed that the admin-
istration of CoQ10 (800mg/kg/day orally) was unable to
prolong the survival of SOD1G93A mice when it started from
the onset of disease until death [160]. Controversial results
were also found for the serum or plasma CoQ10 concentra-
tions in ALS patients (Table 2). While an increase in the
oxidized form of CoQ10 was found in 20 sALS patients com-
pared to controls [161], another study described similar
serum concentrations of CoQ10 in 30 ALS patients and
controls [162]. CoQ10 has subsequently been shown to be
well-tolerated in 31 ALS patients at doses up to 3000mg/day
for 8 months [163]. However, a phase II randomized,
placebo-controlled, double-blind, multicenter clinical trial
(NCT00243932) with the administration of CoQ10
(2700mg/day) in ALS patients concluded that the difference
between the CoQ10 group and the placebo group was not
large enough to justify continuing to a phase III trial [164,
165] (Table 2). The limited pharmacological effect of
CoQ10 could be justified by its poor CNS availability after
an oral administration [160].

3.4. Nrf2/ARE Modulators. The protective role of Nrf2
against neurodegenerative diseases is well described in the
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literature and may represent a therapeutic target for ALS and
other neurological disorders [166]. In fact, the overexpres-
sion of Nrf2 in astrocytes in coculture protects motor neu-
rons from SOD1G93A toxicity, increasing the amount of
GSH secreted by astrocytes [167]. Crossing SOD1G93A mice
with mice overexpressing Nrf2 selectively in astrocytes signif-
icantly delayed disease onset and extended survival of
SOD1G93A transgenic mice [167], making Nrf2 a possible
therapeutic target in ALS. However, contrary to what was
expected, Guo et al. [168] reported a slight impact of the
Nrf2 knockout on the course of disease in SOD1G93A mice.
These authors also demonstrated that the elimination of
Nrf2 only affected NQO1, among different Nrf2-regulated
phase II enzymes, leaving it an open question whether
Nrf2-mediated neuroprotection is a key mechanism to pre-
vent ALS neurodegeneration [168].

Pharmacological targeting of Nrf2/ARE pathways has
been proposed as a therapeutic strategy against neurodegen-
erative disorders, including ALS, since it helps neuronal
cells to cope with OS [169]. One example is the case of
the novel acylaminoimidazole derivative, 2-[mesityl(methy-
l)amino]-N-[4-(pyridin-2-yl)-1H-imidazol-2-yl] acetamide
trihydrochloride (WN1316) that proved to upregulate
Nrf2 and regulate GSH, protecting motor neurons against
OS [170] (Figure 3). The oral administration of WN1316
(1-100μg/kg/day) improved mice motor function and
extended the survival of SOD1H46R and SOD1G93A mice
[170] (Table 2). Additionally, transgenic mice treated with
WN1316 showed reduced oxidative damage to neuronal
cells and preserved integrity of the skeletal muscle together
with the suppression of astrocytosis and microgliosis in
the spinal cord [170]. Although the molecular mechanism
of WN1316 is not yet completely understood, the activa-
tion of the Nrf2 signaling pathway is thought to take part
in this process. Phase I clinical trials of WN1316
(UMIN000015054) were completed in early 2015, but
results were not published so far (https://upload.umin.ac
.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000017516;
accessed on 23 July 2020).

Curcumin, a natural and liposoluble dye obtained from
turmeric is another compound that modulates the Nrf2 path-
way [166] (Figure 3). Curcumin was shown to activate the
Nrf2 pathway in primary spinal cord astrocytes, attenuating
oxidative damage and mitochondrial dysfunction [171].
Additionally, to these beneficial effects, curcumin was also
shown to bind to the prefibrillar aggregates of SOD1 and alter
their amyloidogenic pathway, alleviating cytotoxicity [172].
Dimethoxy curcumin improved mitochondrial dysfunction
in NSC-34 cell line transfected with human M337V or
Q331K mutant TDP-43, suggesting that this compound can
be useful to treat neurodegenerative diseases linked with
mutated TDP-43 [173]. The oral administration of 80mg/day
nanocurcumin (SinaCurcumin) in a pilot randomized clinical
trial using 54 sALS patients during 12 months showed a gen-
eral improvement in the survival of ALS patients, especially
those with bulbar involvement (https://en.irct.ir/trial/11697)
[174]. Moreover, in a double-blind clinical trial, curcumin oral
supplementation (600mg/day, Brainoil) in 42 ALS patients
during 6 months resulted in a decrease in ALS progression,

improvement of aerobic metabolism, and a reduction of
oxidative damage [175] (Table 2). Despite these beneficial
effects, curcumin chemical instability, low oral bioavailabil-
ity, and low water solubility constitute an obstacle that has
to be overcome during the development of drug delivery sys-
tems based on this compound [176, 177].

Adding to the list of Nrf2 modulators, two triterpenoids,
CDDO (2-cyano-3, 12-dioxooleana-1,9-dien-28-oic acid)
ethylamide (CDDO-EA) and CDDO-trifluoroethylamide
(CDDO-TFEA), were also described to activate Nrf2/ARE
in SOD1G93A mouse model as well as in a cell culture model
of ALS [178]. The treatment of NSC-34 cells with CDDO-
TFEA upregulated Nrf2 and resulted in translocation of
Nrf2 into the nucleus (Figure 3). The administration of
CDDO-EA and CDDO-TFEA at a presymptomatic age
enhanced motor performance and extended the survival of
SOD1G93A mice, while at a symptomatic age, it only slowed
disease progression [178] (Table 2), suggesting that the acti-
vation of the Nrf2/ARE signaling pathway may be a useful
strategy in the treatment of ALS especially when adminis-
tered early in the course of the disease.

Another relevant compound is S(+9)-apomorphine, a
nonselective dopamine agonist and an activator of the
Nrf2/ARE pathway, which has shown the capacity to reduce
pathological OS and to improve survival following an oxida-
tive insult in fibroblasts from ALS patients [179]. S(+9)-apo-
morphine also attenuated motor dysfunction and slowed
disease progression in SOD1G93A mice, when administered
at 5mg/kg/day (Table 2) [179]. Another candidate is the
green tea polyphenol epigallocatechin-3-gallate (EGCG), a
known Nrf2 inducer [180] (Figure 3), that crosses the BBB
[181] and that partially protected a motor neuronal cell line
expressing SOD1G93A from H2O2-induced cell death [182].
Oral administration of EGCG (2.9-10mg/Kg/day) from a
presymptomatic stage significantly delayed the onset of
disease and extended life span in SOD1G93A mice (Table 2)
[183, 184].

3.5. Dexpramipexole. Dexpramipexole (RPPX) is the R(+)
enantiomer of pramipexole, used in Parkinson’s disease,
also tested in ALS patients [185, 186]. Dexpramipexole is
a lipophilic cation that concentrates into mitochondria,
scavenging reactive oxygen and nitrogen species (Figure 3).
It was shown to prevent cell death in glutathione-depleted
neuroblastoma cells [187, 188] and to block caspase activation
in SH-SY5Y neuroblastoma cells treated with methylpyridi-
nium ion (MPP+), which induces Parkinson’s disease-like
neurodegeneration [189]. Treatment with RPPX (100mg/Kg)
in SOD1G93A transgenic mice was shown to prolong survival
and preserve motor function [187]. Two-phase I clinical
studies in 54 healthy volunteers found that RPPX was safe
and well-tolerated in doses up to 150mg twice a day for 4.5
days [190]. Dexpramipexole (300mg/day or 50mg/day for
24 weeks) showed beneficial effects on functional decline
and survival in a phase II study in 102 subjects with ALS
[191] making it an interesting candidate to include in a mul-
tidrug approach for the treatment of ALS. However, in the
phase III trial (NCT01281189) with RPPX (150mg twice
daily) in 943 people with ALS, this compound failed to show
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any efficacy on functional and survival assessment, when
compared with placebo control (Table 2) [192]. Considering
the discrepant outcomes, Vieira et al. [193] reassessed the
effect of RPPX (200mg/kg) in SOD1G93A transgenic mice
but did not recognize any beneficial effects (Table 2). The
authors in the latter study argued the lack of balance for
sex, age, and weight could justify the previous discrepant
results with the same ALS mice model [193].

3.6. Melatonin. Melatonin (N-acetyl-5-methoxytryptamine)
is a neurohormone secreted by the pineal gland, which has
ROS scavenging activity, as well as amphiphilic properties
that allow its entrance into both lipophilic and hydrophilic
cellular environments [194] (Figure 3). Due to melatonin’s
antioxidant properties, it has been tested as an experimental
drug in different neurodegenerative diseases linked to exces-
sive ROS levels [195]. Besides being a potent free radical scav-
enger, melatonin also enhances cellular antioxidant potential
by stimulating the expression of antioxidant enzymes includ-
ing SOD, GPx, and GR and by augmenting GSH levels [196].
It was also described that melatonin preserves mitochondrial
homeostasis, attenuating free radical generation and promot-
ing mitochondrial ATP synthesis by stimulating the activity
of complexes I and IV [197].

In SOD1G93A-transgenic mice, the oral administration of
melatonin (57–88mg/kg/day) at a presymptomatic stage
delayed disease progression and extended survival [54]
(Table 2). The same authors also showed that the rectal
administration of 300mg/day melatonin to 31 sALS patients
was well tolerated during an observation period of up to 2
years, reducing circulating serum protein carbonyls, how-
ever, without showing any evidences of upregulation of genes
encoding antioxidant enzymes [54]. The attenuation of
oxidative damage in ALS upon melatonin treatment proved
to be safe in humans and suggested the need for further
clinical trials to clarify the neuroprotective effect of melato-
nin in ALS.

More recently, Zhang et al. [198] showed that the admin-
istration of melatonin (30mg/kg) to presymptomatic
SOD1G93A-transgenic mice significantly delayed disease
onset, neurological deterioration, and mortality, which were
associated to the inhibition of the caspase-1/cytochrome
c/caspase-3 pathways and to the reduction of melatonin
receptor 1A protein expression. In contrast, Dardiotis et al.
[199] showed that the intraperitoneal administration of
melatonin (0.5, 2.5, and 50mg/kg) to presymptomatic
SOD1G93A-transgenic mice reduced their survival. These
authors also reported that, compared to untreated animals,
mice treated with melatonin presented an increase in moto-
neuron loss and in the levels of 4-HNE, a marker of lipid per-
oxidation, as well as an upregulation of SOD1 expression,
suggesting that melatonin exacerbates the disease phenotype
in the SOD1G93A mouse ALS model (Table 2), by upregulat-
ing toxic SOD1, that overrides its antioxidant and antiapop-
totic effects [199]. The fact that the upregulation of mutSOD1
in the SOD1G93A ALS mouse model can influence the benefi-
cial effect of melatonin raises the possibility that this animal
model may not be ideal for assessing the neuroprotective
properties of melatonin or other molecules with complex

antioxidative properties because ALS progression does not
always involve SOD1 mutation. Further studies need to be
done to understand the mechanisms of action of melatonin
and if its antioxidant and antiapoptotic effects can be trans-
lated into beneficial effects at the clinical level.

3.7. NOX Inhibition. NOX is one of the most important
enzymes that regulate ROS production in the CNS, and
increasing evidence is showing that NOX inhibition improves
neurological disease conditions [200, 201]. In the particular
case of ALS, the inactivation of NOX in SOD1G93A transgenic
mice has shown to slow disease progression and improve
survival [112, 113]. Pharmacological inhibition of NOX
using apocynin, a natural organic compound also known as
acetovanillone [202] (Figure 3), decreased O2

•- levels and
increased cell viability in MO59J human glioblastoma cells
expressing mutSOD1 [114] and decreased ROS levels in pri-
mary astrocytes expressing mutSOD1, also restoring motor
neuron survival in cocultured hESC-derived motor neurons
with human primary astrocytes expressing SODG37R [203]
(Table 2). However, apocynin-mediated NOX inhibition is
indirect, involving the presence of myeloperoxidase (MPO)
together with H2O2. These two elements promote the dimer-
ization of apocynin that consequently oxidizes thiols in
NOX, being the formation of apocynin dimers necessary to
inhibit NOX activity, and not occurring in cells devoid of
MPO [204].

Similar to other neurodegenerative diseases, apocynin
has been tested in the ALS animal models. In the SOD1G93A

transgenic mice, apocynin (30, 150, and 300mg/kg/day)
blocked ROS production, increased the number of neurons
in the spinal cord, and prolonged life span compared to
wild-type mice [114]. However, Trumbull et al. [205] showed
that the administration of apocynin (300mg/kg/day) had a
limited benefit to SOD1G93A mice (Table 2). Although the
reasons for this discrepancy have not been clarified, these
authors suggested that it could be due to the interference of
antibiotics, gender, or the drift in the genetic background
resultant from breeding for multiple generations [205]. How-
ever, the fact that the treatments with apocynin in mice fre-
quently led to fatal eye infections [113, 114] points to some
safety issues regarding this NOX inhibitor. Treatments with
apocynin in humans have not been extensively studied; how-
ever, some studies were performed in asthmatics receiving
nebulized apocynin [206]. Further studies are needed to clar-
ify the functional specificity of apocynin on NOX isomers
and to determine a functional dose for therapeutic use. Tak-
ing into consideration that mitochondrial ROS and NOX-
derived ROS are interrelated, and that an increase in one
might lead to the increase in the other [207], the role of
NOX-derived ROS production in neurodegenerative diseases
needs to be further explored, as a possible strategy of treat-
ment in ALS.

3.8. AEOL 10150. AEOL 10150 (manganese [III] tetrakis[N-
N′-diethylimidazolium-2-yl]porphyrin) is a manganopor-
phyrin antioxidant developed by US Aeolus Pharmaceuticals
that possesses SOD- and CAT-like activity [208] (Figure 3),
being capable of neutralizing O2

.-, H2O2, and peroxynitrite,
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and inhibiting lipid peroxidation [209]. The administration
of AEOL-10150 at the onset of symptoms markedly pro-
longed survival in SOD1 transgenic mice [210, 211]. AEOL-
10150 decreased 3-nitrotyrosine (3-NT) and malondialde-
hyde levels in the spinal cord, extended animal survival, pro-
vided better preservation of motor neuron architecture, and
decreased the level of astrogliosis when administered to
ALS mice at symptom onset (at an initial dose of 5.0mg/kg
and a maintenance dose of 2.5mg/kg/day) [211]. In addition,
the use of AEOL-10150 (2.5mg/kg/day), alone or combined
with histone deacetylase inhibitor phenylbutyric acid, was
found to significantly enhance motor function and prolong
survival [210] (Table 2). Aeolus pharmaceuticals announced
that AEOL-10150 was safe and well tolerated in 40 ALS
patients and 9 healthy subjects (https://www.accesswire.
com/475614/AEOLUS-AEOL-10150-is-Safe-and-Well-Tol-
erated-in-Phase-1-Study-in-Healthy-Subjects, accessed on 23
July 2020). The same pharmaceutical company also reported
that multiple doses of AEOL 10150 up to 2mg/kg/day over a
period of 6.5 days were well tolerated by 12 ALS patients with
no serious or clinically significant adverse events (https://www
.businesswire.com/news/home/20070322005176/en/Aeolus-
Pharmaceuticals-Announces-Successful-Completion-Multi-
ple-Dose, accessed on 23 July 2020).

3.9. Edaravone. Edaravone, the active ingredient of Radicut®,
is a free radical scavenger widely used in the treatment of
cerebral ischemia in Japan [212–214]. Edaravone eliminates
lipid peroxides and hydroxyl radicals during cerebral ische-
mia and exerts a protective effect on the neurons of patients
[215, 216]. Although the detailed mechanism of edaravone
action is not known, it was proposed that besides its radical
scavenger effect, edaravone also inhibits the opening of mito-
chondrial permeability transition pore (mPTP) in the brain
(Figure 3), which may contribute to its neuroprotective effect
[217]. Other studies also showed that edaravone reversed the
cytotoxic effects of H2O2 in SH-SY5Y neuroblastoma cells,
increasing the expression of Prx2 [218], as an additional neu-
ronal protection mechanism in response to OS. Edaravone
also was also shown to promote the antioxidant defense
mechanisms by increasing Nrf2, GPx, SOD, HO-1, and
NQO1 protein contents (Figure 3), attenuating the effects
of traumatic brain injury [219]. In addition, part of the ben-
eficial effects of edaravone can be attributed to its anti-
inflammatory capacity [219], which adds to its protective
effects in neurons, microglia [220], astrocytes [221], and oli-
godendrocytes [222].

Preclinical studies demonstrated that edaravone (rang-
ing from 1.5 to 15mg/kg) improves motor function, slows
symptom progression, and attenuates motor neuron degen-
eration in transgenic SOD1 rodent models of ALS (Table 2)
[223, 224].

In an open-label phase II study of 20 patients with ALS,
the intravenous administration of edaravone (30mg or
60mg/day) was shown to be safe and well-tolerated, slowing
disease progression as measured by the revised ALS func-
tional rating scale (ALSFRS-R) score during the six-month
treatment period, compared with the six months before the
administration of edaravone [225]. Additionally, the same

clinical trial also showed that all patients presented a marked
reduction in 3-NT in CSF to almost undetectable values, at
the end of the six-month treatment period (Table 2) [225],
suggesting that the progression delay may be related to the
attenuation of OS in ALS patients. A confirmatory double-
blind, placebo-controlled study of edaravone in 206 ALS
patients (102 edaravone group and 104 placebo group)
demonstrated a nonsignificant reduction of ALSFRS-R score
in patients receiving edaravone over a 24-week treatment
period, and the efficacy of edaravone for the treatment of
ALS was not demonstrated (NCT00330681) [213]. How-
ever, when analyzing only a subgroup of ALS patients (137
patients: 68 edaravone group, 66 placebo group) with scores
of 2 or more on all items of ALSFRS-R, forced vital capacity
of 80% at baseline, and disease duration of 2 years or less,
significant differences were observed in the ALSFRS-R score
after treatment with edaravone (60mg intravenous) compared
with placebo, suggesting a potential benefit of edaravone in a
well-defined subset of ALS patients (NCT01492686, Table 2)
[5]. Additionally, in the open-label 24-week extension period,
edaravone maintained its beneficial effects throughout 48
weeks in ALS patients, with no new or cumulative safety con-
cerns (NCT01492686) [226].

Currently, edaravone is approved for use as a treatment
for ALS in Japan and South Korea, having been also
approved by the FDA in May 2017 [227], although its mech-
anism of action remains unclear. A phase I trial of an oral for-
mulation of edaravone (TW001) developed by the Treeway
company has returned positive results, proving to be safe
and well-tolerated with the oral formulation (http://www.
cphi-online.com/treeway-announces-positive-data-from-two-
separate-news038315.html, accessed on 23 July 2020). Two
recent clinical trials, sponsored by Mitsubishi Tanabe Pharma
Development America, Inc., are in progress to evaluate the
pharmacokinetics of single doses of edaravone oral suspension
in ALS patients with gastrostomy (NCT04254913, phase I), as
well as to evaluate the long-term safety and tolerability of
oral edaravone in subjects with ALS over 24 and 48 weeks
(NCT04165824, phase III).

3.10. Riluzole. Riluzole is a benzothiazole with antiglutami-
nergic properties which has shown a modest survival benefit
(about 3 months) in patients at a dosage of 100mg/day with-
out showing any effect in muscle strength [228, 229].
Although the precise neuroprotective mechanisms of riluzole
are not completely understood, it has been proposed that it
has multiple effects beyond the inhibition of glutamate
release in presynaptic terminals through the blockage of
voltage-gated sodium channels [230]. It has been demon-
strated that riluzole also affects the chloride, calcium, and
potassium channels and interferes with intracellular events
that follow transmitter binding at excitatory amino acid
receptors [230, 231], which can include OS [232]. However,
other studies have also evidenced some antioxidant proper-
ties of this compound, mediated by the inhibition of protein
kinase C [233] and phospholipase A activities [234] that con-
sequently attenuate a broad spectrum of oxidative damage.
Consistent with its antioxidative effects, it is also been shown
that riluzole also decreases methylmercury-induced OS by
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promoting the elevation of GSH synthesis through the activa-
tion of glutamate transporters and the increase of intracellu-
lar glutamate levels, which is a GSH precursor [123, 235].
Based on these different studies, it is possible that the benefi-
cial effect of riluzole may be due to a combined action on dif-
ferent targets that still remain largely unclear. Thus, although
riluzole treatment prevents cell death and controls increased
ROS levels in parental SH-SY5Y cells, it was shown to be
ineffective in reversing ROS effects in SH-SY5Y cells carrying
the G93A SOD1 mutation [236],suggesting that riluzole is
unable to reverse chronic oxidative damage. This situation
is in agreement with the fact that this compound does not
present significant benefit on lifespan and motor perfor-
mance in SOD1G93A transgenic mice [237]. The fact the rilu-
zole has a direct antioxidant effect against acute OS, but not
against RNS [236], also supports the hypothesis that com-
bined treatment with edaravone may be more effective in
treating ALS, since edaravone has the capacity to reduce
RNS [225, 238].

3.11. NAD+/SIRT1 Modulators. NAD+ plays a key role in
many redox reactions in the cells, being involved in many
processes including signaling pathways, gene expression,
DNA repair, and mitochondrial metabolism [239]. NAD+ is
also a cosubstrate for sirtuins (SIRTs), a family of signaling
proteins involved in the regulation of cellular metabolic sta-
tus, playing a key role in several processes such as mitochon-
drial function, DNA repair, and also activating metabolic
pathways responsible for the detoxification of ROS (e.g.,
SOD, CAT, and isocitrate dehydrogenase 1) [240]. Sirtuins
regulate peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC1α), which affects mitochondrial
biogenesis, activity, and dynamics [241, 242] and is consid-
ered a promising therapeutic target for ALS [243]. Decreased
SIRT1 levels have been found in postmortem tissues from
ALS patients [244] and intraperitoneal injection of the SIRT1
activator resveratrol resulted in a significant improvement in
both symptoms and survival of SOD1G93A mice [245]. In
addition, SIRT3 was reported to protect against mitochon-
drial fragmentation and neuronal cell death induced by
SOD1G93A overexpression in cultured rat spinal cord motor
neurons [246].

Therapeutic strategies based on NAD+ precursors,
including nicotinamide (NAM), nicotinic acid (NA), nicotin-
amide riboside (NR), and nicotinamide mononucleotide
(NMN), [247] have been proposed in ALS [248] (Figure 3).
NMN and NR (5mM for 24 h) were shown to increase total
and mitochondrial NAD+ content in astrocytes from
SODG93A mice, which was associated with an increase in
OS resistance and reversal of astrocyte toxicity towards co-
cultured motor neurons [248] (Table 2). The effects of mod-
ulation of NAD+ availability in SOD1G93A mice were also
tested, using two strategies: supplementation with NR and
ablation of a NAD+-consuming enzyme (CD38) [249]. NR
was found to delay motor neuron degeneration, whereas
CD38 ablation was not protective [249]. The same study also
found that the expression of NMNAT2 (nicotinamide mono-
nucleotide adenylyl transferase 2, involved in NAD+ synthe-
sis) and SIRT6 was decreased in the spinal cord of ALS

patients, suggesting a deficit of this neuroprotective pathway
in humans and highlighting the therapeutic potential of
increasing NAD+ levels in ALS [249]. Since NAD+ supple-
mentation is known to promote neural stem cells/neuronal
precursor cells (NSCs/NPCs) pool maintenance, another
study wanted to determine if the administration of NR could
enhance the proliferation and migration of NSCs/NPCs in
ALS [250]. SOD1G93A transgenic and wild-type mice were
treated with 400mg/kg/day, starting at 50 days of age, which
was found to improve the adult neurogenesis in the brain of
SOD1G93A mice [251]. This was associated with the activa-
tion of mitochondrial unfolded protein response (UPRmt)
signaling and modulation of mitochondrial proteostasis,
which can ameliorate misfolded protein accumulation.
Increasing total NAD+ content in astrocytes using NMN
(5mM and 24h) was reported to induce the activation of
Nrf2 and upregulation of the antioxidant proteins HO-1
and sulfiredoxin 1 (SRXN1), mediated by SIRT6 [252].

A clinical trial based on modulation of NAD+/sirtuins in
ALS used EH301, which is a combination of two active com-
pounds (1-(beta-D-ribofuranosyl)nicotinamide chloride and
3,5-dimethoxy-4′-hydroxy-trans-stilbene) from Elysium
Health, that were proposed to act synergistically to increase
NAD+ levels and support SIRT activity [253]. This was a sin-
gle-center, prospective, double-blind, randomized, placebo-
controlled pilot study (NCT03489200), in which the efficacy
of EH301 (1200mg) was tested in ALS patients. The results of
this trial showed that EH301 significantly slowed the pro-
gression of ALS compared to placebo, also showing improve-
ments in several key outcome measures compared with
baseline [253] (Table 2). A phase II clinical trial has been
planned to expand the scope of the original trial with
EH301, using over-the-counter antioxidants such as
CoQ10, vitamin E, NAC, and L-cystine at safe dosages
(NCT04244630). This study is expected to be completed in
December 2021.

3.12.Mitochondria-Targeted Antioxidants.Themitochondria-
targeted antioxidant 10-(60-ubiquinonyl) decyltriphenylpho-
sphonium (MitoQ) comprises a triphenylphosphonium
(TPP) functional group conjugated to an ubiquinone antiox-
idant moiety [254]. MitoQ crosses biological membranes,
accumulates inside mitochondria driven by the transmem-
brane electric potential [255], and effectively prevents mito-
chondrial oxidative damage [254, 256] (Figure 3). Within
mitochondria, the ubiquinone moiety of MitoQ is reduced
to its active ubiquinol form, protecting mitochondria against
oxidative damage that could be derived from the leakage of
electrons [256]. Reactions with a variety of oxidants readily
oxidize ubiquinol to ubiquinone, which is quickly reduced
back to ubiquinol by the respiratory chain [257] and is thus
continually recycled. A protective effect of MitoQ was
described in chronic hepatitis C patients, by decreasing liver
damage [258], as well as in some neurodegenerative diseases,
including Parkinson’s [259, 260] and Alzheimer’s [261, 262]
diseases, by decreasing the oxidative damage. However, very
disappointing results were obtained when MitoQ was used in
a phase II clinical trial for the treatment of Parkinson’s
disease (NCT00329056-Antipodean Pharmaceuticals, Inc.)
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[263]. Despite these negative results, MitoQ treatment
reduced nitroxidative stress and mitochondrial dysfunction
in SOD1G93A-expressing astrocytes, reducing the toxicity to
motor neurons in cocultures [264]. Also, the administration
of MitoQ (500μM) improved the ALS phenotype in the
SOD1G93A mice, slowing the decline of mitochondrial func-
tion in both the spinal cord and quadriceps muscle and
increasing the life span of affected animals [265]. Impor-
tantly, the same authors also described a marked reduction
of nitroxidative markers and pathological signs in the spinal
cord of MitoQ-treated animals, as well as the recovering of
the neuromuscular junctions associated with a significant
increase in hindlimb strength [265] (Table 2). These results,
associated to the fact that MitoQ rapidly crosses the BBB
[261] and is well-tolerated in both animals and humans
[258], with nauseas as the most common side effect [266],
pointed out mitochondria-directed antioxidants as a possible
strategy to delay ALS symptoms, that deserves to be further
developed.

Another mitochondria-targeted antioxidant tested in
ALS models was the mitochondria-targeted carboxy-proxyl
(Mito-CP), which also comprises TPP cation covalently
coupled to carboxy-proxyl nitroxide and, similarly to MitoQ,
accumulates into the mitochondria [267]. Low doses of Mito-
CP (1-10 nM) effectively prevented the death of motor neu-
rons expressing SOD1G93A induced by nerve growth factor
(NGF), which involved an increase in mitochondrial O2

•-

[268] (Figure 3), and also avoided mitochondrial dysfunction
in SOD1G93A astrocytes, decreasing O2

•- levels, and restoring
motor neuron survival [264] (Table 2). However, additional
studies should be performed with other types of mitochon-
driotropic compounds, with lower toxicity and higher thera-
peutic efficacy.

The cell-permeable antioxidant peptide SS31 (D-Arg-
Dmt-Lys-Phe-NH2), which targets the IMM and protects
against mitochondrial oxidative damage (Figure 3), was also
tested by Petri et al. [269] in in vitro and in vivo models of
ALS associated with SOD1G93A mutations. These authors
showed that SS-31 (1μM) protected cells against cell death
induced by H2O2 in N2a mouse neuroblastoma cells trans-
fected either with wild type or mutSOD1. The administration
of SS-31 (5mg/kg/day) to SOD1G93A mice at the presymp-
tomatic stage led to decreases in cell loss, lipid peroxidation
and protein nitration (4-HNE and 3-NT) markers in the
lumbar spinal cord. Moreover, it significantly improved the
survival and motor performance compared to controls
[269] (Table 2). The capacity of SS-31 to inhibit the mPTP
and cytochrome c release induced by the addition of calcium
in isolated liver mitochondria [270], and its ability to protect
against the loss of mitochondrial potential, and apoptosis
induced by tert-butyl hydroperoxide in N2A and SH-SY5Y
cells [271], suggests that this antioxidant can be a very inter-
esting therapeutic strategy to treat neuronal damage in ALS,
and this needs to be explored in the future.

4. Conclusions

Several studies have been adding strong evidence to the role
of OS mechanisms in ALS that culminate in mitochondrial

dysfunction and cell damage and contribute to neurodegen-
eration. If it is accepted that the excessive ROS production is
a common pathological feature in ALS patients, there are
doubts whether oxidative damage represents a primary
cause or a secondary consequence of this disease and what
is the real contribution of OS in ALS progression, consider-
ing the different subtypes of patients. Although the mecha-
nisms of OS and mitochondrial dysfunction represent
promising therapeutic targets to slow the disease progres-
sion, it is of utmost importance to characterize the different
OS profiles present in different types of patients (e.g., iden-
tify different OS mechanisms associated with different muta-
tions), in order to develop personalized therapies that allow
retarding the progression of the disease according to the OS
profiles of patients.

Although several antioxidants have shown beneficial
effects in ALS animal models, they have failed to show any
meaningful therapeutic benefit in ALS patients. There are
different reasons for the lack of beneficial effects of antioxi-
dant therapies in ALS patients that should be considered in
the future. Some reasons evidenced are the lack of proper
blinding measurements, uniform exclusion criteria, or statis-
tical power associated with the use of a small number of sam-
ples per group in animal assays that can lead to false-positive
results and confounding biological results [272]. These issues
should be avoided by following programmed experimental
designs based on the guidelines for preclinical animal
research in ALS [273]. Moreover, the low CNS bioavailability
of some of the antioxidants may limit their pharmacological
effects, being necessary to invest more in compounds that can
cross the BBB. Another reasonmay be the fact that most anti-
oxidants have been exclusively tested in mutSOD1 animal
models, being the mutSOD1 representative of a small per-
centage of patients [274, 275]. To overcome this issue, it is
necessary to invest more on the development of ALS models
that can be representative of the different subtypes of this dis-
ease, which can support preclinical trials before proceeding
to clinical trials. Preclinical trials using other animal models
of the disease should be done in parallel with the common
mutSOD1 models, including C9orf72 and TDP-43 mice
models that represent the most prevalent mutation in ALS
and the formation of ubiquitinated TDP-43 cytoplasmic
inclusions that are expressed in the majority of patients,
respectively [276, 277]. Although less characterized than the
mutSOD1 models and with some construct validity limita-
tions, both C9orf72 and TDP-43 mice models develop many
features of ALS [276, 277] that can be of extreme usefulness
in the future to complement the experiments with the tradi-
tional mutSOD1 models. Complementarily, the use of pre-
clinical assays that are not based on specific mutations
models should be considered, as for example the use of iPSCs
from sALS and fALS patients (with or without specific muta-
tions) that can be differentiated in MNs, astrocytes, and
microglial cells [278] and represent a valuable tool for screen-
ing different compounds [279]. Another reason that can also
explain this failure is the fact that these compounds have
been generally tested in animal models in presymptomatic
stages of the disease that do not represent the stage in which
patients are diagnosed [274]. It is necessary to establish limits
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of the disease progression, based on OS profiles, that allow
understanding until what stage of the disease a certain com-
pound may have any beneficial effect.

Among the different antioxidant strategies described in
Section 3, there are two that should be explored in the future
due to their capacity to control OS mechanisms and improve
the mitochondrial function. The first example is the case of
NAD+/SIRT1 modulators that have shown capacity to
increase mitochondrial OS resistance and protect against
mitochondrial dysfunction in ALS models, as well as to signif-
icantly slow the disease progression in ALS patients, tested in a
phase I clinical trial (NCT03489200) [253]. To confirm these
results, a clinical trial phase II is already planned, which is
expected to be complete by the end of 2021 (NCT04244630).
The second strategy of great importance is the development
of mitochondria-targeted antioxidants that have shown a
capacity to accumulate inside mitochondria, prevent mito-
chondrial oxidative damage, and attenuate mitochondrial
dysfunction. Although the administration of MitoQ has
shown very promising results in the SOD1G93A mice by slow-
ing the decline of mitochondrial function in both the spinal
cord and quadriceps muscle, by recovering the neuromuscu-
lar junctions associated with a significant increase in hindlimb
strength, and by increasing the life span of the affected animals
[265], its disappointing results in a phase II clinical trial for the
treatment of Parkinson’s disease (NCT00329056-Antipodean
Pharmaceuticals, Inc.) [263] evidenced also the necessity to
develop other types of mitochondriotropic compounds, with
lower toxicity and higher therapeutic efficacy that may after-
wards be tested in ALS models.

Altogether, the present review shows the need to invest
on the characterization of OS profiles which are representa-
tive of each subtype of patient, permitting the development
of personalized therapies based on the differential OS mech-
anisms that characterize different subtypes of patients. This
approach will allow understanding what are the characteris-
tics of certain antioxidants that can have beneficial effects
on different subtypes of patients and help to understand what
is the disease progression window at which a compound may
have beneficial effects.
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BBB: Blood-brain barrier
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GPx: Glutathione peroxidase
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Keap1: Kelch ECH-associating protein 1
H2O2: Hydrogen peroxide
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mPTP: Mitochondrial permeability transition pore
mutSOD1: SOD1 mutation
MM: Mitochondrial matrix
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MPO: Myeloperoxidase
MPP+: 1-methyl-4-phenylpyridinium
NA: Nicotinic acid
NAC: N-Acetyl-L-cysteine
NADPH: Nicotinamide adenine dinucleotide

phosphate
NAM: Nicotinamide
NF-kB: Nuclear factor kappa-light-chain-enhancer

of activated B cells
NGF: Nerve growth factor
NMN: Nicotinamide mononucleotide
NMNAT2: Nicotinamide mononucleotide adenylyl

transferase 2
NOX: Nicotinamide adenine dinucleotide

phosphate oxidase
NPCs: Neuronal precursor cells
NQO1: NAD(P)H quinone dehydrogenase 1
NR: Nicotinamide riboside
Nrf2: Nuclear factor erythroid -2-related factor 2
NSCs: Neural stem cells
3-NT: 3-Nitrotyrosine
O2

•: Superoxide radical anion
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OS: Oxidative stress
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PON: Paraoxonase
Prxl: Peroxiredoxin-l
Rac1: Ras-related C3 botulinum toxin substrate 1
ROS: Reactive oxygen species
RPPX: Dexpramipexole
sALS: Sporadic amyotrophic lateral sclerosis
SIRT: Sirtuin
SOD1: Cu2+/Zn2+ superoxide dismutase type-1
SRXN1: Sulfiredoxin 1
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TARDBP: TAR DNA-Binding
TDP-43: TAR DNA-Binding Protein 43
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Oxidative stress and apoptosis play a key role in the pathogenesis of sepsis-associated acute kidney injury (AKI). Dexmedetomidine
(DEX) may present renal protective effects in sepsis. Therefore, we studied antioxidant effects and the mechanism of DEX in an
inflammatory proximal tubular epithelial cell model and lipopolysaccharide- (LPS-) induced AKI in mice. Methods. We assessed
renal function (creatinine, urea nitrogen), histopathology, oxidative stress (malondialdehyde (MDA) and superoxide dismutase
(SOD)), and apoptosis (TUNEL staining and Cleaved caspase-3) in mice. In vitro experiments including Cleaved caspase-3 and
p75NTR/p38MAPK/JNK signaling pathways were evaluated using western blot. Reactive oxidative species (ROS) production
and apoptosis were determined using flow cytometry. Results. DEX significantly improved renal function and kidney injury and
also revert the substantially increased level of MDA concentrations as well as the reduction of the SOD enzyme activity found in
LPS-induced AKI mice. In parallel, DEX treatment also reduced the apoptosis and Cleaved caspase-3 expression evoked by LPS.
The expression of p75NTR was increased in kidney tissues of mice with AKI but decreased after treatment with DEX. In
cultured human renal tubular epithelial cell line (HK-2 cells), DEX inhibited LPS-induced apoptosis and generation of ROS, but
this was reversed by overexpression of p75NTR. Furthermore, pretreatment with DEX significantly downregulated
phosphorylation of JNK and p38MAPK in LPS-stimulated HK-2 cells, and this effect was abolished by overexpression of
p75NTR. Conclusion. DEX ameliorated AKI in mice with sepsis by partially reducing oxidative stress and apoptosis through
regulation of p75NTR/p38MAPK/JNK signaling pathways.

1. Introduction

Sepsis is a complex disease characterized by a maladaptive
host response to infection resulting in organ dysfunction
and shock [1]. More than 50% of patients with sepsis
develop acute kidney injury (AKI), a common complication
of sepsis and endotoxemia [2]. Lipopolysaccharide (LPS) is
a component of the outer membrane of Gram-negative bac-
teria, and an injection of LPS is commonly used in a model
of experimental sepsis-associated AKI [3]. LPS primarily
combines with toll-like receptor 4 (TLR4) to activate an
inflammation pathway [4] and simultaneously generate

abundant reactive oxygen species (ROS) [5]. ROS triggers
cellular dysfunction, detachment, and apoptotic cell death
in proximal tubules [6]. Studies have reported that sepsis-
related AKI is principally caused by glomerular or tubular
apoptosis, in particular in tubular epithelial cells [7]. Little
progress has been made on the pharmacological treatment
of AKI associated with sepsis, despite the existing knowl-
edge on the prevention mechanism of oxidative stress and
apoptosis in proximal tubular cells which is critical to the
management of sepsis-associated AKI.

The α2-adrenoreceptors are widely distributed in renal
proximal and distal tubules and in peritubular tissues [8].
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Dexmedetomidine (DEX) is a potent α2-adrenergic agonist,
which has been proclaimed to exhibit antioxidant and
anti-inflammatory effects [9, 10]. Previous research has
demonstrated that DEX mitigates apoptosis; it has been
established to protect organs by exhibiting protective
effects against ischemia/reperfusion (I/R) injury in the
liver, heart, and kidney [11–13]. Intraperitoneal injection
of DEX was able to alleviate oxidative stress damage in
LPS-induced acute liver injury [14]. Of particular importance
is the protective effect of DEX on perioperative AKI revealed
in several clinical studies [9, 15]. Experimental studies have
demonstrated that DEX remarkably attenuates renal oxida-
tive stress and apoptosis in early LPS-induced AKI [16].
However, the exact effect of DEX on tubular epithelial cells
in mice with sepsis-associated AKI has not been fully
elucidated.

The p75 neurotrophin receptor (p75NTR) is a multi-
functional transmembrane protein with the ability to bind
members of the neurotrophin family, including nerve
growth factor (NGF), brain-derived neurotrophic factor
(BDNF), and their precursors like proNGF and proBDNF
[17]. Studies of mice have revealed that p75NTR is crucial
for naturally occurring developmental apoptosis within the ret-
ina, superior cervical ganglia, spinal cord, and basal forebrain
[18–21]. A lipid peroxidation product, 4-hydroxynonenal
(HNE), resulted in neurite degeneration and apoptosis, which
was reduced in p75NTR-/- mice [22]. Moreover, several types
of injury such as seizure, ischemia, and oxidative stress cause
upregulation of p75NTR in brain neurons [23, 24]. p75NTR-
induced superoxide production and subsequent apoptosis
have also been reported in motor neurons [25]. p75NTR
has also been reported to participate in kidney development
and is distributed in kidney tissues [26]. Strikingly,
p75NTR is overexpressed in kidneys under pathological con-
ditions such as renal cell carcinoma [27], diabetic nephropa-
thy [28], and chronic kidney disease [29].

No study has focused on the expression and role of
p75NTR in AKI to date. Protective effects of DEX in high
glucose-induced apoptosis can be reversed by overexpression
of p75NTR in human retinal pigment epithelial cells [30],
suggesting that DEX acts on p75NTR in AKI. Therefore, we
examined whether DEX can alleviate LPS-induced apoptosis
in tubular epithelial cells and AKI and the role of p75NTR.

2. Materials and Methods

2.1. Animals and Treatments. Male C57BL/6 mice (age, 7-8
weeks; weight, 20–22 g) were obtained from the Central
South University Animal Service (Changsha, China). Mice
were housed under conditions of constant temperature
(25°C), 50 ± 10% relative humidity, and 12-hour light-dark
cycle, and they had free access to food and water. Mice were
randomly divided into the following three groups (n = 6 – 10
in each group): (I) control group mice i.p. with saline solu-
tion, (II) LPS group mice i.p. with LPS (L2880-25MG,
Sigma-Aldrich, St. Louis, CA, USA) at a dose of 10mg/kg
once, and (III) LPS+low dose of DEX group which had mice
i.p. injected with 10μg/kg of DEX (H20090248, Jiangsu Hen-
grui Pharmaceutical Co., Ltd., China) 30 minutes before

treatment with LPS, (IV) LPS+DEX group which had mice
i.p. with 30μg/kg of DEX 30 minutes before treatment
with LPS, and (V) LPS+large dose of DEX group which
had mice i.p. with 50μg/kg of DEX 30 minutes before
treatment with LPS. The mice in each group had free
access to food and water under pathogen-free conditions.
After LPS administration, survival rate was then recorded
for the next 120 hours. All experiments were approved
by the Hospital Ethics Committee of the Second Xiangya
Hospital of Central South University and carried out in
accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publi-
cations No. 8023, revised 1978).

2.2. Cell Culture and Treatments.Human renal tubular epithe-
lial cell line (HK-2 cell) was purchased from the Cell Bank of
the Chinese Academy of Sciences and cultured in minimum
essential medium (MEM) (Invitrogen, Carlsbad, CA, USA)
with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad,
CA, USA) at a temperature of 37°C and 5% CO2. In the
in vitro experiments and western blot of the signaling path-
way, the dose of LPS and DEX is as follows: LPS: HK-2 cells
(density, 1 × 105 cells per well) in 12-well plates were treated
with 1μg/mL of LPS; LPS+DEX: HK-2 cells were treated with
1μg/mL of LPS and 100μM of DEX for 24 hours. All groups
are treated for 24 hours.

2.3. p75NTR Overexpression Assay. pc/p75, a pcDNA3.1
expression vector inserted in the human p75NTR gene,
was purchased from GeneChem (Shanghai, China). pc/C,
an empty pcDNA3.1, was also purchased from GeneChem
(Shanghai, China) and used as control overexpression vec-
tor. HK-2 cells were transfected with pc/p75 or pc/C using
Lipofectamine 3000 (Invitrogen, Shanghai, China) accord-
ing to the manufacturer’s method; the effect of p75NTR
overexpression was analyzed by western blot assay after
transfection.

2.4. Kidney Function Test. Mice were sacrificed at 24 hours
after LPS injection, and serum was collected. Whole blood
was drawn and immediately anticoagulated with ethylene-
diaminetetraacetic acid- (EDTA-) 2K. Subsequently, serum
creatinine (Cr) and blood urea nitrogen (BUN) were auto-
matically detected using automatic cell analyzers (ARCHI-
TECT c 8000, Abbott Corporation, Chicago, USA).

2.5. Reverse Transcription and Quantitative Real-Time
Polymerase Chain Reaction (PCR). Mice were sacrificed at
24 hours after LPS injection; kidney tissues were collected.
Total RNA was extracted from kidney tissues as described
previously [31]. Complementary DNA (cDNA) was synthe-
sized using RevertAid First-Strand cDNA Synthesis kits
(Thermo Scientific, Waltham, USA). Quantitative real-time
PCR was performed using Synergy Brands (SYBR) Green
(Bio-Rad, Hercules, CA, USA) on CFX96 Touch™DeepWell
Real-Time PCR Detection System (Bio-Rad, Hercules, CA,
USA). PCR primers were ACCACCATGGAGAAGGCTGG
and CTCAGTGTAGCCCAGGATGC (glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)); GACAGCACAGA
ATGTTCCAG and TGGCCAGATGTTCCTCTATT
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(inducible NOS (iNOS)); AGGGCACATACTCAGACGAA
and AGATGGAGCAATAGACAGGAAT (p75NTR);
ACCAACAATACGCACCAGC and AATAGCCATGCCGA
ACTCC (Sortilin); TCATAAGATCCCCCTGGATG and
TGCTTCTCAGCTGCCTGAC (tyrosine kinase receptor A
(TrkA)); CAACAGGACTCACCGGAGCA and GGCTGC
AGGCAAGTCAGCCT (NGF). Quantitative real-time PCR
was performed as per the manufacturer’s instructions: 95°C
for 3min, 40 cycles of 95°C for 10 sec, and 59°C for 30 s. The
experiment was conducted in triplicate. Data were processed
using the 2(-ΔΔCt) method.

2.6. Oxidative Stress Evaluation. Mice were sacrificed at 24
hours after LPS injection; kidney tissues were collected. The
kidney tissues were homogenized with phosphate-buffered
solution (PBS), and the supernatants were collected. Then,
the levels of malondialdehyde (MDA) and superoxide
dismutase (SOD) enzyme activity were determined using
commercial detection kits (A003-1 and A001-1-1, Nanjing
KeyGen Biotech. Co. Ltd., Nanjing, China) according to the
manufacturer’s instructions. ROS of cells was assessed by
flow cytometry using total reactive oxygen species (ROS)
assay kit 520 nm (88-5930-74; Invitrogen, Carlsbad, CA,
USA). Cells were read on the flow cytometer (Cytek,
Fremont, CA, USA), and data were analyzed with the FlowJo
vX0.7 software. All the steps were performed according to the
manufacturer’s instructions.

2.7. Measurement of Apoptosis. Mice were sacrificed at 24
hours after LPS injection; kidney tissues were collected. Kid-
neys from mice were fixed and made into paraffin sections.
Apoptosis in kidney tissues was analyzed using a TUNEL
assay kit (Roche Diagnostics, Indianapolis, USA) according
to the instructions of the manufacturer. Five high-power
fields (×200) were randomly selected from each slice, the
number of apoptotic cells and the total number of cells were
counted, and the apoptosis index ðAIÞ = the number of
apoptotic cells/the total number of cells × 100%. The HK-2
cells were assessed by flow cytometry using an Annexin
V-FITC/PI kit (556547, Becton Dickinson, USA). All the
steps were performed according to the manufacturer’s
instructions.

2.8. Western Blot. Mice were sacrificed at 24 hours after LPS
injection; kidney tissues were collected. Kidney tissues were
lysed in a radioimmunoprecipitation assay lysis buffer (CW
Biotech, Jiangsu, China) with 1% protease inhibitor cocktails
(Sigma-Aldrich, St. Louis, CA, USA) and 1% EDTA solution.
Concentration of proteins was evaluated using bicinchoninic
acid (BCA) protein assay kit (CW Biotech, Wuhan, China).
Proteins were separated using electrophoresis and then
transferred onto polyvinylidene fluoride (PVDF) mem-
branes. Proteins were blocked with PBS and 10% fat-free
milk for 1 hour followed by incubation overnight at 4°C with
the following primary antibodies: anti-proNGF, PA5-77532
(1 : 5000, Sigma-Aldrich, St. Louis, CA, USA); anti-p75 anti-
body, ab8874 (1 : 5000); anti-NGF antibody, ab52918
(1 : 500, Abcam, Cambridge, United Kingdom); anti-p-JNK,
ab124956 (1 : 2500, Abcam, Cambridge, United Kingdom);

anti-JNK, ab179461 (1 : 2500, Abcam, Cambridge, United
Kingdom); anti-GAPDH antibody, ab8245 (1 : 5000, Abcam,
Cambridge, United Kingdom); anti-Cleaved caspase-3
antibody, #9661 (1 : 1000, Cell Signaling Technology, Bos-
ton, USA); anti-P-p38, #4511 (1 : 2000, Cell Signaling
Technology, Boston, USA); and anti-p38, #8690 (1 : 2000,
Cell Signaling Technology, Boston, USA). Blot was then
incubated with horseradish peroxidase-conjugated goat
anti-rabbit IgG or goat anti-mouse IgG in Tris-buffered
saline (TBS) for 2 hours at room temperature. The PVDF
membrane was then exposed to film before development.
Western blot band was analyzed using the mean grey
value with NIH ImageJ program version 7.0 and standard-
ized to GAPDH.

2.9. Histological Analysis. Mice were sacrificed at 24 hours
after LPS injection; kidney tissues were collected. We fixed
kidney tissues with 4% paraformaldehyde for 48 hours and
subsequently subjected them to paraffin embedding. Mouse
kidney was fixed, prepared into paraffin sections, and then
stained with either hematoxylin and eosin (H&E) or Periodic
Acid-Schiff stain (PAS). All images were viewed under a
microscope (Nikon ECLIPSE 80i, Nikon Corporation, Tokyo,
Japan) and analyzed using the ImageJ software version 7.0
(Media Cybernetics, Rockville, USA). Two pathologists used
the Jablonski semiquantitative score to evaluate the degree
of renal tubular damage 0-4 points: 0 points: normal; 1
point: the most mild injury of cortical or medullary outer
layer bad < 5%; 2 points: 5%-25% of leather or medullary
outer layer injury; 3 points: 26%-75% of leather or medullary
outer layer injury; 4 points: >75% of leather or medullary outer
layer injury [32].

2.10. Immunohistochemistry (IHC) Analysis. Paraffin-
embedded tissues were cut into 4μm thick sections, followed
by antigen unmasking process, and incubated overnight at
4°C with Cleaved caspase-3 antibody (1 : 1000, #9661, Cell
Signaling Technology, Boston, USA). Phosphate-buffered
saline replaced the primary antibody as a negative control.
The subsequent detection was done with the use of anti-
rabbit or mouse immunohistochemistry assay kit (DAKO,
Carpentaria, CA, USA) as a chromogen for visualization.
Finally, hematoxylin was used to counterstain the nuclei.
We chose five 40x magnification fields per tissue section at
random, and two independent blinded observers obtained
the mean area values of positive signals for final analysis by
using the ImageJ software version 7.0 (Media Cybernetics,
Rockville, USA).

2.11. Statistical Analysis. Data are expressed as mean ±
standard error of themean (SEM). Statistical analysis was
performed using the paired Student’s t-test or one-way
analysis of variance (ANOVA) followed by Bonferroni
analysis where appropriate. Statistical significance was
arbitrarily declared at p values below 0.05. All analyses
were performed using SPSS version 23 (SPSS Inc., Chi-
cago, IL, USA).
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Figure 1: DEX improves survival rate and attenuates kidney damage induced by LPS. (a) Survival rates of septic mice, 10, 30, and 50 μg/kg
DEX pretreatment groups (∗∗p < 0:01, versus control; #p < 0:05 versus LPS, n = 10 per group; log-rank (Mantel-Cox) test). (b, c) Cr and BUN
levels in serum. (d) Histopathological changes in kidney tissues (scale bar = 50 μm); yellow arrow indicates tubular necrosis and vacuolar
degeneration. (e) Tubular injury score (∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:0001 versus control; ##p < 0:01 versus LPS. Data were presented
as mean ± SEM, n = 6). H&E: hematoxylin and eosin; PAS: Periodic Acid-Schiff stain.
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3. Results

3.1. DEX Alleviates LPS-Induced AKI. As shown in
Figure 1(a), survival rate dropped about 80% in mice sub-
jected to LPS injection within 12 hours and continued to
decline sharply starting from 12 hours after sepsis, reaching
almost 42% by 120 hours after LPS injection. Intravenous
administration of 30μg/kg and 50μg/kg DEX extended life-
time and increased survival rate compared with the LPS
group (p = 0:038 and p = 0:042). Kidney function was evalu-
ated based on serum Cr and BUN which are the primary
indicators of the severity of kidney damage. Levels of BUN
and Cr in mice kidneys were significantly higher in the LPS
group than in the control group, whereas treatment with
DEX decreased serum Cr and BUN levels compared to the
LPS group (Figure 1(b)). Furthermore, histological analysis
in HE and PAS revealed that mice treated with LPS exhibited
severe renal pathological lesions, indicated by widespread
tubular necrosis, tubular degeneration, cellular swelling,
and inflammatory cell infiltration in renal tissues, whereas
DEX treatment significantly reversed these effects
(Figure 1(c)). Kidney histology scores in the LPS group were
significantly higher than those in the control group, whereas
kidney scores in the DEX+LPS group were significantly lower
than those in the LPS group. Our results suggest that treat-
ment with DEX protects mice from acute kidney injury
caused by LPS.

3.2. DEX Alleviates Oxidative Stress and Nitrosative Stress in
AKI Induced by LPS.AKI induced by LPS breaks intracellular
redox balance inducing oxidative stress [16]. MDA concen-
trations were substantially increased in mice injected with
LPS and SOD enzyme activity concentrations were
decreased, but treatment with DEX reduced levels of MDA
and elevated SOD which had been changed by LPS
(Figures 2(a) and 2(b)). Expression levels of mRNA for iNOS
in renal tissues were further evaluated. mRNA expression
levels for iNOS were considerably upregulated in renal tis-
sues of LPS-treated mice in comparison with the control
group. However, DEX remarkably reduced the upregulated

mRNA expression levels for iNOS in renal tissues of LPS-
treated mice. Our results suggest that DEX considerably alle-
viates oxidative and nitrosative stress.

3.3. DEX Reduced Apoptosis and Expression of p75NTR in
Mouse Model of AKI. A TUNEL assay was performed to
examine the effects of LPS and DEX on cell apoptosis
(Figure 3). The number of TUNEL-positive cells was signifi-
cantly higher in mice injected with LPS than in mice in the
control group, and fewer positive cells were recorded in the
DEX+LPS group than in the LPS group (Figures 3(a) and
3(b)). Our findings indicate that DEX is capable of suppress-
ing LPS-induced apoptosis in the AKI model.

We analyzed expressions of Cleaved caspase-3, p75NTR,
and its upstream molecule proNGF to unravel the signaling
pathways associated with protective effects of DEX in LPS-
induced renal injury. A few Cleaved caspase-3-positive cells
were detected in the control group. Nevertheless, the positive
density of Cleaved caspase-3 in mice injected with LPS was
significantly higher than that of mice in the control group.
Pretreatment with DEX substantially decreased the positive
density of Cleaved caspase-3 induced by LPS (Figures 3(c)
and 3(d)). Western blot results demonstrated that LPS
caused significant increase in the levels of Cleaved caspase-
3, p75NTR, proNGF, and NGF in kidney tissues compared
to the control group (Figure 3). However, levels of Cleaved
caspase-3 and p75NTR in kidney tissues of mice treated with
LPS were remarkably reduced after pretreatment with DEX.
On the contrary, expression of proNGF and NGF remained
unchanged after treatment with DEX. Then, we used PCR
to complete western blot analysis; as shown in Figure 3(f),
the gene expression of NGF and its receptors Sortilin and
TrkA decreased in AKI model but remained unchanged after
treatment with DEX. These results imply that p75NTR may
be involved in pathophysiological processes related to DEX
alleviating effects in AKI apoptosis.

3.4. Suppression of Apoptosis and ROS Generation in LPS-
Induced Cells by Dexmedetomidine and Counteraction
through Overexpression of p75NTR. In AKI animal model,
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Figure 2: Dexmedetomidine alleviates oxidative stress in AKI induced by LPS. (a) MDA assay in kidney tissues of mice. (b) SOD assay in
kidney tissues of mice. (c) Real-time PCR of iNOS in kidney tissues of mice (∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:0001 versus control;
#p < 0:05 and ##p < 0:01 versus LPS. Data were presented as mean ± SEM, n = 6). MDA: malondialdehyde; SOD: superoxide dismutase;
iNOS: inducible nitric oxide synthase.
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Figure 3: Continued.
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p75NTR protein is upregulated in the kidney tissue and
reversed by DEX pretreatment. Consistently, similar alter-
ations of p75NTR expression were observed in HK-2 cells
(Figures 4(a) and 4(b)). Then, HK-2 cells were transfected
through vector-mediated overexpression of pc/p75 or a
controlled vector and assessed using western blot assay.
Expression levels of p75NTR were much higher in
pc/p75-transfected HK-2 cells than in pc/C-transfected
HK-2 cells (Figures 4(c) and 4(d)).

To investigate whether p75NTR can reverse the protec-
tive effect of DEX in vitro, HK-2 cells were treated with LPS
for 24 hours and flow cytometry assays used to analyze ROS
production. ROS generation was significantly increased after
LPS stimulation, and treatment with 100μMof DEX reduced
ROS levels which had risen after treatment with LPS. Con-
versely, ROS levels were considerably higher in pc/p75-trans-
fected cells than in pc/C-transfected cells (Figure 4(h)).

Consequently, results indicated that DEX suppressed ROS
generation in cells treated with LPS which was countered
by overexpression of p75NTR.

Cell apoptosis was substantially promoted in mice treated
with LPS, and injection with 100μM of DEX reduced cell
apoptosis from 24.6% to 13.28%. However, antiapoptotic
effects of DEX were reversed through overexpression of
p75NTR. Overexpression of p75NTR reversed the protective
effects of DEX on apoptosis induced by LPS in HK-2 cells
(Figure 4(g)).

3.5. Inhibition of p38 Mitogen-Activated Protein Kinase-
(MAPK-) Jun N-Terminal Kinase (JNK) Signaling Pathway
by DEX in HK-2 Cells. The increased proNGF mediated
p75NTR activation and subsequently induced the activation
of p38MAPK and JNK signaling [33]. ROS has been reported
to activate proapoptotic signaling pathways such as JNK and
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Figure 3: Dexmedetomidine suppressed apoptosis in AKI induced by LPS. (a, b) TUNEL staining in kidney sections of mice
(scale bar = 50μm), white arrows to show TUNEL-positive nuclei and quantitation of TUNEL-positive cells. (c, d) Cleaved caspase-3
staining in kidney sections of mice (scale bar = 50μm), and quantitation of Cleaved caspase-3-positive cells. (e, f) Western blot analysis
and quantitative data for Cleaved caspase-3, p75NTR, proNGF, and NGF in kidney tissues of mice; GAPDH was used as a loading
control. (g) p75NTR, NGF, TrkA, and Sortilin gene expression in the kidney tissues of mice (∗p < 0:05 and ∗∗p < 0:01 versus control;
#p < 0:05 and ##p < 0:01 versus LPS. Data were presented as mean ± SEM, n = 6).
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p38MAPK through stimulation of upstream kinases [34].
Western blot analysis revealed that both JNK and p38MAPK
pathways were activated by LPS (Figure 5). Incubation of
HK-2 cells with DEX 24 hours significantly reduced expres-
sion of phosphorylated protein levels in p38MAPK and
JNK1/2 pathways. Notably, p75NTR inhibited phosphoryla-
tion of JNK and p38MAPK pathways after treatment with
DEX. Overall, the p75NTR/JNK/p38MAPK axis is involved
in apoptosis associated with LPS.

4. Discussion

Acute kidney injury is one of the most severe complications
of sepsis and is a rapid renal dysfunction associated with
inflammation and oxidative stress. Intraperitoneal injection
of LPS to induce sepsis is a commonly used animal model.
LPS is a classic TLR4 agonist which can induce an immediate
and robust inflammatory response thus stimulating activa-
tion of the innate immune system in human sepsis [3]. The
most significant advantage of this model is that the technol-
ogy used is simple and easy to replicate. Our results revealed
that treatment with DEX significantly alleviated LPS-induced
oxidative stress and apoptosis which consequently attenuated
kidney dysfunction. Overexpression of p75NTR enhanced apo-
ptosis, ROS generation, and phosphorylation of p38MAPK-
JNK pathway but eventually reversed the protective effects of
DEX in sepsis-associated AKI.

DEX is a class of highly selective α2-adrenergic receptor
agonists with receptors which are widely distributed in the
proximal and distal tubules of the kidney [8]. The protective
effects of DEX have been reported against oxidative stress,

apoptosis, and pyroptosis in the brain and peripheral tissues
in various in vitro and in vivo models [35, 36]. Experimental
studies of animals have indicated that DEX attenuates LPS-
induced renal dysfunction and histological tissue damage in
the kidneys [37]. Oxidative stress has been identified as one
of the critical contributors of pathogenesis in AKI [6]. Pro-
duction of free radicals is eliminated by intracellular antioxi-
dant enzymes such as SOD [38], thus maintaining the
balance between production and elimination of free radicals.
AKI increases superoxide production and inhibits SOD
activity. MDA is the end product of lipid peroxidation and
its production is increased in kidney tissues after renal I/R
injury [38]; MDA contributes to cell apoptosis and is strongly
involved in AKI [39]. In addition, we established that DEX
reduced markers of oxidative stress including MDA and
SOD and apoptosis as indicated by TUNEL and Cleaved
caspase-3 analysis. The kidney consists of tubules, renal ves-
icles, and glomeruli. Studies have reported that sepsis-related
AKI is principally caused by glomerular or tubular apoptosis
[7]. In support of animal studies, our in vitro data firstly dem-
onstrated that DEX alleviated LPS-induced ROS production
and apoptosis in the kidney tissue, suggesting that the inhib-
itory effect of DEX in sepsis-related AKI is partially due to
alleviation of oxidative stress and apoptosis in the tubules.

p75NTR is a member of tumor necrosis factor receptor
superfamily and a transmembrane receptor that can trans-
duce a “death”—the receptor-mediated apoptotic cascade in
several neuronal populations [40]. Several studies have
revealed that silencing p75NTR prevents cell death and oxi-
dative stress, therefore alleviating diseases like neurodegener-
ative disorders and microvascular degeneration [41, 42].
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Figure 4: Suppression of apoptosis and ROS generation by dexmedetomidine in cells treated with LPS was reversed by overexpression of p75.
(a) Western blots and (b) their semiquantitative analyses of p75NTR in the LPS-treated group or the LPS+DEX-treated group; (c) western
blots and (d) their semiquantitative analyses of p75NTR in pc/C-transfected group or pc/p75-transfected group; (e) the apoptotic rate of
HK-2 cells was determined by flow cytometry; (g) statistical analysis of the apoptotic rate of HK-2 cells; (f) ROS levels of HK-2 cells was
determined by flow cytometry; (h) statistical analysis of the ROS fluorescence (∗p < 0:05 and ∗∗p < 0:001 versus control; #p < 0:05 and
#p < 0:01 versus LPS. Data were presented as mean ± SEM, n = 6).
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Other than its abundant expression in the central nervous
system, p75NTR can also be expressed in the kidneys [27].
During the kidney development, all the developing glomer-
uli show a marked increase of p75NTR expression during
the differentiation of mesenchymal into podocytes [43].
Previous studies have reported the upregulation of
p75NTR in a mouse model with unilateral ischemic reper-
fusion injury [44]. Strikingly, p75NTR RNA silencing also
inhibits human renal cell carcinoma (ACHN) cell migra-
tion implying that p75NTR may play an essential role in
kidney diseases [45]. Nevertheless, its fundamental role in
kidney injury remains unknown. In the present study,
p75NTR was considerably expressed in kidney tissues in
mice with LPS-induced AKI, accompanied by increased
expression of markers of apoptosis and oxidative stress.
These results indicate a positive correlation of p75NTR
with apoptosis and oxidative stress in sepsis-related AKI.
Previous studies [45] have shown that knocking down
p75NTR can inhibit the ACHN cell migration and there-

fore attenuate the kidney injury. In our study, DEX
decreased ROS production and apoptosis upon LPS treat-
ment in HK-2 cells. However, overexpression of p75NTR
can abolish the protective effects of DEX. These findings
suggest that the protective effect of DEX is mediated by
p75NTR signaling, at least in part.

In the animal studies, we have observed that LPS treat-
ment increased the upregulation of proNGF and p75NTR.
The increased ligand can act on the increased p75NTR and
mediate the downstream signaling. However, DEX cannot
inhibit the upregulated proNGF upon LPS treatment. There-
fore, we did not examine the proNGF level in our further
studies. Notably, our study cannot identify if the effect of
p75NTR is ligand dependent or not. Given that DEX can
downregulate the expression of p75NTR, its protective effect
may not be related to the proNGF level. However, other
ligands including proBDNF and proneurotrophin-3 may be
changed after LPS and/or DEX treatment which need to be
studied in the future.
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Figure 5: Inhibition of the p38MAPK-JNK signaling pathway by dexmedetomidine in HK-2 cells of AKI which was reversed by
overexpression of p75NTR. (a) Representative western blots and (b, c) their semiquantitative analyses (∗p < 0:05 and ∗∗p < 0:001 versus
control; #p < 0:05 and ##p < 0:01 versus LPS. Data were presented as mean ± SEM, n = 6).
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Studies have revealed that p75NTR induces apoptosis in a
JNK-dependent manner [46] and that p38MAPK and JNK
pathways are crucial for amyloid-induced cell death that is
mediated by p75NTR [47]. The activity of JNK can be upreg-
ulated by neurotrophins such as proNGF and proBDNF
under apoptotic conditions with p75NTR [45, 48]. Currently,
there is no direct evidence that DEX ameliorates septic AKI
via the p38MAPK-JNK signaling pathway. Nonetheless,
Walshe et al. [49] reported that DEX protects the kidney
and other organs from subsequent I/R damage via
p38MAPK-JNK pathway-dependent mechanisms. Targeted
inhibition of p38MAPK pathway reduces renal cell apoptosis
and improves renal function after I/R injury [50]. Further-
more, several studies have reported that ROS can initiate
phosphorylation of JNK and p38MAPK pathways [51]. The
p38MAPK-JNK pathway has been proven to have an essen-
tial function in determining the fate of renal tubular cells
[52]. Our results correspond with previous observations
and demonstrate that DEX can protect the kidney from oxi-
dative stress and apoptosis by inhibiting expression of
p75NTR and subsequent p38MAPK and JNK signaling path-
ways in tubular epithelial cells stimulated by LPS.

Over the last 30 years, numerous attempts are under way
to improve outcomes for AKI patients, including therapy tar-
geted at hemodynamics, diuretics, and oxidative stress, but
little progress has been made [53]. Despite early goal-
directed therapy (EGDT) becoming a standard therapy in
sepsis shock, recent multicenter trials of EGDT failed to show
improved survival, as well as a reduction in AKI or inflam-
mation [54]. New therapies for sepsis-associated AKI are
urgently needed. To date, large amounts of preclinical
researches have investigated several potential targets to treat
AKI, such as statins [55], N-acetyl-cysteine [56], and alkaline
phosphatase [57], but none of them have translated into
human clinical experiments of AKI. DEX is widely used in
patients undergoing mechanic ventilation in ICU and opera-
tions because of its analgesic and sedative effect [58, 59]. We
and other studies [60] have shown that treatment with DEX
markedly attenuates LPS-induced renal dysfunction in mice
and reduces injury in tubular epithelial cells. These findings
point to a potential treatment strategy of DEX in sepsis-
associated AKI. The effects of DEX in clinical patients war-
ranted further study in the future.

In summary, our results demonstrated the following:
(1) DEX inhibited LPS-induced ROS production and apopto-
sis in tubular epithelial cells indicating that the inhibitory
effects observed after treatment with DEX in mice with
sepsis-related AKI are partially due to alleviation of oxidative
stress and apoptosis in the tubules; (2) p75NTR was highly
expressed during progression of sepsis-related AKI, and
overexpression of p75NTR reversed the protective effects of
DEX against ROS production and apoptosis in LPS-treated
tubular epithelial cells; (3) DEX reduces oxidative stress and
apoptosis possibly by a mechanism that may involve the
p75NTR, p38MAPK, and JNK pathways in sepsis-
associated AKI. Results of this study elucidate the potential
protective and molecular mechanisms of DEX in sepsis-
related AKI from a perspective of oxidative stress and pro-
vide a theoretical basis for future clinical research.

5. Conclusions

DEX ameliorated AKI in mice with sepsis by practically
reducing oxidative stress and apoptosis through the regula-
tion of p75NTR/p38MAPK/JNK signaling pathways.
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Background. Urinary tract infection (UTI) is common in individuals with spinal cord injury (SCI) and neurogenic lower urinary
tract dysfunction (NLUTD) and in veterans with SCI who use antibiotics improperly for asymptomatic bacteriuria. Cranberry
(CB) has been suggested for UTI prevention. Methods. We performed a systematic search up to May 2020 in the following
databases: AccessMedicine, BioMed Central, CINAHL, Cochrane Library, ProQuest, and PubMed. Quality assessment was
performed using a specifically designed quality score. Risk ratio was calculated with both random effect model analysis
(DerSimonian-Laird method) and quality effect model analysis (Doi Thalib method). Results. Six studies on bacteriuria and SCI
were reviewed. From the four studies available for meta-analysis, two of which with individuals taking both CB and control, 477
data from 415 participants were analysed (241 CB and 236 control). No significant differences were detected with meta-analysis.
However, bias, limitations, and incompleteness were observed in the reviewed studies. Conclusion. Although further studies are
needed, we suggest an accurate monitoring of diet and fluid intake, the evaluation of risk for potential food or nutraceutical
interactions with drugs, and the inclusion of inflammatory markers among the outcomes in addition to UTI.

1. Introduction

Spinal cord injury (SCI) is a damage to the spinal cord that
may result in motor paralysis and sensory loss below the level
of the lesion [1]. The highest documented global prevalence
of SCI was found in the United States of America (906/mil-
lion) and the lowest in France (250/million), while the inci-
dence of traumatic SCI was highest in New Zealand
(49.1/million) and lowest in Spain (8.0/million) [2]. In Italy,
the incidence of traumatic SCI during 2013-2014 was
14.7/million per year, the mean age was 54 years old, and
the male to female ratio was 4 : 1 [3]. High incidence was doc-
umented in veterans. In a systematic review of 25 articles, the
overall incidence rate of war-related SCI varied from 4.3 to
5.6/10,000 person-years [4]. These veterans had predomi-
nantly thoracic or lumbar level, complete (American Spinal
Injury Association [ASIA] Impairment Scale A) SCI, associ-
ated with other bodily injuries in 43.9-78.1% of cases [4].

Moreover, polypharmacy is common in veterans [5, 6], and
nutraceutical-drug [5] and food-drug interactions [6] should
be considered.

Neurogenic lower urinary tract dysfunction (NLUTD)
can be observed in 83% of veterans with SCI and is associated
with urinary tract infection (UTI) [7]. Results of routine test-
ing reported that 69% of the urine cultures of veterans with
SCI were positive for bacteria, but 87% were asymptomatic
bacteriuria cases, of which 36% were treated with antibiotics
[8]. Epidemiology of antibiotic resistance in veterans with
SCI suggests improving prescribing of appropriate antibiotics
[9]. There is a large consensus that antibiotic prophylaxis is
not recommended for UTI [10–12] and that asymptomatic
bacteriuria should not be treated with antibiotics [13].

Although cranberry (CB) may be effective in preventing
UTI recurrence in women [14], data from meta-analyses
have reported conflicting results, and it has been suggested
that conclusions on cranberry and UTI should consider the
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differences among the populations studied [15]. Sappal et al.
[16] recently investigated the effect of concentrated
proanthocyanidins (PAC) from CB for reduction of bacteri-
uria in male veterans with SCI and did not find reduction
of bacteriuria and pyuria or improvement in subjective urine
quality.

1.1. Aim and Objectives. We aimed to evaluate the follow-
ing hypothesis: CB products (including extracts) are more
effective than placebo or no treatment in reducing bacteri-
uria and/or in the prevention of UTI in individuals with
SCI. Furthermore, we aimed to suggest a specific quality
assessment for studies with nutraceuticals involving indi-
viduals with SCI.

To this aim, we conducted a systematic review and eval-
uated previous meta-analysis risk of bias assessment [17–
19]. Although it was not a meta-analysis, we also considered
the systematic review of Navarrete-Opazo et al. [20], because
it was focused on individuals with SCI.

2. Materials and Methods

2.1. Study Selection. Figure 1 shows the four-phase diagram
of meta-analysis (according to the PRISMA Statement) and
the flow of the studies processed in this review. We per-
formed a systematic search in PubMed and in the Discovery
Sapienza/medicine pharmacy and psychology including
(among others) the following databases: AccessMedicine,
BioMed Central, CINAHL, Cochrane Library, and ProQuest,
with the search terms spinal cord injury and cranberry, up to
May 2020 (Figure 1).

Given that the aim of the present review was specifically
SCI, interventions that involved individuals with other health
conditions were excluded. In particular, we excluded studies
involving subjects with spina bifida, who had higher urinary
tumor growth factor β-1 than patients with SCI [21], and
children with myelomeningocele [22], being children among
the groups where CB products seemed to be more effective
(relative risk: RR range -0.33 [18] -0.48 [17]). Moreover,
these are two congenital conditions [23], and this review is
aimed at evaluating the effect of CB in individuals with trau-
matic SCI.

All studies that met the following criteria were included
in this review: studies that appear in an edited journal
(peer-review criterion), published in English (language crite-
rion), and focused on the effect of CB on bacteriuria or UTI
versus control (topic criterion), regardless of the CB bioac-
tive compounds’ source and dose and the study design (par-
allel, crossover, controlled, and uncontrolled). First trials
were identified through the title or abstract. Then, the full
text of the article was obtained. Finally, based on inclusion
and exclusion criteria, eligible studies were included (A.R.
and E.T.).

2.2. Data Extraction and Quality Assessment. A data extrac-
tion form, including quality characteristics, was designed,
and selected studies were reviewed by all authors. To ensure
uniformity, data extraction was performed independently
by two reviewers (A.R. and E.T.), and all data were entered

by these reviewers. Discrepancies were resolved by discussion
between the two reviewers, and unresolved disagreement was
referred to a third reviewer (I.P.).

Table 1 shows previously reported judgments of studies
(Table 1). The previously used (Table 1) assessment of bias
tool includes random sequence generation (selection bias),
allocation concealment (selection bias), blinding of partici-
pants and personnel (performance bias), blinding of outcome
assessment (detection bias), incomplete outcome data
(attrition bias), selective reporting (reporting bias), and other
biases [17], each scored as “high risk,” “low risk,” or
“unclear.” Navarrete-Opazo et al. [20] judged studies as
unclear risk for reporting bias, because there was no previous
registration of the protocols.

In this study, withdrawal was not considered as a bias,
being the compliance of volunteers generally due to factors
not imputable to researchers [24], according to the quality
score previously used for intervention studies with flavonoids
[24]. The score (range 0-1) [24] includes proper control (0.3),
compliance assessment (0.1), dietary record (food records or
food-frequency questionnaires throughout the study, 0.06),
food antioxidant intake in subjects’ selection criteria (flavo-
noid-rich food or antioxidant supplement consumption,
0.05), washout and/or run-in period (0.05, washout and/or
run-in period for crossover studies only run-in for parallel
design), marker of bioavailability (0.05), double blinding
(0.05), no funding support (0.03, from profit companies),
and no food/supplement donation (0.01).

Intra- and interstudy baseline comparability was
removed from the previously suggested score [24] because
no mean difference after versus before treatment was calcu-
lated, and the corresponding score 0.3 was divided into
groups balanced for lesion level/urine collection (0.1), UTI
diagnosis after treatment including autonomic dysreflexia
(0.1), and comorbidity and drug use specified (0.1).

Discrepancies were resolved through discussions
between the two authors who performed the quality assess-
ment (A.R. and T.S.) or through consultation with a third
investigator (I.P.).

2.3. Meta-Analysis. Two [16, 25] out of the 6 selected studies
[16, 25–29] have been excluded from the meta-analysis since
results were provided in the form of figures, but we retained
them for discussion, as in the previous meta-analysis [24].
With the definition of UTI being different among the studies,
we use bacteriuria as the outcome. Moreover, asymptomatic
bacteriuria is often improperly treated with antibiotics [8].

Four studies [26–29] met the inclusion criteria and pro-
vided data for the analyses of CB versus control (Figure 1).
Dichotomous outcomes (UTI cases in CB and control
groups) from each study were collected in order to compute
individual-study RR (with 95% confidence intervals). Ran-
dom effect model analysis (DerSimonian-Laird method)
and quality effect model analysis (Doi Thalib method, by
using the quality score as the probability modifier) were
reported. Number needed to treat (NNT) was estimated.
Statistical heterogeneity was assessed by using the Q statistics
for quality effect model and by t2 and prediction interval [30]
for the random effect model.
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In order to detect the presence of publication bias, funnel
plot and Egger’s weighted regression statistics were used.
Symmetry/asymmetry of the funnel plot was defined through
visual examination, and trim-and-fill sensitivity analysis was
performed. Furthermore, we used the L’Abbe plot [31] in
order to visualize the relationship between the effect of treat-
ment and the bacteriuria.

3. Results

3.1. Description of Included Studies. Six studies were retrieved
from the systematic search, of which 2 crossover, 3 parallel
(two 2 arms and one 4 arms), and 1 longitudinal (water
before washout and CB juice), with a total of 449 volunteers.

Characteristics of participants, including and excluding
selection criteria, are shown in Table 2. Lesion level and ASIA

classification were very variable among studies and, when
reported, among groups within the same study (Table 2).
Reported reasons for dropout/loss of follow-up included
noncompliance with pill counts [29], developing of urinary
stones [29], recurrent UTI [25], abdominal discomfort
attributed to CB [25], and personal reasons, including
travels [25].

Only 1 study evaluated the effect of CB juice, whereas the
others evaluated CB tablets or capsules (Table 3). Treatment
range between 1 week and 6 months and 2 out of 3 crossover
studies included a washout period between the two periods of
intervention (treatment and control), whereas the other stud-
ies did not include a run-in period. The 4-arm study also
included a methenamine hippurate (MH) group and a CB
+MH group. All except for 1 study did not report PAC con-
tent in the CB product. Dropout rates range from 0% to 43%
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Figure 1: Four-phase flow diagram of systematic review and meta-analysis, according to the PRISMA Statement.
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and different dropout rates were reported for CB (15%),
CB+MH (21%), placebo (13%), and MH (23%) in the 4-
arm study.

The outcomes of studies were symptomatic UTI, bacteri-
uria plus pyuria (urinary white blood cells count: WBC), or
bacteriuria only (Table 3). Among the studies, only Hess et al.
[29] reported a significant effect on symptomatic UTI after
consumption of CB tablet (1 g/d for 6 months) compared to
placebo. On the other hand, Lee et al. [28] reported bowel
dysfunctions (diarrhoea or constipation) in eleven partici-
pants, nausea in two, and rash in one, after the treatment
with the CB capsule (2 g/d for 6 months).

3.2. Quality of the Included Studies. Disagreement, between
the two authors who performed data extraction and quality
assessment, occurred for the study of Lee et al. [28], who
did not exclude from the follow-up patients who discontin-
ued the intervention and coupled CB and CB+MH groups
and placebo and MH groups for the analysis. After the con-
sultation with the third reviewer, the study was included in
the quantitative synthesis (Figure 1), due to the great number

of subjects, but with the lower quality score, according with
criteria in Table 4.

The most frequent limitations were no comorbidity and
drug use specified (all studies), markers of bioavailability
(all studies), and no compliance, diet, or antioxidant moni-
toring (Table 4).

Only 3 studies included autonomic dysfunction in the
symptomatic UTI diagnostic criteria, and in 3 studies, the
balancing between treatment and control for the lesion level
and urinary collection (management of NLUTD) was not
properly controlled.

In particular, Waites et al. [27] stated that groups were
unbalanced for catheterization and Lee et al. [28] did not fur-
nish information for the 4 arms of treatment, pooling CB and
CB+MH in the treatment group and placebo and MH in the
control group. This kind of analysis is a bias also for proper
control (Table 4).

3.3. Meta-Analysis. Since there were 2 studies with individ-
uals taking both treatment and control, 1 crossover [29]
and 1 longitudinal [26], 477 data from 415 participants were

Table 1: Risk of bias from previous meta-analyses.

Study name Linsenmeyer Waites Lee Hess
Year 2004 2004 2007 2008

Random sequence generation

Jepson et al. 2012 [17] Unclear Unclear Low Unclear

Wang et al. 2012 [18] Not reported Unclear Not reported Unclear

Luis et al. 2017 [19] Not reported Unclear Low Unclear

Allocation concealment

Jepson et al. 2012 [17] Unclear Unclear Low Low

Wang et al. 2012 [18] Not reported Unclear Not reported Unclear

Luis et al. 2017 Not reported Low Low Unclear

Blinding of participants and personnel

Jepson et al. 2012 [17] Low Low Low Low

Wang et al. 2012 [18] Not reported Low Not reported Low

Luis et al. 2017 [19] Not reported Low Low Low

Blinding of outcome assessment

Jepson et al. 2012 [17] Low Unclear Low Low

Wang et al. 2012 [18] Not reported Not reported Not reported Not reported

Luis et al. 2017 [19] Not reported Low Low Low

Incomplete outcome data

Jepson et al. 2012 [17] Low High Low High

Wang et al. 2012 [18] Not reported High Not reported Unclear

Luis et al. 2017 [19] Not reported Low Unclear Unclear

Selective reporting

Jepson et al. 2012 [17] Low Low Low Low

Wang et al. 2012 [18] Not reported High Not reported High

Luis et al. 2017 [19] Not reported Low Unclear Low

Other bias

Jepson et al. 2012 [17] Unclear Unclear Low Low

Wang et al. 2012 [18] Not reported Not reported Not reported Not reported

Luis et al. 2017 [19] Not reported Low Low Low
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analysed in this meta-analysis. Overall, 241 subjects received
CB and 236 control. No significant differences were detected
with meta-analysis in random (p = 0:372) and quality
(p = 0:415) effect models (Figure 2). NNT was 17 (95% CI
34.36 to 6.82), and low to high statistical heterogeneity was
found for random and quality effect models, respectively (t2

0.05, Q 75%, Egger intercept −0.880, p = 0:568). However,
the 95% prediction interval ranged between 0.3 and 2.1.
The funnel plot showed no asymmetric distribution of results
(Figure 3(a)) and trim-and-fill analysis did not suggest
potential publication bias. On the other hand, the visual
inspection of the L’Abbe plot revealed that only half of the
participants were at risk of UTI in the control group
(Figure 3(b)).

4. Discussion

4.1. Summary of Main Results. Six studies were retrieved in
the present systematic review, 4 of which reported data suit-
able for the meta-analysis (Figure 1). Considering that inclu-
sion of low-quality studies may bias the estimated effect,
while restriction to high-quality studies can reduce informa-
tion, a quality score has been assigned and a quality effect
model meta-analysis has been performed, in addition to the
random effect model meta-analysis. We did not observe sig-
nificant effect of CB products (Table 3) on bacteriuria in indi-
viduals with SCI (Table 2 and Figure 2).

About one in every 17 patients will benefit from the treat-
ment. However, NNT does not account for a patient’s base-
line risk, probably different due to intra- and interstudy
variability (Table 2). Moreover, the NNT of a given treatment
will be very different when describing the value versus pla-
cebo instead of another active therapy (Tables 3 and 4; Lee
et al. [28] did not furnish information for the 4 arms of treat-
ment). Moreover, we observed a broad prediction interval
(95% 0.3-2.1), suggesting a range of possible effects in rela-
tion to harm and clinical benefit thresholds (1, null effect)
and indicating the existence of settings where the treatment
has a suboptimal and possibly even harmful effect. None of
the studies included in the quantitative synthesis involved
the veterans who can be very different from the patients
seen in all studies that have been done in the past. There-
fore, the prediction interval cannot tell us what we might
expect for these patients and specific studies are required
to enable more informed clinical decision-making. More-
over, the prediction interval is affected by study bias. If bias
exists, as summarized in Table 4, the effect sizes observed in
future studies might occur beyond the limits of the predic-
tion interval.

4.2. Completeness, Quality, and Applicability of Evidence.
Navarrete-Opazo et al. [20], after a quality assessment across
studies, carried out using the Grading of Recommenda-
tions Assessment, Development and Evaluation (GRADE),

Table 4: Specific risk of bias assessment.

Study name Reid Linsenmeyer Waites Lee Hess Sappal
Year 2001 2004 2004 2007 2008 2018

Groups balanced for lesion
level/urine collection

Yes 0.1 Yes 0.1
Unbalanced catheterization

(treatment/control 65.4/36.3%)
No data for each
of the 4 arms

Yes 0.1 Not reported

UTI diagnosis including
autonomic dysreflexia

No Yes 0.1 No Yes 0.1 Yes 0.1 No

Comorbidity and drug use
specified

No No No No No No

Proper control Yes 0.3 Yes 0.3 Yes 0.3 Placebo+MH Yes 0.3 Yes 0.3

Compliance assessment No No Pills’ count 0.1 No
Pills’
count
0.1

No

Dietary record No No Only fluid intake 0.03 No No No

Food antioxidant intake
Only no
CB/vit. C
0.025

Only no CB
0.025

Only no CB 0.025 No No Only no CB 0.025

Washout and/or run-in 2d-w/o only Yes 0.05 No No No No

Marker of bioavailability No No No No No No

Double blinding No Yes 0.05 Yes 0.05 Yes 0.05 Yes 0.05 Yes 0.05

No funding support
Yes 0.03

(no conflict)
Yes 0.03 Yes 0.03

Brucia
Pharmaceuticals

Yes 0.03
Yes (critical

versus sponsor)
0.03

No supplement donation Yes 0.01
Kessler

Pharmacy
AIM This Way Yes 0.01

Cran-
Max
Swiss

Yes 0.01

Quality score (range 0–1) 0.465 0.655 0.535 0.16 0.68 0.415

CB: cranberry; MH: methenamine hippurate; UTI: urinary tract infection.
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Figure 2: Meta-analysis: (a) forest plot of random effect model; (b) forest plot of quality effect model.
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Figure 3: (a) Funnel plot. Ln RR: risk ratio logarithm. (b) L’Abbe plot. Dotted line: line of equality.
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reported that overall, the studies were rated as moderate-
quality evidence and the highest quality was found in the trial
by Lee et al. [28]. From that, the authors concluded that the
quality of the evidence was strong enough to reasonably con-
clude that cranberry supplementation is not effective for pre-
vention of UTIs in people with SCI [20]. By using our risk of
bias assessment (Table 4), we concluded that the quality of
evidence is low due to the bias, limitations, and incomplete-
ness of the reviewed studies.

Intersubjects’ variability has been reported for absorp-
tion, metabolism, and excretion of CB polyphenols in healthy
individuals, partly due to the variation in the gut microbiota
[32]. Several studies have reported different intestinal micro-
biota in individuals with SCI compared to healthy controls
[33], and diet is known to influence gut microbiota [33]
and to affect UTI risk [34]. Therefore, monitoring food
consumption is of great importance in those studies aimed
at evaluating the effects of bioactive compounds from plant
food. Mobile phone applications for dietary intake monitor-
ing are available in many countries [35, 36], and it has been
reported that a 12-hour dietary recall app was in good
agreement with the two reference methods (food frequency
questionnaire and four dietary records) and useful for cate-
gorizing individuals according to their habitual intake of
selected food and drink groups [37].

Only few of the reviewed studies included CB-product
consumption among exclusion criteria and/or have instructed
volunteers to avoid their consumption, whereas none of them
have monitored the diet (Table 4).

We could not analyse the effects of different study designs
(crossover/parallel), due to the low number of studies. As
previously suggested [24], parallel design could lead to inef-
fective randomization and potential confounding, while the
correct washout period in crossover design, in order to pre-
vent a carry-over (or residual) effect, is difficult to establish
in absence of bioavailability data, as in the reviewed studies
(Table 4).

CB and its bioactive compounds, in vitro, inhibited
enzymes and transporters involved in drug bioavailability
and pharmacokinetics [38, 39]. Although only few cases have
been reported [38], probably related to genetic polymor-
phisms in the enzymes or transporters [40], potential food-
drug interactions should be monitored in individuals with
SCI under treatment for NLUTD with drugs including oxy-
butynin and solifenacin [41]. The panel of experts of the
“clinical guidelines for the diagnosis and treatment of lower
urinary tract dysfunction in patients with SCI” concluded
that anticholinergic (oxybutynin) and β3-adrenoceptor ago-
nist (mirabegron) drugs are recommended for patients at risk
of renal damage, with symptomatic UTI or urinary inconti-
nence [10]. However, adverse anticholinergic events can
occur in SCI patients, including blurred vision, dry mouth,
and constipation [10]. In this context, neurogenic bowel dys-
function (NBD), comorbidity, and polypharmacy and poten-
tial nutraceutical-drug interactions should be monitored
[33], in particular in aged patients with SCI [42]. With age-
ing, individuals with SCI have an increased risk of renal
stones [42], and the effect of CB on nephrolithiasis is contro-
versial [43, 44].

Despite the large age range of many reviewed studies
(Table 2), comorbidity and drug use were not reported
(Table 4), and only antimicrobials and drugs acting on
the immune system were among the exclusion criteria
(Table 2).

Only a study evaluated the effect of CB juice (Table 3) and
did not observe differences in bacteriuria compared to water
(Table 3 and Figure 2). Reid et al. [26] reported that CB juice
ingestion, but not water intake, decreased the adhesion of
Gram-negative (p = 0:054) and Gram-positive (p = 0:022)
bacteria from the urinary sample to uroepithelial cells,
despite the similar reduction of bacteriuria compared to
baseline. In addition to urine culture, the authors suggested
that further parameters need to be tested in patients with
SCI, since urine alone is a poor indicator of bacterial coloni-
zation [26]. Accordingly, CB products do not appear to
inhibit bacterial growth or sterilize the urinary tract, and
among the suggested mechanisms explaining the preventive
effects of CB consumption against UTI, the hypothesis con-
cerning acidification of urine, due to the excretion of the bac-
teriostatic hippuric acid, has currently been disproved [45].

On the other hand, PAC, especially A-linked PAC, had
an antiadhesion effect of P-fimbriated uropathogenic Escher-
ichia coli to uroepithelial cells, whereas B-linked PAC, found
in green tea, dark chocolate, grapes, and apples, did not have
this antiadhesion activity [45]. It has been reported that
mucosal production of interleukin-6 (IL-6) was due to an
adhesion-dependent interaction of bacteria with the mucosa
[46], and it has been suggested that CB may reduce UTI
symptoms through anti-inflammatory mechanisms [45].
Despite this, urinary or serum cytokines have not been
included among the outcomes in the reviewed studies.

4.3. Agreements and Disagreements with Other Reviews. The
presence of mixed treatment groups (CB and CB+MH) and
the low risk of incomplete outcome data (Table 1) assigned
by Jepson et al. [17] to the study of Lee et al. [28], which
included in the analysis also individuals who had discontin-
ued the treatment, are in our opinion a bias in evaluating
the efficacy.

As reported in the meta-analysis by Jepson et al. [17] the
“gold standard” bacteriological criteria for diagnosis of UTI
includes bacteriuria greater than 100,000 bacterial cfu/mL
from the midstream specimen of urine, whereas for the cath-
eter specimen of urine, a bacteriuria < 100, 000/mL is accept-
able. Despite this recommendation, only one of the reviewed
studies gave a different bacteriuria threshold for midstream
and catheter specimens of urine (Table 2), despite the high
variability in NLUTD management, due to the differences
in lesion level and completeness among patients (Table 2).
Cervical SCI has distinct features compared to other SCI,
caused by the impairment of manual dexterity, preventing
individuals from carrying out self-catheterization (complete
injury above C5 and C6), and it is often accompanied by
autonomic dysfunction [10]. The latter develops in patients
with high-level SCI (above T6), and bladder and bowel dis-
tension are the leading causes of autonomic dysfunction
[10]. Autonomic dysfunction (above T6) is among the symp-
toms suggestive of UTI that can be used for the diagnosis of
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symptomatic UTI in conjunction with significant bacteriuria
and pyuria [10, 12, 13, 47]. In some of the reviewed studies,
symptomatic UTI diagnosis required also autonomic dys-
function in individuals with lesions above T6. However, in
some cases, symptomatic UTI was among the exclusion cri-
teria (Table 2). This choice could be a bias for the evaluation
of efficacy due to the low risk of UTI in the control group
(Figure 3). Previous reviews did not consider these aspects,
as well as bias included in the quality score described in
Table 4.

5. Conclusion

5.1. Implication for Practice. The low quality of the reviewed
studies makes it impossible to recommend or exclude the use
of CB for preventing bacteriuria in individuals with SCI. On
the other hand, it must be considered that fluid intake (2–
2.5 L/day) is part of NBD management [33], and reductions
greater than threefold of UTI incidence have been docu-
mented when NBD was reduced in individuals with SCI
[47]. Therefore, in clinical practice, we suggest the evaluation
of comorbidity and accurate diet and fluid intake monitoring.
Previously, mobile phone applications were used for fluid
and/or food intake recording and monitoring in the manage-
ment of patients undergoing dialysis [48] or with diabetes
[49], age-related macular degeneration [50], and cancer
[51]. In addition, a risk evaluation for potential food-drug
or nutraceutical-drug interactions, due to treatment for
NLUTD and comorbidity, should be performed in a person-
alized patient-centered approach [6].

5.2. Implication for Research.A possible solution to overcome
the observed variability among individuals (Table 2) could
be the crossover design and monitoring of total polyphe-
nols or of their metabolites identified in plasma and urine
after the consumption of CB juice, including cinnamic,
dihydrocinnamic, phenylacetic, benzoic, and hippuric acids;
flavonols; benzaldehydes; catechols; valerolactones; and/or
pyrogallols [32]. The pentacyclic triterpene ursolic acid
has been suggested as the main compound in CB able to
inhibit the activity of cyclooxygenase-2, and CB extracts
inhibited nuclear factor κB transcriptional activation in T
lymphocytes and suppressed the release of IL-6, IL-1β, IL-
8, and tumor necrosis factor-alpha (TNF-α) from Escheri-
chia coli lipopolysaccharide-stimulated peripheral blood
mononuclear cells [45].

Serum levels of inflammatory cytokines, including TNF-
α and IL-6, were higher in individuals with SCI, compared
to healthy controls, and were further elevated in SCI subjects
with UTI [52]. In a pilot study on pregnant women, CB juice
consumption reduced urinary IL-6 [53], which has been sug-
gested for differentiating between lower UTI and pyelone-
phritis [54].

For future research, we suggest crossover design with
appropriate washout period in order to overcome variabil-
ity among subjects and to consider plasma and urinary
markers of inflammation as outcomes in addition to symp-
tomatic UTI.
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An essential procedure for the treatment of myocardial infarction is restoration of blood flow in the obstructed infarct artery, which
may cause ischaemia/reperfusion (I/R) injury. Heart I/R injury manifests in oxidative stress, metabolic and morphological
disorders, or cardiac contractile dysfunction. Klotho protein was found to be produced in the heart tissue and participate in
antioxidation or ion homeostasis. The aim of this study was to examine an influence of Klotho protein on the heart subjected to
I/R injury. Wistar rats served as a surrogate heart model ex vivo. Rat hearts perfused using the Langendorff method were
subjected to global no-flow ischaemia, and isolated rat cardiomyocytes underwent chemical I/R in vitro, with or without
recombinant Klotho protein administration. Haemodynamic parameters of heart function, cell contractility, markers of I/R
injury and oxidative stress, and the level of contractile proteins such as myosin light chain 1 (MLC1) and troponin I (TnI) were
measured. The treatment of hearts subjected to I/R injury with Klotho protein resulted in a recovery of heart mechanical
function and ameliorated myocyte contractility. This improvement was associated with decreased tissue injury, enhanced
antioxidant capacity, and reduced release of MLC1 and TnI. The present research showed the contribution of Klotho to
cardioprevention during I/R. Thus, Klotho protein may support the protection from I/R injury and prevention of contractile
dysfunction in the rat heart.

1. Introduction

Restoration of the flow in the obstructed infarct artery is piv-
otal for the treatment of myocardial infarction. However,
revascularization and restoration of the blood flow inflict
myocardial ischaemia/reperfusion (I/R) injury. I/R injury
can be irreversible, and it manifests itself in increased infarct
size and microvascular dysfunctions [1, 2]. It is known that
I/R leads to oxidative stress and the subsequent cascade of
pathophysiological events in the heart. The important factors
contributing to the pathogenesis of I/R injury are the degra-
dation of heart contractile proteins by proteolytic enzymes
and necrotic cell death. The proteolytic enzymes like matrix
metalloproteinases (MMPs) degrade cardiac troponin, titin,
or myosin light chains (MLCs). As a result, numerous meta-

bolic, morphological, and contractile disorders in the myo-
cardium are observed [3]. The approach of regulating
oxidative stress in the heart may support the reduction of
maladaptive response established during I/R injury. There-
fore, searching for new factors contributing to the prevention
and treatment of myocardial injury following I/R is needed.

Klotho is an antiaging protein that is bounded to the cell
membrane or released into extracellular space and then
found in the blood, urine, or cerebrospinal fluid. The main
function of Klotho is the regulation of fibroblast growth fac-
tor (FGF) signalling and ion homeostasis. There is a lot of
evidence for the protective role of Klotho in the kidney, the
main organ that produces Klotho protein. The expression
of Klotho was observed also in the pituitary gland, placenta,
skeletal muscle, urinary bladder, aorta, pancreas, testis,
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ovary, colon, or thyroid gland. βKlotho, other Klotho family
member, is expressed in the adipose tissues, liver, pancreas,
and some part of the brain [4–8]. An intracellular Klotho
form in the cytoplasm of mouse kidney and human parathy-
roid gland cells was also found. Importantly, intracellular
Klotho served as an endogenous anti-inflammatory and anti-
aging factor [6, 7]. It has been shown that Klotho was
involved in the kidney or brain protection by regulation of
oxidative stress, inflammation, and apoptosis [5, 9–11].
Moreover, Klotho deficiency correlated with the occurrence
and development of atherosclerosis, coronary artery disease,
myocardial infarction, and left ventricular hypertrophy [7].
We have reported the expression of Klotho in the cardiomyo-
cytes recently [12]. However, a cell line model does not
include the effect of the intercellular interactions and signal-
ling between the cardiomyocytes and other types of cells in
the cardiac tissue. For this reason, we decided to examine
Klotho influence at the tissue level using Wistar rat hearts.
We propose that Klotho may contribute to the protection
of the heart against I/R injury in the current research.

This study was aimed at investigating the influence of
Klotho protein on the rat hearts subjected to I/R injury.

2. Materials and Methods

2.1. Experimental Animals. Adult male Wistar rats weighing
200-350 grams were obtained from Mossakowski Medical
Research Center, Polish Academy of Sciences, Warsaw,
Poland. The animals were housed in cages (two rats/cage)
and kept at controlled temperature (22 ± 2°C), humidity
(55 ± 5%), and light/dark (12/12 hours) cycle. An ad libitum
access to a diet of standard laboratory chow and water was
provided. All experimental procedures in the animals were
performed following the published Guide of the Polish Min-
istry of Science and Higher Education for the Care and Use of
Experimental Animals. This investigation was approved by
the Ethics Committee for Experiments on Animals at the
Ludwik Hirszfeld Institute of Immunology and Experimental
Therapy Polish Academy of Sciences, Wroclaw, Poland (Res-
olution 002/2020 of 15th January 2020).

2.2. Isolated Rat Hearts Perfused with the Langendorff
Method. Rats were desensitized with buprenorphine
(0.05mg/kg, i.p.) and anesthetized with sodium pentobarbi-
tal (0.5ml/kg i.p.), and the hearts were rapidly excised from
animals. The spontaneously beating hearts were then rinsed
by immersion in ice-cold Krebs-Henseleit Buffer
(118mmol/L NaCl, 4.7mmol/L KCl, 1.2mmol/L KH2PO4,
1.2mmol/L MgSO4, 3.0mmol/L CaCl2, 25mmol/L NaHCO3,
11mmol/L glucose, and 0.5mmol/L EDTA, pH7.4) and can-
nulated by the aorta on a Langendorff system (EMKA Tech-
nologies, Paris, France). The above procedure was completed
within 30 sec. Then, hearts were perfused at constant pres-
sure (60mmHg) with Krebs-Henseleit Buffer (pH7.4, 37°C)
and gassed continuously (5% CO2/95% O2). A latex balloon
was filled with water, and then, it was connected to a pressure
transducer (EMKA Technologies, Paris, France). Then, the
balloon was introduced into the left ventricle via a mistrial
valve. The volume of the balloon was adjusted to achieve a

stable left ventricular end-diastolic pressure of 8-10mmHg
during stabilization and reperfusion. The following haemo-
dynamic parameters using an EMKA recording system with
IOX2 software (EMKA Technologies, Paris, France) were
monitored: coronary flow (CF), heart rate (HR), left ventric-
ular developed pressure (LVDP), left ventricular end-
diastolic pressure (PED), and intraventricular pressure
(dP/dt). Hearts that showed CF > 28mL/min or <10mL/min
were excluded from the study.

2.3. Global Ischaemia/Reperfusion Injury of Isolated Rat
Hearts. Rat hearts were distributed equally and randomly
into 4 groups: aerobic control without Klotho (n = 12), aero-
bic control with Klotho (n = 3), acute myocardial I/R injury
without (n = 14), and with Klotho (n = 7). The scheme of
the experimental protocol of heart ischaemia/reperfusion
injury is shown in Figure 1. No injury of isolated hearts prior
to global ischaemia was established in the preliminary exper-
iment by measurement of the activity of LDH released from
hearts (a marker of cell injury). There was no difference
between groups in LDH activity in coronary effluents col-
lected at 25 minutes of the experiment (data not shown).
The isolated hearts from I/R groups underwent 25min of
aerobic stabilization, 22min of global no-flow ischaemia
(by a cessation of the buffer flow), and 30min of reperfusion
(aerobic conditions) [13], in the presence or absence of
Klotho protein. The hearts from aerobic groups were per-
fused aerobically for 77min, with or without Klotho protein
administration. Recombinant Rat αKlotho protein (Cloud-
Clone Corp., RPH757Ra01) was diluted to a final concentra-
tion of 0.5 ng/mL with Krebs-Henseleit Buffer, immediately
before administration. The optimal concentration of Klotho
protein was determined experimentally. Klotho was adminis-
tered with the perfusion buffer into the hearts during the last
10min of aerobic stabilization and in the first 10min of
reperfusion (after global ischaemia) [13, 14] (Figure 1). To
determine cardiac mechanical function, the recovery of rate
pressure product (RPP) was expressed as the product of HR
and LVPD and evaluated at 25min of the experiment (the
end of aerobic perfusion) and at 77min (the end of

Aerobic (77 min)
Aerobic
control

Aerobic
+Klotho

I/R+Klotho

Klotho protein administration
Coronary effluent
collection

I/RAerobic (25 min)

Aerobic (25 min)

Ischaemia (22 min) Reperfusion (30 min)

Ischaemia (22 min) Reperfusion (30 min)

Aerobic (77 min)

5 min) Ischaemia (22 min) Reperfus

Aerobic (77 min)

Figure 1: Experimental protocol for I/R injury of isolated rat hearts,
with and without Klotho administration. Klotho protein was added
into the perfusion buffer and administered to isolated hearts during
the last 10min of aerobic stabilization (prior to the global
ischaemia) and within the first 10min of reperfusion after global
ischaemia. I/R: ischaemia/reperfusion.
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reperfusion) [13, 14]. After the experimental protocol, iso-
lated hearts were immediately immersed in liquid nitrogen
and stored at −80°C for further investigations. 15mL of cor-
onary effluents was collected at the beginning of reperfusion
(47min of the experiment) (Figure 1). Then, coronary efflu-
ents were concentrated (1mL final volume) using Amicon
Ultra-15 Centrifugal Filter Units with Ultracel-10 membrane
(EMD Millipore, USA), aliquoted, and frozen at -80°C for
further biochemical analysis.

2.4. Heart Perfusion and Isolation of Ventricular Rat
Cardiomyocytes. Rats were treated with buprenorphine
(0.05mg/kg, i.p.) and anaesthetized with sodium pentobarbi-
tal (0.5mL/kg i.p.). The hearts were rapidly excised from ani-
mals and rinsed immediately after removal by immersion in
ice-cold Myocyte Isolation Buffer (MIB) containing
120nmol/L NaCl, 5mmol/L KCl, 2mmol/L NaAc, 2mmol/L
MgCl2, 1mmol/L Na2HPO4, 20mmol/L NaHCO3, 5mmol/L
glucose, 9mmol/L taurine, and 10mmol/L CaCl2 at pH7.4.
The spontaneously beating hearts were suspended on a
blunt-end needle by the aorta in a Langendorff system and
perfused with MIB containing 1mmol/L CaCl2 at 37

°C for
5min. To induce the loss of contractility of cardiomyocytes,
the buffer was replaced with MIB containing 5μmol/L CaCl2.
Then, the right ventricle was excised after mild swelling of the
myocardium in HEPES buffer (120mM NaCl 140, 5mM
KCl, 2mM MgCl2, 5mM glucose, 9mM taurine, and 5mM
HEPES) containing 40μmol/L CaCl2, collagenase, and prote-
ase. The ventricle was rinsed with HEPES buffer containing
100μmol/L CaCl2 and 150mg bovine serum albumin and
minced into small pieces in the digestion solution (HEPES
buffer containing 100μmol/L CaCl2, 150mg BSA, 15mg col-
lagenase, and 1mg protease). The minced tissue was repeat-
edly digested six times for 20 and 10min in a water bath
(37°C). The 3rd-6th fraction was used for further
experiments.

2.5. Chemical Ischaemia/Reperfusion of Isolated Ventricular
Rat Cardiomyocytes. Isolated rat cardiomyocytes underwent
15min of aerobic stabilization in HEPES buffer containing
100μmol/L CaCl2 and 150mg BSA. Then, the ischaemia
was induced by covering the cell pellet with HEPES buffer
containing 4mmol/L 2-deoxyglucose (to inhibit glycolysis)
and 40mmol/L sodium cyanide (an inhibitor of cellular res-
piration) for 3min (I/R groups). The optimal duration of
ischaemia was established in our previous studies [13, 15].
Then, the reperfusion was conducted by removing the buffer
containing sodium cyanide by centrifugation (1min, 1500 ×
g) and incubation of cell pellet for 20min in a fresh portion
of HEPES buffer (100μmol/L CaCl2, 150mg BSA). In the
I/R+Klotho group, cells were incubated in the appropriate
buffers with Recombinant Rat αKlotho protein (Cloud-Clone
Corp., RPH757Ra01) during aerobic stabilization, ischaemia,
and reperfusion (whole experimental protocol of I/R). The
following concentrations of Klotho in the buffers were tested:
100 ng/mL, 5 ng/mL, and 0.5 ng/mL (final concentration).
Cells from the aerobic control group were maintained in aer-
obic conditions and kept exposed to atmospheric air for
38min in HEPES buffer (100μmol/L CaCl2, 150mg BSA).

For contractility measurement, cells were centrifuged at
1500 × g for 5min and suspended in HEPES buffer
(100μmol/L CaCl2, 150mg BSA).

2.6. Measurement of Ventricular Rat Cardiomyocyte
Contractility. After the protocol of I/R injury, a 100μL ali-
quot of cell suspension was placed in the rapid change stim-
ulation chamber of the IonOptix Contractility System
(IonOptix, Milton, MA, USA). The cardiomyocytes were sta-
bilized for 3min and perfused with oxygenated HEPES buffer
containing 2mmol/L CaCl2 (4mL/min) at 37°C. The con-
tractility was measured by continuously pacing the cells with
1Hz and 5V (MyoPacer, IonOptix) and expressed as a per-
cent of peak shortening in comparison to the length of the
diastolic cell. At least an average of six cells per sample and
six samples per experimental condition was evaluated.

2.7. Preparation of Heart Homogenates. Frozen hearts were
crushed using a mortar and pestle in liquid nitrogen. Then,
heart tissue was homogenized mechanically in ice-cold
homogenization buffer (50mmol/L Tris-HCl (pH7.4),
3.1mmol/L sucrose, 1mmol/L dithiothreitol, 10mg/mL, leu-
peptin, 10mg/mL soybean trypsin inhibitor, 2mg/mL aproti-
nin, and 0.1% Triton X-100). The homogenate was
centrifuged (10 000 × g at 4°C for 15min), and the superna-
tant was collected and stored at −80°C for further biochemi-
cal experiments.

2.8. Assessment of LDH Activity. Lactate dehydrogenase
(LDH) activity served as a marker of heart injury. The activ-
ity of LDH was assessed with the Lactate Dehydrogenase
Activity Assay Kit (Sigma-Aldrich) according to the manu-
facturer’s instruction. LDH is a stable cytosolic enzyme that
is released into the extracellular space upon cell membrane
damage or permeability. Briefly, LDH interconverts pyruvate
and lactate with the reduction of NAD to NADH, which is
detected with a colorimetric assay at 450nm. LDH activity
was determined in coronary effluents and normalized to CF.

2.9. Assessment of Cytotoxicity Level in Rat Hearts. To evalu-
ate an influence of I/R injury and Klotho on isolated rat
hearts, the cytotoxicity level using the CytoTox-Glo™ Cyto-
toxicity Assay (Promega, Madison, WI, USA) according to
the manufacturer’s instruction was assessed. The assay mea-
sures the relative number of dead cells based on the extracel-
lular activity of a distinct intracellular protease (dead-cell
protease). Dead-cell protease is released from membrane-
compromised or damaged cells. Briefly, to measure extracel-
lular dead-cell protease activity, a luminogenic cell-
impermeant peptide substrate (alanyl-alanyl-phenylalanyl-
aminoluciferin; AAF-aminoluciferin) is used. Dead-cell
protease cleaves the luminogenic AAF-aminoluciferin sub-
strate. Then, the Ultra-Glo™ Recombinant Luciferase is used
for the measurement of luminescence generated by liberated
aminoluciferin product. The intensity of luminescence is
proportional to the percentage of cells undergoing cytotoxic
stress. The number of dead cells was based on the measure-
ment of the extracellular activity of released dead-cell prote-
ase in coronary effluents, normalized to CF, and served as a
level of cytotoxicity in isolated hearts.
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2.10. Assessment of Oxidative Stress in Rat Hearts.OxiSelect™
In Vitro ROS/RNS Assay Kit (Cell Biolabs, San Diego, USA)
was used to document an influence of Klotho on the level of
total reactive oxygen and nitrogen species (ROS/RNS) in the
rat heart tissue. The assay measures total ROS and RNS,
including hydrogen peroxide, nitric oxide, peroxyl radical,
and peroxynitrite anion, using a proprietary fluorogenic
probe, dichlorodihydrofluorescin DiOxyQ (DCFH-
DiOxyQ). The probe is primed with a dequenching reagent
to the highly reactive DCFH form. In the presence of ROS
and RNS, the DCFH is rapidly oxidized to the highly fluores-
cent 2′, 7′-dichlorodihydrofluorescein (DCF). Fluorescence
intensity is proportional to the total ROS/RNS level within
the sample. The total ROS/RNS level was assessed in coro-
nary effluents and normalized to CF.

2.11. Measurement of Total Antioxidant Capacity in Rat
Hearts. To document an influence of Klotho on oxidative
stress resistance during I/R, OxiSelect™ Total Antioxidant
Capacity (TAC) Assay Kit (Cell Biolabs, San Diego, USA)
was used. Measurement of the total nonenzymatic antioxi-
dant capacity (TAC) is indicative of cells’ ability to counter-
act induced oxidative stress. Briefly, TAC Assay is based on
the reduction of copper (II) to copper (I) by the antioxidants
present in the sample. Upon reduction, the copper (I) ion
further reacts with a coupling chromogenic reagent that pro-
duces a color with a maximum absorbance at 490nm. Absor-
bance values were proportional to the total reductive capacity
in the hearts. TAC level was measured in heart homogenates
and normalized to total protein concentration.

2.12. Analysis of MLC1 and TnI Concentration in Coronary
Effluents. The concentration of ventricular isoform of myosin
light chain 1 (MLC1) in perfusates was determined using Rat
Myosin Light Chain 3 ELISA Kit (Bioassay Technology Lab-
oratory, Shanghai, China). Briefly, primary capture antibod-
ies bind MLC1 from the sample. Then, MLC1 is detected
with biotinylated anti-MLC1 secondary antibodies and
streptavidin-horseradish peroxidase (HRP) complex. The
substrate solution is then added, and color develops in pro-
portion to the amount of rat MLC1.

Cardiac troponin I (TnI) in coronary effluents was quan-
titatively measured using Rat Cardiac Troponin I SimpleStep
ELISA Kit (Abcam, Cambridge, UK). Briefly, TnI is tied with
antibody specific to rat cardiac muscle TnI and is detected by

biotin-conjugated polyclonal antibody and HRP. Next, TMB
Development Solution is used to enable visualization of the
reaction. The concentration of MLC1 and TnI in coronary
effluents was normalized to CF.

2.13. Determination of Total Protein Concentration. The con-
centration of total protein in the cardiac tissue and coronary
effluents was measured by the Bradford method using Bio-
Rad Protein Assay Dye Reagent (Bio-Rad) and Spark multi-
mode microplate reader (Tecan Trading AG, Switzerland).
BSA (heat shock fraction, ≥98%, Sigma-Aldrich) served as
the protein standard.

2.14. Statistical Analysis. Experimental data were analysed
using GraphPad Prism 6 software (GraphPad Software, San
Diego, CA, USA). The normality of variance changes was cal-
culated with the Shapiro-Wilk normality test or
Kolmogorov-Smirnov test. Student’s t-test or Mann–Whit-
ney U tests were used to analyse the data between two
groups. The analysis of data in multiple groups was per-
formed with ANOVA or nonparametric test with post hoc
tests. Correlations were assessed using Pearson’s or Spear-
man’s tests. Results were expressed as mean ± SEM and a
value of p < 0:05 was regarded as statistically significant.

3. Results

3.1. An Influence of Klotho Protein on Heart Contractility.
Subjecting the isolated rat hearts to I/R protocol resulted in
a significant decrease in cardiac haemodynamic parameters
(Table 1, Figure 2). Cardiac mechanical function was
decreased approximately by 40% in hearts subjected to I/R
in comparison to aerobically perfused hearts (approximately
100% of recovery), showing heart dysfunction (Figure 2(a)).
To check the cytotoxicity of Klotho protein, hearts from the
aerobic control group were perfused aerobically with Klotho.
Supplementation of aerobically perfused hearts with Klotho
protein did not affect any of the measured parameters in
comparison to the aero group (Table 1, Figure 2). Perfusion
of hearts subjected to I/R with Klotho protein resulted in a
full recovery of heart contractility (average recovery 110%)
(Figure 2(a)) and in a significant increase in cardiac haemo-
dynamic parameters, such as RPP (Table 1, Figure 2(b)),
CF (Table 1, Figure 2(c)), HR (Figure 2(d)), and LVDP
(Table 1), in comparison to I/R hearts.

Table 1: An influence of Klotho on cardiac mechanical function of isolated rat hearts.

Parameter Aero Aero+Klotho I/R I/R+Klotho

dP/dtmax (mmHg/s)† 1559 ± 93 1407 ± 72 1227 ± 57∗ 1494 ± 157
PED (mmHg)† 9:9 ± 0:9 10:6 ± 0:8 8:6 ± 0:5∗ 9:1 ± 0:2
LVDP (mmHg)† 57:3 ± 2:4 61:0 ± 4:9 40:5 ± 4:8∗ 66:5 ± 6:2#

RPP (mmHg ×min−1 × 103)† 17:8 ± 1:0 19:0 ± 0:8 9:9 ± 1:1∗ 21:4 ± 1:8#

CF (mL/min)‡ 12:5 ± 1:6 13:2 ± 1:1 3:4 ± 1:1∗ 10:6 ± 0:8#

CF: coronary flow; dP/dtmax: baseline left ventricular maximal contractility; I/R: ischaemia/reperfusion; LVDP: left ventricular developed pressure; PED: left
ventricular end-diastolic pressure; RPP: rate pressure product; mean ± SEM; naero = 12; naero+Klotho = 3; nI/R = 14; nI/R+Klotho = 7; ∗p < 0:05 vs. Aero; #p < 0:05
vs. I/R; ANOVA. †After I/R (77min of the experiment); ‡after ischaemia (first minute of reperfusion).
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An isolated rat cardiomyocyte contractility, expressed as
a peak shortening (% of cell length), was significantly reduced
in cells subjected to I/R in comparison to group maintained
in aerobic condition (Figure 3). Supplementation of the car-
diomyocytes with Klotho protein contributed to the mainte-
nance of cell contractility inversely to Klotho dose. Klotho at
the concentration of 0.5 ng/mL supported the increase of
contractility, whereas 100ng/mL represented a subthreshold
dose that did not significantly maintain contractile function
in the cardiomyocytes subjected to I/R (Figure 3).

3.2. An Influence of Klotho on the Magnitude of Heart I/R
Injury. The measurement of the activity of LDH released
from hearts and the number of cardiac dead cells (cytotoxic-
ity level) served as a marker of heart injury. The activity of
LDH (Figure 4(a)) and the number of cardiac dead cells
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Figure 2: An effect of global I/R injury and Klotho protein on heart contractile function: (a) recovery of heart mechanical function. Percent
recovery was calculated as a difference between RPP at 25 and 75min of perfusion protocol; (b) RPP calculated as the product of the heart rate
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Figure 3: An influence of Klotho protein on isolated rat
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(Figure 4(b)) were significantly increased in hearts that
underwent I/R procedure compared to the aerobic control
group. To check the toxicity of Klotho protein on cardiac tis-
sue, hearts from the aerobic control group were treated with
Klotho. Aerobic perfusion with recombinant Klotho protein
did not cause cell injury (Figures 4(a) and 4(b)). Administra-
tion of Klotho protein to hearts subjected to I/R led to almost
full protection against injury (Figure 4(a)) and decreased
cytotoxicity (Figure 4(b)) in comparison to the I/R group.
Heart mechanical function negatively correlated with LDH
activity (r = −0:50, p < 0:05) (Figure 4(c)) and cytotoxicity
level (r = −0:51, p < 0:05) (Figure 4(d)), showing heart con-
tractile dysfunction due to injury.

3.3. Oxidative Status in the Hearts Subjected to I/R Injury.
Total ROS/RNS level in rat hearts was significantly higher
in the I/R group compared to the aerobic control group, con-
firming oxidative/nitrosative stress (Figure 5(a)). Adminis-
tration of Klotho protein slightly reduced the production of
ROS/RNS (Figure 5(a)) and significantly enhanced total anti-
oxidant capacity (TAC) in hearts subjected to I/R
(Figure 5(b)). ROS/RNS level positively correlated with
LDH activity (r = 0:57, p < 0:05) (Figure 5(c)).

3.4. Release of Contractile Proteins from Hearts during I/R.
MLC1 concentration was increased in coronary effluents
from hearts subjected to I/R injury compared to aerobic con-
trol, showing increased release of MLC1 from the hearts
(Figure 6(a)). Administration of Klotho protein to I/R hearts
effectively reduced the release of MLC1 (Figure 6(a)). The
concentration of MLC1 in coronary effluents negatively cor-
related with heart mechanical function (p < 0:05, r = −0:49)
(Figure 6(b)) and positively correlated with LDH activity
(p < 0:05, r = 0:62) (Figure 6(c)), confirming the mechanism
of I/R injury.

The content of TnI in coronary effluents from hearts sub-
jected to I/R injury was increased compared to aerobic con-
trol (Figure 7(a)). Administration of Klotho protein during
I/R contributed to reduced release of TnI (Figure 7(a)). The
release of TnI positively correlated with LDH activity
(r = 0:79, p < 0:05) (Figure 7(b)).

4. Discussion

Kidneys are considered to be the major site of Klotho expres-
sion and primary source of the circulating protein. However,
Klotho is also produced in other types of tissue, like the skel-
etal muscle, adipose tissues, brain, or liver [5, 8]. Recent
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Figure 4: An influence of Klotho on the magnitude of heart I/R injury: (a) the activity of LDH in coronary effluents as a marker of heart
injury. LDH activity was normalized to CF; (b) the number of dead cells in rat hearts based on the activity of dead cell protease, tested by
cytotoxicity assay. The data was expressed in RLU and normalized to CF; (c) correlation of heart mechanical function and LDH activity;
(d) correlation of heart mechanical function and cytotoxicity in rat hearts. CF: coronary flow; LDH: lactate dehydrogenase; mU/mL: milli-
international enzyme units per millilitre; RLU: relative light units; mean ± SEM; naero = 9; naero+Klotho = 3; nI/R = 10; nI/R+Klotho = 7; ∗p < 0:05
vs. Aero; #p < 0:05 vs. I/R; ANOVA.
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studies have underlined the importance of Klotho in the car-
diac muscle too [16]. We had previously reported compensa-
tive production of Klotho in the rat hearts to protect cardiac
tissue from I/R injury. Enhanced production and release of
Klotho into the extracellular space were also proposed as a
biomarker of heart damage [12]. Therefore, the main aim
of this investigation was to examine the influence of Klotho
administration on the rat hearts injured by ischaemia/reper-
fusion. Our research showed that Klotho protein contributed
to the reduction of damage and contractile dysfunction in the
heart during I/R. We strongly suggest that Klotho can be
valuable as a potential agent that supports cardioprevention/-
protection in ischaemic heart disorders.

In this study, subjecting the isolated rat hearts to the I/R
procedure resulted in a significant decrease in haemody-
namic parameters. The administration of Klotho protein
during I/R supported the recovery of heart mechanical func-
tion and contractility of isolated cardiomyocytes. Our results
correspond to the research of Hui et al., where treatment with
recombinant Klotho after endotoxemia-induced heart injury
improved the haemodynamic parameters and cardiac func-
tion in aging mice [17]. It is known that ROS directly influ-
ence contractile function by modifying proteins involved in
excitation-contraction coupling. The suppression of calcium
channels and oxidative interaction with Ca2+ ATPase in the

sarcoplasmic reticulum occur. It results in the inhibition of
Ca2+ uptake. Thus, intracellular and mitochondrial Ca2+

overload contributes to cardiac contractile disorders [3, 18].
It was found that membrane-bound Klotho is a coreceptor
for fibroblast growth factor 23 (FGF23) and plays a role in
ion homeostasis. Soluble Klotho can induce negative phos-
phate and calcium balance also independently of FGF23 as
an endocrine, autocrine, and paracrine hormone [6, 19].
Importantly, stress-induced heart hypertrophy and remodel-
ling were impaired by means of Klotho. Soluble Klotho was
recognized as an inhibitor of TRPC6 channel exocytosis in
the cardiomyocytes. Thus, Klotho protected the heart during
stress conditions by downregulating of Ca2+ influx and
abnormal Ca2+ signalling [6, 20–22]. It was also shown that
Klotho acted as an endogenous inhibitor of calcification
and mediated between FGF23 and vascular cells [23]. The
current research showed that Klotho supported contractility
in the injured cardiomyocytes. Taking into account that
Klotho influences calcium homeostasis in the heart, it may
contribute to the prevention of cardiac mechanical function
and contractile disorders. However, further studies are
needed to explore the underlying molecular mechanism of
the potential effect of Klotho on calcium-dependent heart
contractility.
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Figure 5: Oxidative status in the hearts subjected to I/R injury: (a) total ROS and RNS level expressed as nM of DCF and normalized to
coronary flow; (b) total antioxidant capacity of hearts subjected to I/R. TAC was expressed as μM of CRE and normalized to total protein
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There are studies showing that Klotho protein has been
characterized as a factor in the prevention of oxidative stress,
inflammation, fibrosis, and apoptosis [7, 9, 10, 24]. More-
over, Klotho deficiency has been identified in many disorders

such as inflammatory bowel disease, kidney disease, athero-
sclerosis, cardiac hypertrophy, and remodelling [10, 16, 20,
25–27]. In our previous research, human cardiomyocytes
subjected to I/R injury produced Klotho in a compensative
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Figure 6: An influence of Klotho protein on MLC1 amount in rat hearts: (a) concentration of MLC1 in coronary effluents tested by ELISA
and normalized to CF; (b) correlation of MLC1 concentration and heart mechanical function; (c) correlation of MLC1 concentration and
LDH activity. CF: coronary flow; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; LDH: lactate dehydrogenase; mU/mL: milli-
international enzyme units per millilitre; MLC1: myosin light chain 1; mean ± SEM; naero = 7; nI/R = 5; nI/R+Klotho = 7; ∗p < 0:05 vs. Aero;
#p < 0:05 vs. I/R; ANOVA.
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Figure 7: An influence of Klotho protein on TnI release in rat hearts: (a) concentration of TnI in coronary effluents tested by ELISA and
normalized to CF; (b) correlation of TnI concentration and LDH activity. CF: coronary flow; LDH: lactate dehydrogenase; mU/mL: milli-
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manner to protect from the damage [12]. In the present
study, subjecting the rat hearts to I/R caused injury and
increased production of ROS/RNS in the cardiac tissue.
Heart mechanical function negatively correlated with the
markers of injury, showing heart contractile dysfunction
due to I/R. There was also a positive correlation of ROS/RNS
level and LDH activity, indicating the heart damage due to
overproduction of ROS/RNS. Klotho protein contributed to
the reduction of cardiac injury and cytotoxicity and sup-
ported the production of antioxidants and antioxidant capac-
ity in I/R hearts. However, only a slight decline of ROS/RNS
level in the I/R+Klotho group compared to the I/R group
does not explain the protective mechanism of Klotho. Fur-
ther study is needed to clarify this concatenation. Moreover,
the magnitude of damage and the number of dead cells were
significantly lower after supplementation of the cardiac mus-
cle with Klotho. These data were confirmed in other studies
showing that Klotho prevents cell apoptosis and cytotoxic
activity after induced oxidative stress in other organs [9, 11,
27–29]. Klotho also reduced the apoptosis in an animal
model of I/R kidney injury or in a mouse kidney cell line after
exposure to hydrogen peroxide [10, 27, 30]. Similarly, the
level of necroptotic markers after renal I/R injury in mice
was ameliorated by Klotho due to oxidative stress inhibition
[31]. There was also a correlation of the neuroprotection and
inhibition of neuropathological changes with the induced
expression of Klotho after ischaemic injury in the murine
brain [11]. Finally, the apoptosis and heart damage caused
by endotoxemia or hyperglycaemia in mice were alleviated
by Klotho [17, 32]. Our previous research revealed improved
viability and metabolic activity, as well as reduced injury after
Klotho administration in human cardiomyocytes subjected
to I/R [12]. The current study showed the potential influence
of Klotho on cellular defence against oxidative stress, reduc-
tion of cell death, and injury at the tissue level in I/R rat
hearts. As previously mentioned, Klotho protein was charac-
terized by its antioxidative activity. Klotho had a distinct
capacity to inhibit the production of ROS [9, 11, 29, 31–
34]. Importantly, it was revealed that Klotho led to enhanced
expression of oxidative scavengers like superoxide dismutase
(SOD) and antioxidation through the inhibition of phospha-
tidyl inositol-3 kinase (PI3K)/protein kinase B (Akt) signal-
ling pathway [9, 28, 29, 34]. Thus, Klotho may contribute
to the promotion of antioxidation and protection against
apoptosis during heart I/R.

Based on present knowledge, the main contributors to
I/R injury of the heart are increased production of ROS,
enhanced expression of nitric oxide synthase (NOS), over-
production of nitric oxide (NO), subsequent activation of
MMPs, and proteolytic degradation of cardiac contractile
proteins [3, 35–39]. It was found that ROS and RNS contrib-
ute to nitration/nitrosylation of heart contractile proteins
and activate MMPs, including MMP-2 and MMP-9 [37–
39]. It was shown that MMP-2 not only acts in the extracel-
lular matrix but also functions at the cellular level in the car-
diomyocytes [40]. Heart contractile proteins like myosin
light chains 1 (MLC1) or troponin are nitrated, nitrosylated,
and phosphorylated during I/R, which increases their affinity
for the proteolytic enzymes. As a result, MLC1 is then

degraded by MMPs. It was confirmed that degradation of
MLC1 during I/R injury leads to contractile dysfunction in
the cardiac muscle [38, 41]. It was reported that Klotho con-
tributed to decrease in iNOS expression in human endothe-
lial cells during oxidative stress. The expression of MMP-2
and MMP-9 in the kidneys was also reduced by means of
Klotho [24, 33, 42–44]. In the present research, the level of
MLC1 and TnI in coronary effluents was increased after I/R
injury of the rat hearts. The release of MLC1 and TnI posi-
tively correlated with the magnitude of heart damage and
negatively correlated with heart mechanical function, con-
firming the mechanism of I/R injury. Importantly, we have
previously reported that the administration of inhibitors of
NOS, MMP-2, and MLC phosphorylation resulted in cardio-
protection of the human cardiomyocytes or isolated rat
hearts [13–15, 45, 46]. The current study showed reduced
release of MLC1 and TnI during I/R after Klotho administra-
tion. For this reason, we hypothesize that Klotho may contrib-
ute to the protection of heart contractility throughout
limitation of oxidative/nitrosative stress and subsequent
reduction of MMP-dependent degradation of MLCs. Thus,
the next goal of our investigation is to elucidate the underlying
mechanism of Klotho influence in relation to ROS/RNS and
MLC1. The analysis of NOS, NO, MMP-2, MMP-9, and tissue
inhibitors of metalloproteinases levels will be then performed.

5. Conclusion

In conclusion, the presented research showed that the
administration of Klotho protein to the heart during I/R
injury enhanced antioxidant capacity and supported the
reduction of cell death, toxicity, and release of heart contrac-
tile proteins. We are also aware that confirmation of the
potential influence and cardioprotection of Klotho in the
heart needs further studies.
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Nrf2 is a master regulator of antioxidant cellular defence, and agents activating the Nrf2 pathway have been tested in various
diseases. However, unexpected side effects of cardiovascular nature reported for bardoxolone methyl in patients with type 2
diabetes mellitus and stage 4 chronic kidney disease (the BEACON trial) still have not been fully explained. Here, we aimed to
characterize the effects of bardoxolone methyl compared with other Nrf2 activators—dimethyl fumarate and L-
sulforaphane—on human microvascular endothelium. Endothelial toxicity, bioenergetics, mitochondrial membrane potential,
endothelin-1 (ET-1) release, endothelial permeability, Nrf2 expression, and ROS production were assessed in human
microvascular endothelial cells (HMEC-1) incubated for 3 and 24 hours with 100 nM–5 μM of either bardoxolone methyl,
dimethyl fumarate, or L-sulforaphane. Three-hour incubation with bardoxolone methyl (100 nM–5 μM), although not toxic to
endothelial cells, significantly affected endothelial bioenergetics by decreasing mitochondrial membrane potential
(concentrations ≥ 3μM), decreasing spare respiratory capacity (concentrations ≥ 1 μM), and increasing proton leak
(concentrations ≥ 500 nM), while dimethyl fumarate and L-sulforaphane did not exert such actions. Bardoxolone methyl at
concentrations ≥ 3 μM also decreased cellular viability and induced necrosis and apoptosis in the endothelium upon 24-hour
incubation. In turn, endothelin-1 decreased permeability in endothelial cells in picomolar range, while bardoxolone methyl
decreased ET-1 release and increased endothelial permeability even after short-term (3 hours) incubation. In conclusion, despite
that all three Nrf2 activators exerted some beneficial effects on the endothelium, as evidenced by a decrease in ROS production,
bardoxolone methyl, the most potent Nrf2 activator among the tested compounds, displayed a distinct endothelial profile of
activity comprising detrimental effects on mitochondria and cellular viability and suppression of endothelial ET-1 release
possibly interfering with ET-1–dependent local regulation of endothelial permeability.

1. Introduction

Nrf2—nuclear factor (erythroid 2-related factor) 2—is the
primary player in the inducible cell defence system that reg-
ulates expression of over 600 target genes including detoxifi-
cation, cytoprotective, and antioxidant enzymes; ABC
transporters; and other stress response enzymes and proteins
[1, 2]. The plethora of products encoded by these genes

includes antioxidant and cytoprotective genes (e.g. genes
related to glutathione synthesis, glutathione S-transferases,
thioredoxin, peroxiredoxins, hemoxygenase-1, and ferritin)
and many others, i.e., regulators of transcription, growth fac-
tors, and proteins responsible for xenobiotic metabolism and
clearance (reviewed in Baird and Dinkova-Kostova [3]).

Given the important role of Nrf2 in cellular defence, it
was not a surprise that Nrf2-/- mice were more susceptible
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to oxidative stress-induced diseases, including acute lung
injury, chronic obstructive pulmonary diseases, diabetic
nephropathy, heart failure, and cancer [4]. On the other
hand, Nrf2 pathway activation exerts a wide range of protec-
tive functions. There is a substantial interest in identifying
and developing Nrf2 activators that could be exploited ther-
apeutically in conditions related to oxidative stress and
inflammation, such as multiple sclerosis and complications
of diabetes (e.g., retinopathy and nephropathy), as well as
many other diseases including solid tumors, lymphomas,
and neurodegenerative diseases [1, 3–9].

L-sulforaphane, an isothiocyanate present in crucifer-
ous vegetables (broccoli), was one of the first studied acti-
vators of Nrf2. This compound was tested in a phase 2
clinical study in men with recurrent prostate cancer [10],
but the expected therapeutic effects were not achieved. How-
ever, in type 2 diabetic patients, L-sulforaphane-rich broccoli
sprout powder caused a significant improvement in serum
insulin concentration, glucose-to-insulin ratio, and insulin
resistance [11].

Another Nrf2 inducer, dimethyl fumarate, is a methyl
ester of fumaric acid—a metabolite of the citric acid cycle
in mitochondria. Dimethyl fumarate was tested in the treat-
ment of psoriasis where it decreased the number of T-cells
via the activation of apoptosis [12] and has been used in
the treatment of psoriasis for many years [13]. Importantly,
this compound has been shown to be efficacious in the treat-
ment of multiple sclerosis [14]. In a phase 3 clinical study in
relapsing-remitting multiple sclerosis patients, dimethyl
fumarate was shown to reduce the progression of disability
[15], and the compound was approved by FDA in 2013 for
the treatment of relapsing-remitting multiple sclerosis [16].

Some of the most promising Nrf2 inducers are the deriv-
atives of oleanolic acid [17]. A semisynthetic triterpenoid
derivative named bardoxolone methyl (also known as
CDDO-Me) is a potent Nrf2 inducer that stimulates Nrf2-
dependent cytoprotective responses in nanomolar concen-
trations [13, 17]. In multiple preclinical studies, bardoxolone
methyl was shown to reduce diabetic complications, cancer,
cardiovascular disease, neurodegenerative diseases, and
chronic obstructive pulmonary disorder [13, 17] and numer-
ous clinical trials were launched [1, 13, 17]. However, in
October 2012, a phase 3 BEACON trial was terminated. This
clinical study (Bardoxolone Methyl Evaluation in Patients
with Chronic Kidney Disease and Type 2 Diabetes Mellitus:
The occurrence of renal events (BEACON)) was a phase 3
randomized, double-blind, placebo-controlled trial designed
to determine whether bardoxolone methyl could reduce
End-Stage Renal Disease (ESRD) and cardiovascular events
[18]. The study was terminated due to safety concerns and
a significantly increased risk of heart failure requiring hospi-
talization, which also increased the composite cardiovascular
outcome (nonfatal myocardial infarction, nonfatal stroke,
hospitalization for heart failure, or death from cardiovascular
causes) in the bardoxolone methyl-treated group compared
to placebo [18]. Increased incidence of cardiovascular events
in bardoxolone methyl-treated patients in the BEACON trial
was attributed to the ability of bardoxolone methyl to mod-
ulate the endothelin pathway [18, 19]. An excess rate of

heart failure hospitalization among those assigned to the
bardoxolone-treated group was linked to fluid overload in
patients at risk [20] and seemed to recapitulate those
observed with endothelin receptor antagonists in patients
with advanced CKD [19, 21]. Furthermore, preclinical stud-
ies demonstrated the suppressive effects of bardoxolone
methyl on endothelin signalling in the kidneys by reducing
the expression of the ETA receptor protein, independently
of bardoxolone methyl-induced improvement of eGFR and
preservation of kidney function [19]. Given the fact that
ET-1 plays an important role in the regulation of sodium
and water homeostasis [22], it was claimed that bardoxolone
methyl may pharmacologically promote acute retention of
sodium and water through the modulation of the endothelin
pathway [21]. However, this hypothesis could not fully
explain the symptoms observed in patients suffering from
bardoxolone methyl-induced side effects [23], particularly
when post hoc analysis confirmed improved kidney function
and eGFR in bardoxolone methyl-treated patients [21]. Fur-
thermore, ET antagonists have different hemodynamic
effects from those induced by bardoxolone methyl, and gen-
erally, suppression of the endothelin pathway should rather
be protective than detrimental against an adverse cardiovas-
cular event [24–26]. Moreover, the manner in which bardox-
olone methyl modulates the endothelin pathway in other
tissues including the endothelium has yet to be examined,
and it is not known whether bardoxolone methyl displays
any detrimental effect on endothelial function—in particular
the endothelial barrier—that could possibly result in periph-
eral oedema. Endothelial function determines heart failure
progression not only by an NO-dependent action that is
known to have prognostic significance in heart failure
patients [27] but also by regulating the barrier function in
microcirculation. Indeed, changes in endothelial permeabil-
ity and vascular leakage could contribute to drug-induced
progression of heart failure and peripheral oedema, and such
detrimental mechanism in diabetic patients was reported for
rosiglitazone [28], a peroxisome proliferator-activated recep-
tor-γ (PPAR-γ) agonist, shown to significantly increase the
risk of heart failure [29]. Therefore, we aimed to test the
hypothesis that the detrimental effects of bardoxolone
methyl in the BEACON trial could be, at least partially,
explained by bardoxolone-induced effects on endothelial
function. For that purpose, in the present work we character-
ize the effects of bardoxolonemethyl on microvascular human
endothelium toxicity, mitochondrial function, endothelin-1
release, and endothelial permeability. The effects of bardoxo-
lone methyl were compared with those of two other well-
characterized Nrf2 activators used in clinical studies: dimethyl
fumarate and L-sulforaphane.

2. Methods

2.1. Cell Culture and Drug Treatment. Human dermal
microvascular endothelial cells, HMEC-1 (purchased from
ATCC, Cat. No. CRL3243™), were cultured in MCDB 131
Medium (Thermo Fisher Scientific) supplemented with
FBS (10%, Thermo Fisher Scientific), L-glutamine (2mM,
Thermo Fisher Scientific), hydrocortisone (0.05mg/ml,
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Sigma-Aldrich), Epidermal Growth Factor (5 ng/ml),
100U/ml penicillin, 10μg/ml streptomycin, and 250 ng/ml
amphotericin B (Sigma-Aldrich). HMEC-1 were cultured
under standard conditions (37°C, 5% CO2) and passaged
two times a week. In all experiments, cells between the sec-
ond and tenth passages were used only when they reached
full postplating confluency. Bardoxolone methyl (CDDO
methyl ester, Cayman Chemical), dimethyl fumarate
(Sigma-Aldrich), and L-sulforaphane (Sigma-Aldrich) ini-
tially diluted in DMSO were added to the culture medium
at final concentrations of 100nM, 300nM, 500 nM, 1μM,
3μM, and 5μM in triplicates, if not stated otherwise. Control
cells were treated with 0.05% DMSO added to the culture
medium. To check for acute toxicity, the cells were incubated
with tested agents for 3 hours. Standard toxicity assessment
time was set to 24 hours, according to the literature [30].

2.2. Assessment of Nrf2 Nuclear Expression. HMECs were
seeded at a density of 1,000,000 per well and grown in 6-
well plates until they reached full confluence, then cells were
incubated with bardoxolone methyl, dimethyl fumarate, and
L-sulforaphane for three hours. To measure Nrf2 expression
in the nucleus, a Nuclear Extract Kit (Active Motif) was used
to isolate the nuclear and cytoplasmic fractions. Nuclear and
cytoplasmic extracts (25 or 30μg protein/sample) were proc-
essed as follows: first, the membranes were scanned for total
protein content for further band normalization, and subse-
quently, they were incubated with primary rabbit polyclonal
Anti-Nrf2 Antibody (H-300) (sc-13032, Santa Cruz Biotech-
nology, lot No. GR197455-1) 1 : 1000 overnight and with goat
anti-rabbit secondary antibody (sc-2004, Santa Cruz Biotech-
nology, lot No. 12314) 1 : 2500 for 45 minutes. After chemilu-
minescent band detection, membranes were washed and
incubated with primary Anti-Lamin A/C Monoclonal Anti-
body (mab636, Thermo Fisher Scientific, lot No. QF215120)
1 : 1000 overnight and with anti-mouse secondary antibody
(sc-516102, Santa Cruz Biotechnology) 1 : 5000 for 1 hour.
Bands were again detected with the use of chemiluminescence,
measured and normalized to total protein content using Image
Lab Software (Bio-Rad).

2.3. Assessment of ROS Production. HMECs were cultured in
96-well plates (seeding density: 15,000 cells per well) and
treated with bardoxolone methyl, dimethyl fumarate, and
L-sulforaphane for 24 hours and incubated for 15 minutes
with the following fluorescent dyes: dihydroethidium DHE
(2μg/ml, Thermo Fisher Scientific) and Hoechst 33342
(0.5μl/ml, Thermo Fisher Scientific) at 37°C. After washing,
images were captured with an Olympus Scan^R automated
fluorescence microscope (Olympus Corporation) with the
use of 20x magnification in two channels: DAPI for nuclei
localization (Hoechst 33342, ex/em 346/460 nm) and Texas
Red for reactive oxygen species/reactive nitrogen species
(ROS/RNS) indication (DHE, ex/em 518/606 nm). Image
analysis was performed with the use of a Columbus Image
Data Storage and Analysis System (Perkin Elmer), and mean
fluorescence intensity was normalized to the number of
living cells.

2.4. Assessment of Endothelial Toxicity

2.4.1. MTS Tetrazolium Assay. HMECs were plated into 96-
well plates at a density of 15,000 per well in order to produce
confluency on the second postplating day. The cells were
incubated with bardoxolone methyl, dimethyl fumarate,
and L-sulforaphane for 3 and 24 hours. Cell viability was
determined with use of a Non-Radioactive Cell Proliferation
Assay (Promega) according to the manufacturer’s instruc-
tions. The absorbance was recorded at 490 nm using a Syn-
ergy4 plate reader (BioTek). Cells were then washed with
PBS and suspended in Mammalian Protein Extraction
Reagent (Thermo Fisher Scientific) containing phosphatase
(PhosSTOP, Roche) and protease (cOmplete, Roche) inhibi-
tors and frozen at -20°C. The next day, the samples were
thawed and total protein concentration was determined with
use of a colorimetric BCA Protein Assay Kit (Thermo Fisher
Scientific). Absorbance was recorded at 562nm. The results
of the MTS test were normalized to the protein concentration
of the sample and calculated as a percent of control cells.

2.4.2. Annexin V/Propidium Iodide Flow Cytometry Assay.
Flow cytometry was used to determine cellular apoptosis
and necrosis. HMECs were cultured in 24-well plates
(500,000 per well) and incubated for 3 and 24 hours with bar-
doxolone methyl, dimethyl fumarate, and L-sulforaphane
(single wells). After incubation, staining with Annexin V and
propidium iodide was performed with the use of a FITC
Annexin V Apoptosis Detection Kit (BD Biosciences) accord-
ing to the manual. The cells were analyzed with an LSR II flow
cytometer (Becton Dickinson).

2.4.3. Cell Counting. HMECs were cultured as described
above (Section 2.4.1) and treated with bardoxolone methyl
(100 nM-10μM), dimethyl fumarate (500 nM-1mM), and
L-sulforaphane (500 nM-100μM) for 24 hours. Afterwards,
the cells were washed with PBS 1x, fixed with 4% formalde-
hyde for 10min at RT, and incubated for 30 minutes at
37°C with the following fluorescent dyes: Hoechst 33258
(1μg/ml, Sigma-Aldrich) for nucleic acid staining and YO-
PRO-1 Iodide (1 : 1000, Thermo Fisher Scientific) for identi-
fication of apoptotic cells. Cell imaging was performed with a
Confocal Quantitative Image Cytometer CQ1 (Yokogawa
Electric Corporation) with the use of 10x magnification at
two wavelengths: 405/452 nm (blue) and 488/525 nm (green).
Image analysis was performed using a Columbus Image Data
Storage and Analysis System (Perkin Elmer).

2.5. Assessment of Mitochondrial Function. Cellular bioener-
getics were measured with use of the Seahorse XFe96 Ana-
lyzer (Agilent Technologies). Forty-eight hours prior to the
start of the experiment, cells were seeded at a density of
19,500 per well into 96-well XF cell culture plates, according
to the manufacturer’s protocol. Before the start of experi-
ments, cells were washed twice with 200μl of bicarbonate-
free low-buffered assay medium (containing 10mM glucose,
1mM pyruvate, and 2mM glutamine, pH = 7:4) and pre-
incubated for 1 hour with bardoxolone methyl, dimethyl
fumarate, and L-sulforaphane diluted in assay medium.
Changes in cellular respiration were assessed for 2 hours
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(total time of incubation with Nrf2 activators was three
hours). During the assay, sequential injections of 1μg/ml
oligomycin (an inhibitor of mitochondrial ATPase/ATP
synthetase), 0.7μM FCCP (trifluoromethoxy carbonylcya-
nide phenylhydrazone—a protonophore and uncoupler of
oxidative phosphorylation), and 1μM rotenone/antimycin
A (an inhibitor of mitochondrial electron transport at NAD-
H : ubiquinone oxidoreductase and an inhibitor of electron
transfer at complex III) were performed. Results regarding
the following parameters—basal respiration, proton leak,
maximal respiration, spare respiratory capacity, nonmito-
chondrial respiration, and ATP production—were obtained
with use of a test report generator provided by Agilent
Technologies.

Mitochondrial membrane potential was evaluated using
JC-1, which is a cationic dye that accumulates inside mito-
chondria. Depending on the value of the mitochondrial
membrane potential, it forms either red fluorescent aggre-
gates or green fluorescent monomers. A decrease in the red/-
green fluorescence intensity ratio indicates mitochondrial
depolarization. HMECs were plated into 96-well plates at a
density of 40,000 per well in order to produce confluency
on the first postplating day. After 3 hours of incubation with
bardoxolonemethyl, dimethyl fumarate, and L-sulforaphane,
cells were washed with PBS and incubated for 30 minutes at
37°C in the dark with 1μg/ml JC-1 (Thermo Fisher Scien-
tific). Shortly before JC-1 addition, 100μM FCCP was added
to the cells incubated with culture media to serve as a positive
control. Cell imaging was performed with a Confocal Quan-
titative Image Cytometer CQ1 (Yokogawa Electric Corpora-
tion) with the use of 20x magnification at two wavelengths:
561/617 nm (red) and 488/525 nm (green). Image analysis
was performed using a Columbus Image Data Storage and
Analysis System (Perkin Elmer).

2.6. Assessment of Endothelin-1 Release. HMECs were
plated into 96-well plates at a density of 15,000 per well and
treated with bardoxolone methyl, dimethyl fumarate, and
L-sulforaphane for 3 and 24 hours in duplicates. After the
assigned time, cell culture supernatants were collected, cen-
trifuged, and stored at -80°C. Endothelin-1 was quantified
with use of an ELISA Kit (R&D Systems). Total protein con-
centration was determined as described above and the results
were normalized.

2.7. Assessment of Endothelial Permeability. To measure
changes in endothelial permeability, we used the ECIS meth-
odology based on the measurement of cellular electric poten-
tial [31, 32]. HMEC-1 cells were seeded at a density of 30,000
per well into special 96-well plates containing golden elec-
trodes (Applied Biophysics). An ECIS array holder was
placed into the incubator, and cells were grown for approxi-
mately ten days until they reached full confluence confirmed
by ECIS readout (capacitance values: 0.5–1.0 nanoFarads).
One day prior to the start of the experiment, fully supple-
mented culture medium was changed to medium without
FBS. Endothelin-1 (100, 300, 500, and 1000 pM), selective
antagonists of ETA and ETB receptors BQ123 and BQ788
(1μM), bardoxolone methyl, dimethyl fumarate, and L-

sulforaphane (0.1–5μM) were added into the wells in qua-
druplicate and the impedance was measured throughout
24 hours. Control wells were treated with fresh culture
medium (no FBS), 0.05% DMSO, 5μM forskolin, and
10μM histamine.

2.8. Statistical Analysis. All parameters were expressed as
mean ± standard error of the mean (SEM). The data from
each experiment (repeated three times or more) were first
processed with the Shapiro-Wilk normality test, and all data
were normally distributed. Intergroup differences were
assessed by one-way analysis of variance (ANOVA), followed
by an adequate post hoc test (Duncan’s, Dunnett’s, or
Dunn’s), if appropriate.

3. Results

3.1. Effects of Bardoxolone Methyl, Dimethyl Fumarate, and
L-Sulforaphane on Nrf2 Expression in HMECs. To compare
the effects of bardoxolone methyl, dimethyl fumarate, and
L-sulforaphane on Nrf2 nuclear expression in HMECs, the
expression of Nrf2 in the nuclear fractions was assessed by
means of Western blots. As shown in Figure 1, bardoxolone
methyl at concentrations of 300nM and 3μM increased
Nrf2 expression in the nuclear fraction of HMECs by 17.5-
fold and 45-fold, respectively. L-sulforaphane appeared to
be less potent and dimethyl fumarate the least potent activa-
tor of Nrf2 because at a concentration of 3μM, these com-
pounds increased Nrf2 expression in the nuclear fraction of
HMECs by 9.3- and 3.1-fold, respectively (Figure 1(a)). In
the cytoplasmic fraction, a pronounced increase in the level
of Nrf2 was present only after treatment with 3μM of bar-
doxolone methyl (Figure 1(b)). Expression of Lamin A/C
was detected in the nuclear extracts, while it was absent in
the cellular fractions, confirming the nuclear fraction purity
(Figure 1(c)).

3.2. Effects of Bardoxolone Methyl, Dimethyl Fumarate, and L-
Sulforaphane on Reactive Oxygen Species (ROS) Generation in
HMECs. Incubation of HMECs with bardoxolone methyl for
twenty four hours at a concentration of 300nM resulted in a
significant decrease in ROS production measured by DHE
fluorescence, and this effect was even more pronounced in
the cells treated with 5μM bardoxolone methyl. Under sim-
ilar experimental conditions, dimethyl fumarate also pro-
duced a decrease in the DHE signal, but this effect was
clearly visible at the concentration of 5μM. Similarly, 5μM
of L-sulforaphane significantly lowered the DHE signal in
HMECs (Figure 2).

3.3. Endothelial Toxicity of Bardoxolone Methyl, Dimethyl
Fumarate, and L-Sulforaphane in HMECs. As shown in
Figure 3, bardoxolone methyl, dimethyl fumarate, and L-
sulforaphane after a 3-hour-long incubation did not cause
any significant changes in cell viability assessed by the MTS
reduction assay, with the exception of 1 and 5μM bardoxo-
lone methyl (Figures 3(a)–3(c)). However, after a 24-hour-
long treatment, bardoxolone methyl at a concentration range
of 100nM–1μM caused an increase in normalized MTS
reduction, while higher concentrations caused a substantial
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decrease in the parameter (IC50 = 3:23 μM) (Figure 3(d)). In
the same experimental conditions (24-hour-long drug treat-
ment), dimethyl fumarate given at micromolar concentra-
tions (1–50μM) caused an increase in MTS reduction
(Figure 3(e)). L-sulforaphane increased MTS reduction at
the concentration range of 500nM–10μM but not at the
highest concentrations used (30–50μM) (Figure 3(f)). To
confirm the obtained results, the effects of Nrf2 activators
on the cell count was tested using an extended concentration
range. Bardoxolone methyl did cause a significant decrease in
the number of living cells in the tested concentration range
after 24 hours of treatment (Figure 3(g)). Cell counting
revealed increasing dose-dependent toxicity of dimethyl
fumarate (IC50 = 95:52μM) at the concentration range of

500 nM–1mM (Figure 3(h)). Due to the compound solubil-
ity, the highest concentration of L-sulforaphane that could
be tested in order to not exceed a 0.05% concentration of
DMSO was 100μM, at the same time being the only toxic
concentration. The cells treated with 500nM–50μM did
not show neither an increase nor a decrease in cellular viabil-
ity (Figure 3(i)).

To characterize further effects of Nrf2 activators on cellu-
lar viability, apoptotic and necrotic cells were quantified by
flow cytometry with use of Annexin V and propidium iodide.
As shown in Table 1, HMECs treated for 24 hours with bar-
doxolone methyl (3 and 5μM) but not with dimethyl fuma-
rate or L-sulforaphane displayed a significantly diminished
subpopulation of live cells and increased subpopulations of
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Figure 1: Effects of Nrf2 activators on Nrf2 expression in endothelial cells. A representative Western blot analysis of Nrf2 expression in
nuclear (a, d) and cytoplasmic (b) fraction lysates obtained from HMEC-1 cells treated for 3 hours with 300 nM and 3μM of bardoxolone
methyl (Bm), dimethyl fumarate (Dmf), L-sulforaphane (L-s), culture medium alone, or with the addition of 0.05% DMSO. The
expression of Lamin A/C was also determined to define fraction purity and serve as loading control (c). The results (d) are presented
as a % of control ðDMSO0:05%Þ ± SEM, n = 3. The significance of the differences between the means was evaluated by one-way
analysis of variance (ANOVA) with Dunnett’s post hoc test; ∗p < 0:05 and ∗∗∗∗p < 0:0001 indicate significant difference vs. the control
group (DMSO 0.05%). The results were obtained in three independent experiments. In all panels, the first lane on the right contains a
protein molecular weight marker.
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necrotic and apoptotic+necrotic cells. There was no signifi-
cant difference between the control and experimental groups
in the composition of the cell population regarding live, apo-
ptotic, necrotic, and apoptotic+necrotic cells.

3.4. Effects of Bardoxolone Methyl, Dimethyl Fumarate, and L-
Sulforaphane onMitochondrial Respiration andMitochondrial
Membrane Potential in HMECs. To characterize the effects of
Nrf2 activators on endothelial bioenergetics, a mitochondrial
stress assay was performed in HMECs treated with bardoxo-
lone methyl, dimethyl fumarate, or L-sulforaphane for 3
hours. As shown in Figure 4, among all three Nrf2 activators,
bardoxolone methyl exerted the most pronounced actions: it
significantly increased proton leakage in a concentration-
dependent manner (0.5–5μM), decreased spare respiratory
capacity (3–5μM), and showed a tendency to decrease ATP
production that, however, did not reach statistical signifi-
cance (Figure 4(a)). Although low concentrations (100 and
300nM) of dimethyl fumarate increased basal respiration
and showed a tendency to increase spare respiratory capacity
and ATP production (Figure 4(b)), there were no other sig-
nificant effects of dimethyl fumarate on HMEC bioenerget-
ics. L-sulforaphane did not change any of the bioenergetic
parameters in a statistically significant fashion (Figure 4(c)).

Detrimental effects of bardoxolone methyl on mito-
chondria in endothelial cells were confirmed by the dem-
onstration that bardoxolone methyl (3 and 5μM) decreased
mitochondrial membrane potential as evidenced by a
decrease in the red/green fluorescence intensity of the JC-1
aggregate/monomer ratio, while dimethyl fumarate and L-
sulforaphane did not have any effect (Figure 5).

3.5. Effects of Bardoxolone Methyl, Dimethyl Fumarate, and
L-Sulforaphane on Endothelin-1 Release in HMEC Culture.

Bardoxolone methyl, but not the other Nrf2 activators,
caused a decrease in ET-1 concentration in the medium, even
upon a short-term, 3-hour-long incubation of HMECs with
the compound (Figure 6(a)). The effect of bardoxolone
methyl on ET-1 release was more pronounced (and concen-
tration dependent) when the incubation period was pro-
longed up to 24 hours (Figure 6(b)). Dimethyl fumarate at
almost all tested concentrations (0.1–5μM) slightly increased
ET-1 production in HMECs. L-sulforaphane in the lower
concentration range (0.1–0.3μM) slightly increased ET-1
production in HMECs, while a higher concentration of
L-sulforaphane (3–5μM) decreased ET-1 release in
HMECs. The inhibitory effect of L-sulforaphane on ET-1
release, however, was much less pronounced compared
with that of bardoxolone methyl (Figure 6(b)) and was
not observed after a 3-hour-long incubation (Figure 6(a)).

3.6. Effects of Bardoxolone Methyl, Dimethyl Fumarate, and
L-Sulforaphane on Endothelial Permeability in HMECs. As
shown in Figure 7, histamine (10μM) decreased and forsko-
lin (5μM) increased impedance, showing an increase and a
decrease in endothelial layer permeability, respectively
(Figure 7(a)), thus supporting the reliability of our experimen-
tal setup to study the endothelial barrier. To link the effects of
Nrf2 activators on endothelial permeability in HMECs with
ET-1 function, the effect of ET-1 given alone on endothelial
permeability was assessed. ET-1 caused a concentration-
dependent decrease in permeability (Figures 7(b) and 7(c)),
while ET-1 receptor antagonists BQ123 and BQ 788 increased
endothelial permeability (Figure 7(d)), as evidenced by
increased and decreased impedance, respectively.

Bardoxolone methyl (3 and 5μM), even after 3 hours of
incubation (that did not cause endothelial toxicity (Figure 3,
Table 1) but lowered ET-1 production (Figure 6)), significantly
decreased the impedance indicating an increase in the perme-
ability of the endothelial monolayer (Figure 8(a)), while
dimethyl fumarate did not disturb endothelial barrier func-
tion and L-sulforaphane at the highest concentrations had
only minor effects after 3 hours of incubation (Figures 8(b)
and 8(c)). After a 24-hour-long period of incubation, a
further increase in permeability of endothelial cells was
observed in the cells treated with micromolar concentra-
tions of bardoxolone methyl, an effect shared also by L-
sulforaphane (Figures 8(d) and 8(f)). In these experimental
conditions (24 hour incubation), dimethyl fumarate did
not affect endothelial permeability (Figure 8(e)).

4. Discussion

To the best of our knowledge, in the present work, we have
demonstrated for the first time that bardoxolone methyl
affects mitochondrial function, cellular viability, ET-1
release, and endothelial barrier function in human microvas-
cular endothelium, and those effects are not shared with
dimethyl fumarate and L-sulforaphane tested in the same
concentration range.

Clearly, the beneficial effect of Nrf2 on vascular endothe-
lial function has been repeatedly reported and evidenced, also
in our study by, e.g., a decrease in ROS production. Such
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Figure 2: Effects of Nrf2 activators on reactive oxygen species
production in endothelial cells. HMEC-1 cells were incubated for
24 hours with bardoxolone methyl (Bm), dimethyl fumarate (Dmf),
and L-sulforaphane (L-s), (300 nM and 5 μM). Intensity values of
DHE fluorescence are expressed as relative fluorescence units ±
SEM, n = 3. The significance of the differences between the means
was evaluated by one-way analysis of variance (ANOVA) with
Dunnett’s post hoc test; ∗∗p < 0:01 and ∗∗∗∗p < 0:0001 indicate
significant difference vs. the control group (DMSO 0.05%). The
results were obtained in three independent experiments.
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effects include not only a decrease in vascular oxidative stress
but also a downregulation of endothelial proinflammatory
adhesion molecule expression [33] and restoration of endo-
thelial function in hypertension, atherosclerosis, diabetes, or
aging [7, 34, 35]. Here, by means of flow cytometry, we
detected direct endothelial toxicity for bardoxolone methyl
(at concentrations 3–5μM), but not for other Nrf2 activators,
which was not equivocally supported by the MTS assay in
any of the experimental groups, as the latter assay may show
divergent results if mitochondrial activity is altered. Indeed,
bardoxolone methyl seems to have a biphasic effect: it sus-
tains cellular metabolism at lower doses and becomes cyto-

toxic in higher concentrations; similarly, dimethyl fumarate
increased MTS readouts.

To better understand the mechanisms involved in bar-
doxolone methyl-induced endothelial toxicity, we analyzed
the effects of bardoxolone methyl compared with other
Nrf2 activators on cellular bioenergetics and mitochondrial
membrane potential. Although the main source of energy
in the endothelium is glycolysis [36], mitochondrial activity
and redox signalling plays an important role in maintaining
endothelial integrity [37]. We showed concentration-
dependent effects of bardoxolone methyl on mitochondrial
activity comprising proton leak, spare respiratory capacity,
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and mitochondrial membrane potential. Interestingly, in
cells treated with bardoxolone methyl, an increase in proton
leak was observed even at the nontoxic concentration of
500nM. The uncoupling effect could be beneficial for the cell
[38–40]; however, the uncoupling effect of bardoxolone

methyl was severe and contributed to endothelial toxicity,
in particular in the presence of higher concentrations of bar-
doxolone methyl. Other Nrf2 activators—dimethyl fumarate
and L-sulforaphane—displayed neither endothelial toxicity
nor detrimental effects on mitochondrial bioenergetics or
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Figure 4: Effects of Nrf2 activators on mitochondrial function in endothelial cells. HMEC-1 cells were incubated for three hours with
bardoxolone methyl (a), dimethyl fumarate (b), and L-sulforaphane (c) (100 nM–5 μM). Values are expressed as mean oxygen
consumption rate (OCR, in pmol/min ± SEM, n = 5). The significance of the differences between the means was evaluated by one-way
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difference vs. the control group (DMSO 0.05%). The results were obtained in five independent experiments.
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mitochondrial membrane potential, even at the highest con-
centrations used. The endothelial toxicity of bardoxolone
methyl was supposedly an Nrf-2-independent effect, since
increased Nrf2 activity may modulate mitochondrial func-
tion and has a protective, rather than detrimental effect on
mitochondrial integrity [41, 42]. On the other hand, the
effects of dimethyl fumarate on respiration could be linked
to the metabolism of dimethyl fumarate to fumarate, feeding
the citric acid cycle [16].

Many Nrf2-activating chemicals including bardoxolone
methyl are electrophilic, and their mechanisms of action are
based on the modification of cysteine residues in Keap1,
resulting in an impairment of Keap1 function, inhibition of

the ubiquitin E3 ligase activity of the Keap1-Cul3 complex,
and subsequently leading to Nrf2 activation. Electrophiles
are able to target distinct cysteine residues as well as lead to
rapid and selective depletion of mitochondrial glutathione
[43] implicating, at least partially, unspecific mechanisms of
action of these types of compounds [44]. Proteomic analysis
revealed that bardoxolone methyl interacts with 577 cellular
proteins [45]. It was suggested that the side effects of bardox-
olone methyl may be attributed to its highly reactive α-
cyano-α, β-unsaturated ketone (CUK) moiety in ring A,
which avidly reacts with other proteins besides Keap1. In
fact, modification of the CUK moiety in ring A results in a
marked decrease in cytotoxicity [45]. Thus, it may well be
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that the mitochondrial and cellular toxicity of bardoxolone
methyl reported here was due to an unspecific modification
of a thiol-containing mitochondrial protein, representing a
known mechanism of cellular toxicity described for other
agents [46]. Noteworthy, other mechanisms of bardoxolone
methyl-induced cellular toxicity reported for cancer cells
could also be involved in inducing endothelial toxicity by this
compound [47]. Interestingly, it was demonstrated that
dimethyl fumarate reduced cellular maximal respiratory
and reserve capacity and these effects were completely inhib-
ited by N-acetyl cysteine, again suggesting the involvement of
thiols [48]. These experiments were conducted in retinal epi-
thelial cells at a concentration of 10μM and a longer incuba-
tion period compared to our study. Also, L-sulforaphane was
shown to inhibit the proliferation of endothelial cells,
although the concentrations used were higher than those
investigated in our study [49]. These reports indicate that
unspecific detrimental effects of Nrf2 activators on mito-
chondrial bioenergetics and cellular function may be seen
not only with bardoxolone but also with other electrophilic
activators of Nrf2 in higher concentrations and in a tissue-
specific manner.

Increased risk of heart failure, hospitalization, or death
from heart failure in bardoxolone methyl-treated patients
in the BEACON trial was attributed to kidney-specific sup-
pression of the endothelin pathway resulting in sodium and
volume retention [19]. Given the fact that ET-1 directly
decreases microvascular permeability, the inhibition of the
ET-1-pathway in microvascular endothelium could increase
endothelial permeability. Indeed, in a set of ex vivo exper-
iments, ET-1 decreased permeability in rat mesenteric
microvessels [50, 51]. Furthermore, decreased microvascu-
lar permeability caused by ET-1 was suggested to be medi-
ated by the ETB receptor [50, 51]. These reports uncovered,
for the first time, an important role of ET-1 in the mainte-

nance and modulation of endothelial permeability. Recently,
Kansanen et al. [52] demonstrated that in human aortic
endothelial and human umbilical endothelial cells, nitro-
oleic acid, via an Nrf2-dependent pathway, leads to an
increased expression of the ETB receptor and a subsequent
decrease in extracellular ET-1 secreted by endothelial cells.
The authors postulated that this mechanism may limit the
vasoconstrictive effects of ET-1 and could prove therapeuti-
cally useful, for example, in pulmonary artery hypertension
[52]. Our results clearly indicate that ET-1 (in addition to
its well-known vasoconstrictive, mitogenic, and proinflam-
matory effects via ETA receptors, the NO- and PGI2-
releasing effect via the ETB receptor), quite surprisingly, is
also involved in maintaining the endothelial barrier function
in human microvascular endothelial cells. In fact, exogenous
ET-1 increased endothelial barrier function. Our experi-
ments are not conclusive regarding the type of ET-1 receptor
involved in the regulation of endothelial permeability by ET-
1, especially given a possible heterodimerization of receptor
A and B subunits [53]. However, the results presented in
the present work fully support the notion of ET-1 as a local
autocrine regulator of endothelial barrier function, as sug-
gested previously [50, 51, 54]. Even though downregulation
of ET-1 by laminar flow has vasoprotective effects and the
suppression of ET-1-dependent mechanisms by Nrf2 activa-
tors may be efficacious in the treatment of pulmonary arterial
hypertension (PAH) [33, 55], suppression of local ET-1 pro-
duction in the microcirculation may lead to increased endo-
thelial permeability.

In the present work, we demonstrate that bardoxolone
methyl suppressed ET-1 release from HMECs and increased
microvascular endothelial permeability. These effects were
seen even after 3 hours of incubation with bardoxolone
methyl, an experimental setting that was not associated with
endothelial toxicity (Figure 3 and Table 1) but clearly
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Figure 6: Effects of Nrf2 activators on secretion of endothelin-1 from endothelium to culture media. HMEC-1 cells were incubated for 3 (a)
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n = 3. The significance of the differences between the means was evaluated by one-way analysis of variance (ANOVA) with Dunnett’s post
hoc test if appropriate; ∗p < 0:0001 indicates significant difference vs. the control group (DMSO 0.05%). The results were obtained in three
independent experiments.
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lowered ET-1 production. Dimethyl fumarate did not dis-
turb endothelial barrier function after 3 hours of incubation,
and L-sulforaphane at the highest concentrations had only
minor effects that were also present after 24 hours of incuba-
tion, but again they were weaker as compared with bardox-
olone methyl.

Analysis of nuclear translocation of Nrf2 revealed that
in the tested concentration range of Nrf2 activators, bar-
doxolone methyl was the most potent inducer of the
Nrf2 pathway in HMECs, while L-sulforaphane was less
potent. These results are compatible with the weaker effects
of L-sulforaphane on ET-1 release and endothelial perme-
ability. Lack of significant effects of dimethyl fumarate could

be attributed to the weakest effects of this compound on Nrf2
among all three Nrf2 activators in the tested concentration
range. Indeed, L-sulforaphane was also shown by other
authors to be a more potent inducer of Nrf2 compared with
dimethyl fumarate [56]. It may also be that concomitant acti-
vation of other endothelial protective mechanisms by
increasing mitochondrial respiration (as evidenced in our
experiments) could play a role in a differential response of
cells to dimethyl fumarate vs. L-sulforaphane [57]. Obvi-
ously, in order to identify whether the effects of bardoxolone
methyl on ET-1 release and endothelial permeability are
indeed mediated by Nrf2, further experiments are needed,
e.g., with Nrf2 silencing.
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Altogether, our results provide a novel insight into a pos-
sible detrimental influence of bardoxolone methyl on micro-
vascular endothelium that could have contributed to the side

effects of this compound reported in the BEACON study.
However, the concentration range used here was higher than
the therapeutic range of concentration for bardoxolone
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methyl [8]; thus, this conclusion needs further verification in
experimental studies, best to be performed in in vivo experi-
mental conditions.

In clinical trials comprising bardoxolone methyl,
dimethyl fumarate, or L-sulforaphane, Cmax plasma levels
found in patients were 24:7 ± 13:3 ng/ml (49 nM), 1.87mg/l
(13μM), and 36.7 ng/ml (210 nM), respectively [8, 10, 58].
These results suggest that for bardoxolone methyl and L-sul-
foraphane, nanomolar ranges of concentrations are close to
plasma concentration in patients, while it requires micromo-
lar concentrations for dimethyl fumarate. Still, we cannot
exclude that chronic treatment with bardoxolone methyl
in vivo, in particular in patients with preexisting alterations
of microvascular endothelial barrier function, e.g., due to dia-
betes, would result in the effects described in vitro using low
micromolar concentrations of this compound.

In conclusion, despite the limitations described above,
to the best of our knowledge, this study is the first to com-
prehensively evaluate the influence of three major Nrf2
activators on human microvascular endothelium to identify
an endothelium-oriented explanation for the side effects of
bardoxolone methyl reported in the BEACON clinical trial.
We have demonstrated that bardoxolone methyl displays a
distinct profile of activity in the endothelium, including
detrimental effects on mitochondria and cellular viability
and profound suppression of endothelial ET-1 release that
could possibly interfere with ET-1-dependent autocrine
regulation of endothelial permeability, safeguarding micro-
vascular function.
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N-aryl maleimides can undergo a 1,4-Michael-type addition reaction with reduced glutathione (GSH), leading to a decreased
concentration of GSH and an increased concentration of free radicals (FRs) in cells. GSH is a critical scavenging molecule
responsible for protecting cells from oxidation and for maintaining redox homeostasis. N-aryl maleimides disturb redox
homeostasis in cells because they scavenge thiol-containing molecules, especially GSH. This study aimed at measuring the
concentrations of GSH and FRs by electronic paramagnetic resonance (EPR), in the brain and liver tissue of male Wistar rats
(ex vivo) at different ages and after treatment with 3,5-dimaleimylbenzoic acid (3,5-DMB). Our results showed a relationship
between age and the concentrations of GSH and FRs in cells. In young rats, the concentration of GSH was higher than in old
rats, while the concentration of FRs was higher in adult rats than in young rats, suggesting an inverse relationship between GSH
and FRs. On the other hand, the reaction of 3,5-DMB (an electrophilic maleimide) with cellular GSH increased the FR content.
The results of this study contribute to the awareness that the process of aging implies not only a loss of tissue function but also
essential changes in the molecular contents of cells, especially the concentrations of FRs and GSH.

1. Introduction

In the electron flow system, oxygen is the final single electron
acceptor involved in the production of energy in the form of
ATP. Cell respiration is balanced by the rates of free radical
(FR) generation and elimination, which result from cell
metabolism by single electron transfer. Some molecules lose
or accept a single electron, leaving one or more unpaired
electrons. Consequently, these molecules are highly reactive
and unstable. The most abundant FRs in cells are reactive
oxygen species (ROS) and reactive nitrogen species (RNS).

Reactive oxygen and nitrogen species (RONS) refer to reac-
tive radical and nonradical derivatives of oxygen and nitro-
gen, respectively. Tobacco and alcohol consumption, air
and water contamination, certain drugs, industrial solvents,
radiation, and a diet particularly rich in carbohydrates can
also give rise to RONS in biological systems [1].

To reduce oxidized targets and thus diminish or avoid
oxidative stress (OS), cells have potent antioxidant enzymes
and nonenzymatic antioxidant systems. These enzymes
include superoxide dismutase (SOD), peroxiredoxin, gluta-
thione peroxidase (GPx), and catalase (CAT) [2], each with
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a distinct function. These enzymes may be sensors and trans-
ducers of oxidizing agents [3]. Other molecules participate
in a nonenzymatic fashion in cells, such as ascorbic acid
(vitamin C), α-tocopherol (vitamin E), glutathione (GSH),
carotenoids, and flavonoids [2]. GSH is the major soluble
antioxidant molecule in cells due to its abundance in the
cytosol (1–11mM), nucleus (3–15mM), and mitochondrion
(5–11mM) of cells [2]. GSH, a reactive Cys residue contain-
ing tripeptide, is linked to glucose metabolism through the
pentose phosphatase pathway. NADPH produced in this
pathway maintains GSH in a reduced form [4].

The relationship between oxidants and the antioxidant
system is the key to proper cell function, and the antioxidant
system is triggered by signaling pathways in response to ele-
vated levels of FRs and cell damage. OS occurs when oxidants
and antioxidants are out of balance, provoking not only a dis-
ruption in redox signaling and control but also damage to
molecules and cells [4, 5]. Hence, OS and FRs are linked to
several age-related degenerative diseases, including cancer,
stroke, and other cardiovascular and inflammatory diseases
[6, 7]. According to the FR theory of aging, oxidants play
an important role in the aging process. In childhood, the high
level of thiols in cells creates a reducing environment that
stimulates cell growth. In contrast, adult metabolism gener-
ates RONS, implying a considerable increase in the FR con-
tent in tissues.

A compound capable of selectively and covalently bind-
ing to thiols would inhibit increases in reducing environ-
ments, likely resulting in an increased level of FRs. In
previous studies, our group found that GSH is scavenged by
a series of aryl maleimides derived from benzoic acid, which
are selective for thiol-containing compounds. Those aryl
maleimides could be susceptible to nucleophilic attack at
the carbonyl carbon and the olefinic carbons by a 1,2 addi-
tion reaction or a 1,4-Michael type addition reaction, respec-
tively. Although both carbons are electrophiles, the highest
value of local softness corresponds to olefinic carbons, indi-
cating that they are more susceptible to a 1,4-Michael addi-

tion type reaction by thiol groups than are carbonyl
carbons. This reactivity might be attributed to the soft base
behavior of thiols [8]. The reaction of olefinic carbons with
GSH leads to a significant decrease in the concentration of
thiols in cells and the induction of apoptosis caused by a con-
siderable increase in the level of FRs [8].

This study aimed at measuring the concentration of GSH
and FRs in brain and liver tissues of male Wistar rats (in vivo
and ex vivo) of different ages and after treatment with 3,5-
dimaleimylbenzoic acid (3,5-DMB). The levels of FRs were
determined with electronic paramagnetic resonance (EPR)
which had been used to detect physiologic levels of specific
species with a high specificity [9]. The reaction of 3,5-DMB
(an electrophilic maleimide) with cellular GSH increased
the FR content. A relationship was found between age and
the concentration of GSH and FRs in cells. Young rats pre-
sented the highest levels of GSH and the lowest FRs levels.
In contrast, old rats had the highest FR levels and the lower
GSH amount, suggesting an inverse relationship between
the GSH and FRs. The results of this study contribute to
the awareness that the process of aging implies not only a
loss of tissue function but also essential changes in the
molecular contents of cells, especially the concentrations
of FRs and GSH.

2. Materials and Methods

2.1. Synthesis of 3,5-Dimaleimylbenzoic Acid (3,5-DMB). The
synthesis of 3,5-DMB involved two steps (Scheme 1). First,
the precursor 3,5-dimaleamylbenzoic acid was obtained by
mixing 3,5-diaminobenzoic acid (25mmol) with maleic
anhydride (50mmol) at a 1 : 2 ratio in anhydrous tetrahydro-
furan (THF). The solution was incubated at room tempera-
ture under vigorous shaking for 1 h. The precipitate that
formed was separated by filtration, washed with ethanol at
4°C, and dried at 40°C under vacuum.

Subsequently, 72mmol of the precursor amide (malea-
mide) was added to 14mmol anhydrous sodium acetate
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Scheme 1: Synthesis of 3,5-dimaleimylbenzoic acid (3,5-DMB). Stage 1: 3,5-diaminobenzoic acid was reacted with maleic anhydride. Stage 2:
cyclization of the precursor maleamide was achieved through dehydration with anhydrous sodium acetate to provide 3,5-DMB.
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(AcONa) in 30mL acetic anhydride (Ac2O). The mixture
was incubated at 85°C with vigorous stirring for 4 h. The pre-
cipitate was removed by filtration, and the supernatant was
maintained under gentle agitation at 4°C. Then, 100mL of
acidic water (pH3) was added to induce precipitation.
Finally, the precipitate that formed was filtered, washed with
distilled water, and dried at 40°C before being characterized.

2.2. Characterization of 3,5-DMB. Compound purity was
analyzed by thin-layer chromatography with a mixture of
1 : 1 ethanol : acetone. The product was characterized by 1H
and 13C NMR as 3,5-DMB following a previous report
[10]. Briefly, 1H- and 13C-NMR spectra were recorded on
a Jeol GSX-270 (JEOL USA, Inc.) and Bruker Ascend g750
Ultrashield. First-order analysis of the 1H-NMR spin pat-
terns was performed to obtain the chemical shifts (ppm)
and coupling constants (Hz). 1H-NMR spectra were
acquired at a spectral width of 5.9 kHz with 16K data points
based on an acquisition time of 2.73 s, a recycle delay of 2 s, a
flip angle of 45° and 8 scans. 13C-NMR spectra were recorded
with a spectral width of 25.1 kHz at 16K data points, an
acquisition time of 0.681 s, a flip angle of 45°, and 256 scans.
2D NMR spectra were captured on Jeol software at 295K.

2.3. Characterization of the Reaction between 3,5-DMB and
GSH. To determine whether a 1,4-Michael-type reaction
occurred between 3,5-DMB and GSH, a solution of 3,5-
DMB (1mL of 0.1M) in 0.01M bicarbonate water (pH8)
was added to 1mL of 0.2M GSH or N-acetyl cysteine
(NAC) at 5°C. Subsequently, thin layer chromatography
was performed and revealed with 0.2% ninhydrin (2,2-dihy-
droxyindane-1,3-dione). The reaction was also monitored
by VIS spectroscopy at 540 nm to distinguish among 3,5-
DMB, GSH, and NAC. The reactions were characterized by
1H and 13C NMR at 270MHz as mentioned above.

2.4. Global and Local Softness and Fukui Descriptors. Theo-
retical calculations were carried out as previously reported
[8]. Briefly, the first potential ionization (I) and the electron
affinity (A) were afforded by Gaussian 03 software and used
to compute global parameters such as global hardness (η)
(Equation (1)), chemical potential (μ) (Equation (2)), accep-
tor potential (μ+) (Equation (3)), donating potential (μ−)
(Equation (4)), global softness (S) (Equation (5)), electrophi-
licity index (ω) (Equation (6)), electron-donating power (ω−)
(Equation (7)), and electron-accepting power (ω+) (Equation
(8)), according to the following equations:

η = I − A
2 , ð1Þ

μ = −
I + A
2 , ð2Þ

μ+ = −
I + 3A

4 , ð3Þ

μ− = −
3I + A

4 , ð4Þ

S = 1
η
, ð5Þ

ω = μ2

2η , ð6Þ

ω− = μ−ð Þ2
2η− , ð7Þ

ω+ = μð Þ2
2η+ : ð8Þ

The condensed Fukui functions were ascertained with
Equation (9) and Equation (10):

f x
+� �

= qx N + 1ð Þ − qx Nð Þ½ � for a reactionwith a nucleophile
ð9Þ

f x
−ð Þ = qx Nð Þ − qx N − 1ð Þ½ � for a reactionwith an electrophile

ð10Þ
Where qx represents the electronic population of x atom

in the molecule.
Furthermore, local softness was determined by multiply-

ing the value of the condensed Fukui function (f x
+/−) by the

global softness (S). For each atom in the x position of the
molecule, local softness s+/−x is expressed as Equation (11)
and Equation (12):

s+x = f x
+� �

S for a nucleophilic local attack ð11Þ

s−x = f x
−ð Þ S for an electrophilic local attack ð12Þ

Theoretical calculations were performed for the elec-
tronic population by using Fukui descriptors, based on the
quantum theory of atoms in molecules (QTAIM). The wave
function for each of the neutral and ionic systems was com-
puted using the optimized geometry for the neutral molecule.
Finally, the electronic population was found using the AIM
2000 software, as previously described [8].

2.5. Biological Model and Experimental Design. Male Wistar
rats served as the in vivo model. Rats were provided with a
standard diet and water ad libitum. Animals were handled
and maintained under the national guidelines on animal
care, approved by the institutional Committee on Ethics in
Research (registration # ESM-CICUAL-03/10-04-2019).

To study the 3,5-DMB effect on the GSH and FR, we
selected to different organs, the brain, and the liver,
because they have high mitochondrial amount, different met-
abolic requirements, both are FR producers and develop dif-
ferent complications and responses associated with redox
homeostasis.

Control animals (n = 21) were monitored from 2-18
months of age. To examine the levels of GSH and FRs in liver
and brain tissues, control subjects (n = 3) were analyzed at 2,
3, 5, 7, 8, 12, and 18 months of age.

Regarding the experimental group (n = 48), 3,5-DMB
was intraperitoneally administered at 100mg/kg body weight
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to 2- and 15-month-old animals, to determine the 3,5-DMB
effect on young and old individuals in which the levels of
GSH and FR are different. Tissue samples were collected at
1, 2, 4, 6, 8, 12, and 16h posttreatment. Three control animals
were analyzed before injection (time zero). For the determi-
nation of FRs, 0.15 g of brain tissue was obtained by fron-
tal lobe dissection in the direction of the corpus callosum,
hypothalamus, and hippocampus. GSH was evaluated with
1 g of damp brain tissue. The determination of the same
two parameters was performed on equal amounts of damp
liver tissue.

2.6. Quantification of GSH.GSH content was assessed ex vivo
in liver and brain tissues from rats treated with 3,5-DMB and
control (untreated) animals at several time points (each time
and condition were assayed in triplicate). Tissues were
extracted by grinding in the presence of 5% trichloroacetic
acid (0.2 : 1.5 wðgÞ/v) and centrifugation at 1500 g for
30min at room temperature. The supernatant was collected
and immediately used to measure the level of GSH by the
5,5′-dithio-(2-nitrobenzoic acid) method [11] and read at
412nm.

2.7. EPR Spectroscopic Analysis. Tissue samples were cut into
50mg pieces and with an external diameter of 1mm and were
immediately frozen at -70°C and characterized at the same
temperature on an X-band (9.3GHz) EPR spectrometer
(RADIOPAN, Poznan, Poland) with modulation of the mag-
netic field at 100 kHz. A single EPR spectrumwas determined
at 10-4 sec. To decrease the signal/noise level, spectra were
accumulated 200-300 times. EPR spectra were recorded at
the first derivative at room temperature and 72°C.

The amplitude (A), integral intensity (I), and linewidth
(ΔBpp) values were determined from the EPR spectra using
the ELF program of JAGMAR Firm (Kraków, Poland). The
concentration of FRs in the samples is the value proportional
to the integral of the intensity (I) of their EPR spectra. The g-
factor was calculated from the resonance condition as follows
(Equation (13)):

g = h v
μBBr

, ð13Þ

where h is the Planck constant, v is the microwave frequency,
μB is the Bohr magneton and Br is the resonance magnetic
field [12]. The g-factor is related to a stable FR content.

2.8. Statistical Analysis.Data were analyzed with SAS/STAT®
software and are expressed as themean ± SD. Data from EPR
analysis and GSH quantification performed on tissue from
three rats were used to calculate the mean and the standard
deviation of FR and GSH levels, respectively. Normally dis-
tributed variables were examined with Student’s t-test to
determinate the possible correlation between FRs from the
brain or liver and the age of rats.

3. Results

Synthesis of 3,5-DMB was achieved in 98% yield and 99%
purity, in agreement with previously reported synthesis [8,
10, 13]. Structural analysis of the spectra indicated a close
correspondence between the displacements and the composi-
tion/structure of 3,5-DMB.

Theoretical descriptors obtained from computational cal-
culations of 3,5-DMB, NAC, cysteine, and GSH (Table 1)
revealed that 3,5-DMB has the highest chemical potential
(μ) and lowest global hardness (η). Accordingly, it was dem-
onstrated in this study that 3,5-DMB selectively reacts with
thiol groups from GSH.

Additionally, an in vitro reaction was carried out
between 3,5-DMB and NAC. According to thin layer chro-
matography (data not shown), COSY H-H (′H-H COrre-
lated SpectroscopY), COLOC (COrrelation through LOng-
range Coupling) analysis, and 1H and 13C NMR at
270MHz (Supplementary Figure S1), a 1,4-Michael type
reaction takes place between 3,5-DMB and NAC, in which
the α,β-unsaturated carbonyl structure in 3,5-DMB acts as
an electrophilic compound (Figure 1). The reaction product
is a 50-50% diastereoisomer mixture. Few changes occur in
the imide moiety spectrum of 3,5-DMB due to reaction
with NAC (compared to the spectrum reported for NAC
alone). Moreover, aromatic moiety analysis of this reaction
revealed a similar pattern as that found with the starting
materials. However, there is a 13C signal at 39.54 ppm
corresponding to C-S bond formation and a double of
doubles signal at 4.19 ppm for each of the protons in the
methylene moiety (Supplementary Figure S1) due to the
diastereotopic nature of the reaction product.

3.1. Effect of Age on the Levels of GSH and Free Radicals (FRs)
in Liver and Brain Tissue. According to the EPR spectra, the
samples did not contain paramagnetic impurities. The spec-
tra of all the analyzed samples revealed the presence of FRs
(g = 2:003, ΔH = 1:0 mTl) (Supplementary Figure S2) that
were stable (Table 2). The g-factor strongly indicates the
presence of a high level of FRs.

An evaluation of the effect of age on the levels of GSH and
FR in brain and liver tissues from rats is shown in Table 2 and
Figure 2. Brain tissue displayed a 7-fold greater FR content in
18-month-old rats than that in 2-month-old rats (Table 2
and Figure 2(a)). Surprisingly, in liver tissue, the level of
FRs was 23-fold higher in adult versus young rats (Table 2
and Figure 2(a)). In both liver and brain tissues, the concen-
tration of FRs increased as a linear function of the age of rats.
Experimental data were adjusted to a linear polynomial equa-
tion (f ðxÞ = ax + b), where a is the slope and b is the intercept
with the y-axis. Control experimental data fitted perfectly to a
straight line (Figure 2) which allowed comparative analyzes.
The r2 value was 0.9232 for brain tissue and 0.9639 for liver
tissue (Figure 2(a)). The slope of the data was 3-fold greater
for liver tissue (69525.28) than for brain tissue (20640.47). Sta-
tistical analysis demonstrated a strong correlation between
FRs from the brain or liver and the age of rats (brain, r2 =
0:8244, p = 0:0001; liver, r2 = 0:9643, p = 0:0001). Thus, the
level of FRs significantly increased in both tissues as rats aged
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and increased faster in the liver, probably due to the high met-
abolic rate in the liver and the importance of protecting the
brain to allow several vital functions of the organism.

The concentration of GSH decreased in brain and liver tis-
sues with age (Table 2 and Figure 2(b)). Young rats (2 months

old) showed 1.5-fold and 1.8-fold higher levels of GSH in
brain and liver tissues, respectively, than those in brain and
liver tissues in adults (18 months old) (Figure 2(b)). Adjust-
ing the experimental values to a linear equation afforded r2

values of 0.9522 for brain tissue and 0.9619 for liver tissue
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Figure 1: Proposed reaction mechanism for 3,5-dimaleimylbenzoic (3,5-DMB) acid with glutathione (GSH). The α,β-unsaturated carbonyl
structure in 3,5-DMB acts as an electrophile, carrying out a 1,4-Michael-type reaction with the sulfur atom (S) from the thiol group of the
cysteine residue in GSH (IUPAC-based numerical assignment). The β-carbon atom (C3) is shown as the preferred site of attack due to its
positive polarization, whereas GSH acts as a Michael acceptor because of its high reactivity toward soft electrophiles, such as α,β-
unsaturated compounds.

Table 1: Theoretical global and local descriptors for 3,5-DMB, N-acetyl cysteine, cysteine, and GSH.

Compound

3,5-DMB

Global descriptors

μ (eV) μ- (eV) μ+ (eV) η (eV) S (1/eV) ω (eV) ω- (eV) ω+ (eV)

-5.1062 -6.8024 -3.4100 3.0180 0.1657 3.4198 6.0687 1.5254

Local softness s+x
C=C (C3–C4) 0.0066

C=O 0.0046

N-acetyl cysteine1

Global descriptors

μ (eV) μ- (eV) μ+ (eV) η (eV) S (1/eV) ω (eV) ω- (eV) ω+ (eV)

-3.8521 -6.2548 -1.4493 4.8055 0.1040 1.5439 4.0706 0.2186

Local softness s−x
SH 0.0452

Cysteine

Global descriptors

μ (eV) μ- (eV) μ+ (eV) η (eV) S (1/eV) ω (eV) ω- (eV) ω+ (eV)

-3.3075 -6.0074 -0.6076 5.3998 0.0926 1.0129 3.3417 0.0342

Local softness s−x
SH 0.0318

GSH

Global descriptors

μ (eV) μ- (eV) μ+ (eV) η (eV) S (1/eV) ω (eV) ω- (eV) ω+ (eV)

-3.6495 -5.8221 -1.4286 4.3936 0.1138 1.4957 3.8576 0.2322

Local softness s−x
SH 0.0246

3,5-DMB: 3,5-dimaleimylbenzoic acid, GSH: reduced Glutathione, μ: chemical potential, μ-: donating potential, μ+: acceptor potential, η: global hardness value,
S: global softness, ω: Electrophilicity index, ω-: electron-donating power, ω+: electron-accepting power, eV: electronvolt. 1Global local indexes of reactivity for
N-acetyl cysteine were taken from published data [8, 13].
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(Figure 2(b)). The slope of the data was 0.412-fold greater for
liver tissue than for brain tissue, suggesting that the GSH con-
tent decreased faster in liver tissue.

To visualize the overall effect of age on the levels of GSH
and FRs in brain and liver tissues, the adjusted experimental
data were extrapolated from 0 to 36 months of age
(Figure 2(c)), the average lifetime of a laboratory rat [14].
In very young individuals (<2 months old), the concentra-
tion of FRs was almost the same in brain and liver tissues,
nearly zero (Figure 2(c)). Adult rats (>15 months old), on

the other hand, had a 3.4-fold higher level of FRs in the
liver than in the brain.

The concentration of GSH was 2-fold greater in liver tis-
sue than in brain tissue in young animals (2 months old).
With the aging of rats, a decrease in the GSH content was
observed in both tissues and was 0.41-fold lower in liver tissue
than in brain tissue (Figure 2(c)). Statistical analysis revealed a
strong and negative correlation between the GSH content in
both tissues and the age of rats (brain, r2 = 0:8817, p =
0:0001; liver, r2 = 0:9525, p = 0:0001). During the process

Table 2: Quantification of free radicals and GSH in brain and liver tissue extracted fromWistar rats at various ages and treated with 3,5-DMB
several times.

Age (months) Tissue (1 g) Relative number of FRs1 GSH content (mol/g)2

2
Brain 4:95 × 104 ± 1:36 × 103 2:46 × 10−5 ± 1:30 × 10−7

Liver 5:10 × 104 ± 0:88 × 103 4:76 × 10−5 ± 1:12 × 10−6

3
Brain 6:24 × 104 ± 0:94 × 103 2:33 × 10−5 ± 1:86 × 10−7

Liver 14:93 × 104 ± 2:59 × 103 4.32× 10-5± 1.04× 10-7

5
Brain 9:71 × 104 ± 1:08 × 103 2:31 × 10−5 ± 8:30 × 10−8

Liver 18:75 × 104 ± 4:10 × 103 4:15 × 10−5 ± 2:51 × 10−7

7
Brain 12:92 × 104 ± 2:78 × 103 2:22 × 10−5 ± 4:81 × 10−7

Liver 36:90 × 104 ± 2:33 × 103 4:03 × 10−5 ± 4:94 × 10−7

8
Brain 23:71 × 104 ± 13:90 × 103 1:99 × 10−5 ± 1:36 × 10−6

Liver 45:87 × 104 ± 2:82 × 103 3:81 × 10−5 ± 1:00 × 10−6

12
Brain 29:10 × 104 ± 4:37 × 103 1:93 × 10−5 ± 7:14 × 10−7

Liver 57:77 × 104 ± 3:99 × 103 3:59 × 10−5 ± 5:30 × 10−7

18
Brain 35:48 × 104 ± 5:59 × 103 1:65 × 10−5 ± 7:40 × 10−8

Liver 122:34 × 104 ± 14:75 × 103 2:60 × 10−5 ± 1:33 × 10−6

Posttreatment time (h)

0
Brain 32:88 × 104 ± 6:51 × 103 1:73 × 10−5 ± 1:36 × 10−7

Liver 62:67 × 104 ± 39:07 × 103 3:47 × 10−5 ± 1:95 × 10−6

1
Brain 15:26 × 104 ± 11:84 × 103 2:35 × 10−5 ± 4:35 × 10−7

Liver 46:68 × 104 ± 7:44 × 103 3:53 × 10−5 ± 1:03 × 10−6

2
Brain 28:42 × 104 ± 0:85 × 103 1:77 × 10−5 ± 6:17 × 10−7

Liver 72:66 × 104 ± 38:21 × 103 1:94 × 10−5 ± 7:31 × 10−7

4
Brain 26:04 × 104 ± 1:32 × 103 1:97 × 10−5 ± 5:26 × 10−7

Liver 59:50 × 104 ± 6:71 × 103 2:98 × 10−5 ± 1:23 × 10−6

6
Brain 60:57 × 104 ± 23:13 × 103 1:62 × 10−5 ± 8:95 × 10−7

Liver 72:05 × 104 ± 13:47 × 103 1:91 × 10−5 ± 1:37 × 10−6

8
Brain 49:90 × 104 ± 15:28 × 103 1:42 × 10−5 ± 9:51 × 10−7

Liver 83:25 × 104 ± 12:16 × 103 2:01 × 10−5 ± 1:98 × 10−6

12
Brain 47:00 × 104 ± 10:20 × 103 1:12 × 10−5 ± 9:59 × 10−7

Liver 81:68 × 104 ± 22:13 × 103 2:29 × 10−5 ± 2:26 × 10−6

16
Brain 45:73 × 104 ± 14:99 × 103 1:40 × 10−5 ± 2:84 × 10−7

Liver 85:94 × 104 ± 49:69 × 103 2:09 × 10−5 ± 1:01 × 10−6
1Data from EPR analysis performed on tissue from three rats (mean ± standard deviation). 2Data were calculated from tissue from three rats and are expressed
as the mean ± standard deviation.
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of aging, the concentration of FRs increases, and that of GSH
decreases in brain and liver tissues. The increase in FR con-
tent and the decrease in the concentration of GSH occur fas-
ter in liver tissue than in brain tissue (Figure 2(c)).

3.2. Treatment with 3,5-DMB Decreases the Level of GSH in
Rats. 3,5-DMB treatment causes a loss of bright in the lens
of treated rats but no weight loss was observed (data not
shown). Brain tissue showed a significant increase (1.36-fold)
in GSH content 1h after treatment with 3,5-DMB, probably
due to a specific cell reaction to maintain redox homeostasis.
The level of GSH returned to the initial values by 2h posttreat-
ment and increases again (1.11-fold) at 4h. From 4-12h, the

GSH content steadily decreased but increased again at 16h
(1.25-fold) (Figure 3(a)).

The concentration of FRs in brain tissue (Figure 3(a))
decreased by 2.15-fold at 1 h posttreatment, followed by an
increase at 2 h, and a significant increase (2.33-fold) at 6 h.
From 6-16 h, a steady decrease occurred, although these
values were still higher than the basal level.

In liver tissue, a slight increase in GSH content was
detected (1.02-fold) 1 h after treatment, followed by a signif-
icant decrease (1.82-fold) at 2 h and an increase (1.54-fold) at
4 h, reaching the basal value. There was another decrease
(1.56-fold) at 6 h, an increase at 12 h (1.20-fold), and a
decrease (1.09-fold) at 16 h (Figure 3(b)).
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Figure 2: Effect of age on the levels of GSH and FRs. Male Wistar rats were used to obtain 1 g of brain (-•-) and liver (-∎-) tissue at 2-18
months of age (n = 3 for each age and tissue) to quantify the relative concentrations of FRs (a) and GSH (b). Circles and squares represent
the mean ± standard deviation of three values from each sample extracted at a given measurement time. Experimental data were adjusted
to a linear regression (solid lines). The statistical value (r2) is denoted in each polynomial regression plot. The solid lines indicate the
experimental values for the liver (-∎-) tissue, and the dashed indicate the experimental values for the brain (-•-) tissue. Overall, the
analysis indicates that with aging, the concentration of GSH decreases, and the FR content increases in both tissues (c).
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Regarding FRs, their concentration in liver tissue
decreased (1.34-fold) at 1 h, increased (1.56-fold) at 2 h,
decreased (1.22-fold) at 4 h, and increased again (1.44-fold)
at 16 h (Figure 3(b)).

4. Discussion

Based on theoretical calculations, 3,5-DMB is an electrophile
with a partial positive charge (soft acid), while GSH is a
nucleophile with a local negative charge (soft base). The local
softness (Sx+/-) values of α,β-unsaturated compounds sug-
gest that they are more susceptible to nucleophilic attack.

The global and local reactivity indexes theoretically calcu-
lated from condensed Fukui functions (according to the pub-
lished method) [8] point to the selectivity of 3,5-DMB for
GSH. Since 3,5-DMB has greater chemical potential (μ) than
GSH, the electron flow must go from the thiol group of GSH
to the α,β-unsaturated carbonyl compound. Additionally, the
fact that the lowest global hardness η = 3:0180 (Table 1) value
was that of 3,5-DMB (versus that of GSH or NAC) reveals
that it is most reactive as an electrophile among this group
of compounds. According to its nucleophilicity, ω − =
6:0687 (Table 1), 3,5-DMB has a strong capacity to acquire
electrons from the environment (until reaching saturation),
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Figure 3: Effect of 3,5-DMB on the levels of GSH and FRs at 16 hours posttreatment in male Wistar rats. Evaluations were performed at 1, 2,
4, 6, 8, 12, and 16 h posttreatment with 3,5-DMB (n = 3). The relative number of FRs (-∎-) and concentration of GSH (-•-) were determined in
1 g of brain tissue (a) and liver tissue (b). The standard deviation is shown. Linear regression plots for FRs (gray solid line) or GSH (black
dashed line) in untreated samples from brain or liver tissue (Figure 2) are included for comparison.
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considering the electrophilicity index (ω). Thus, the α,β-
unsaturated carbonyl of 3,5-DMB appears to have electro-
philic behavior (Table 1), and GSH (a thiol-containing com-
pound) has nucleophilic behavior.

When an electron is transferred from GSH to 3,5-DMB,
the latter acquires greater stability, as evidenced by the higher
ω value for 3,5-DMB than that for GSH (Table 1). The
electron-donating (ω − ) and the electron-accepting (ω + )
power indexes indicate the electron acceptor capacity of the
α,β-unsaturated carbonyl (which has a small positive charge)
and the electron donor capacity of GSH (which has a small
negative charge). The present findings are in agreement with
previous reports on the selectivity of aryl maleimides for
thiol-containing compounds (unlike their reaction with
other nucleophile groups) due to the selectivity of their vinyl
moiety (soft acid) for thiol groups (soft base) [8]. Hence, the
α-β unsaturated moiety is apparently the preferred site of
nucleophilic attack because of its polarizability. Moreover,
GSH is a highly reactive compound toward soft electrophiles
(e.g., α,β-unsaturated compounds) and acts as a Michael-
type acceptor [15, 16]. According to the theoretical data, ole-
finic carbonyl carbons selectively react with thiol-containing
compounds. The reaction is highly regioselective but not
stereoselective, generating two asymmetric chiral centers in
a 50-50% diastereomeric mixture. Furthermore, theoretical
calculations point to the selectivity of the reaction of thiol
species with the C-3 position of the α,β-unsaturated group
(but not the carbonyl group) of 3,5-DMB [8].

FRs are commonly quantified by indirect methods
through the evaluation of metabolic pathways, such as fatty
acid double bond oxidation. The current study directly mea-
sured FRs in tissue using EPR. Moreover, the g-factor value
obtained from EPR studies gives important information
about the magnetic properties of the FR species. A g-factor
of approximately 2 serves as an indicator of FRs. In our study,
the g-factor value was 2.003, that agrees with the value
reported in the literature for C-O species [17]. Although
the specific radical species in the samples were not identified,
the spectra strongly suggested that the EPR signals corre-
spond to FRs. Furthermore, considering that the g-factor
values were from 2.003−2.004, the radicals were probably a
carbon-oxygen bonded combination [17].

It should be possible to predict the perinatal FR content
by adjusting experimental values from 0 to 36 months of
age (the average lifetime of a laboratory rat) [14] to obtain
a proper perspective regarding the inverse relationship
between GSH and FRs in brain and liver tissue. Regarding
the level of FRs as a function of aging, a sharp increase was
found in the liver and only a moderate increase was found
in the brain. The rat central nervous system is relatively
immature at birth, but after 7 to 21 days of postnatal develop-
ment, there is a substantial increase in the activity of meta-
bolic pathways [18, 19], which may contribute to the
increase in the FR content and the decrease in the concentra-
tion of GSH in the liver. The accumulation of dysfunctional
aged mitochondria leading to the alteration of redox homeo-
stasis cannot be discounted [20].

On the other hand, more endogenous protective mecha-
nisms exist against FRs in the brain than in the liver, such as

SOD (e.g., the catalytic activity of the isoforms Cu-Zn-SOD
(SOD1) and Mn-SOD (SOD2)). These mechanisms are
highly expressed in neurons [18] and possibly explain the
lower increase in the level of FRs in the brain versus liver tis-
sue. Since OS and cell damage occurs when the concentration
of FRs exceeds the capacity of the scavenging system, the
redox system is essential for the health of cells [18]. The only
way to prevent cell damage or death is to strengthen the scav-
enging system, especially GSH. The current data reveal a
rapid response of the antioxidant system to the imbalance
between FR and GSH in brain tissue. This response likely
involves a repair mechanism, physical defenses, and/or enzy-
matic antioxidant defenses (e.g., SOD, CAT, GPx, and GR)
[2]. As observed with oxidation due to aging, treatment with
3,5-DMB (a thiol scavenger) produced a decrease in the level
of GSH in a time-dependent manner after 3,5-DMB admin-
istration, resulting in a concomitant increase in the FR con-
tent of cells (Figure 3). Rapid response to a disturbance in
redox homeostasis was anticipated for brain tissue because
of its vital role in the organism. The significant decrease in
the concentration of GSH in 15-month-old rats treated with
3,5-DMB led to a sharp and rapid increase in the FR content
in both brain and liver tissues. Interestingly, a significant
increase in the level of GSH was detected in brain tissue 1 h
after 3,5-DMB treatment. At the same time, the level of FRs
was lower in the brain tissue compared with liver tissue. Since
3,5-DMB decreased the level of thiols, the elevated GSH con-
tent at the early stages of treatment probably stemmed from
an attempt by cells to maintain redox homeostasis. At 16h
posttreatment of adult rats, the concentration of GSH was
1.27-fold lower and the FR content was 1.42-fold higher than
those in untreated samples, revealing that the imbalance in
the adult rat brain was not completely repaired. According
to a previous study, the immature brain of young rats is more
vulnerable to OS in comparison to the mature adult brain
[18]. The present finding of a 3,5-DMB-induced decrease in
the level of GSH in young rats gives insight into how early-
stage tissues face an elevated FR content, which is initially
met with an increase of the concentration GSH (compared
to that in untreated samples), similar to the response during
the aging process. A daily dose of 3,5-DMB in young rats
might cause that they age more quickly, generating “old
juvenile-rats.” However, the 3,5-DMB effects on health, phe-
notype, and behavior need to be studied. On the other hand,
it had been reported molecules that cause the opposite effect
to 3,5-DMB treatment. One of these molecules is resveratrol
that produces cell rejuvenation in the liver [21].

This initial 3,5-DMB-induced antioxidant response was
more efficient in the brain than in the liver (Figure 3). Hence,
the antioxidant response to a disturbance of redox homeosta-
sis was more efficient in brain tissue than in liver tissue. It
has been reported that GSH imbalance might cause diseases
such as cancer, neurodegenerative diseases, cystic fibrosis,
and HIV [22]. According to this, the systematic effect of
3,5-DMB on the organisms might cause a sustained GSH
imbalance that may cause diseases.

It has been reported that there are approximately 1:1 x
10−9 mol GSH/embryo [23] or 1:91 x10−5 mol GSH/g protein
[24] in a Sprague-Dawley rat embryo (Wistar derived). Based
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on extrapolation from the current data, 3:02 x10−4 mol
GSH/g brain tissue and 5:04 x10−4 mol GSH/g liver tissue
should be found in a Wistar rat embryo, suggesting that
FRs are tightly regulated by rapid changes in the GSH/GSSG
relation.

5. Conclusions

Finally, we concluded that the thiol compound selectively
reacts with the olefinic carbons of 3,5-DMB due to their local
softness, and the reaction of thiol species with 3,5-DMB
shows selectivity for vinylic carbon from the α,β-unsaturated
group but not for the carbonyl carbon group. The reaction is
not stereoselective, as evidenced by the clear multiplicity of
signals in the spectra, indicating a diastereomeric mixture.

The current study attempts to provide insights into the
relationship among FRs, reducing agents such as GSH,
and the aging process. There is a relationship between age,
the concentration of GSH, and the level of FRs. Young rats
had a higher level of GSH and a lower level of FRs, while
the opposite results were found in adult rats. Given the
lower concentration of GSH and abrupt changes in the FR
content in adult rats, GSH appears to be a regulable vari-
able, and FRs appear to be a regulator variable, meaning
that GSH might modulate the FR production. Despite thiols
and FR have an important contribution to the systemic
metabolism, there is an inverse relation between these two
molecular families, thiols, and FR which is apparently a
mechanism to recover redox homeostasis. However, the
expression of the enzymes involved in redox homeostasis
before and after 3,5-DMB administration and the nature
of FR needs to be investigated.
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Supplementary Materials

Herein, we investigate whether 3,5-DMB reacts with N-acetyl
cysteine by NMR spectrometry, and according to our results,
this reaction follows a 1,4-Michael type mechanism (Supple-
mentary Materials). Furthermore, we measure the concentra-
tions of reduced glutathione (GSH) and free radicals (FRs) in
brain and liver tissue of male Wistar rats of different ages.
The results showed that concentration of GSH was higher

in young rats than that in old rats, while the concentration
of FRs, measurement by electronic paramagnetic resonance
(Supplementary Materials) was higher in adult rats than that
in young rats, suggesting an inverse relationship between
GSH and FRs. Similar relationships were found when thiol
scavenger maleimide was used. Supplementary Figure S1:
analysis of the reaction of 3′5′-DMB with N-acetyl cysteine.
A fragment of the NMR spectrum for 3′5′-DMB is shown.
For COSY H-H and 1H and 406 13C NMR at 270MHz,
the spectra show displacements that indicate a 1,4-Michael
type mechanism. Ha and Hb correspond to hydrogen atoms
Supplementary Figure S2: EPR spectra used to determine the
number of free radicals. (A) Brain control sample, (B) liver
control sample, and (C) brain sample of an animal treated
with 3′5′-DMB. (Supplementary Materials)
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Macrophage activation and polarization play a central role in atherosclerotic plaque fate. The M1/M2 activation phenotypes
represent two profiles of the macrophage polarization state. During atherosclerosis regression or stabilization, macrophages
switch from M1 proinflammatory phenotype to M2 anti-inflammatory reparative one. Here, we investigated whether the natural
compound lupeol, a pentacyclic triterpene, induces phenotypical and functional changes in human M1 macrophages and
counteracts the proinflammatory signalling triggered by 7-keto-cholesterol (7KC), a major product of oxidative stress-mediated
cholesterol oxidation. Flow cytometric and immunochemical analysis showed that the treatment with lupeol of M1 monocyte-
derived macrophages M(IFN-γ/LPS) specifically stimulated these cells to upregulate the expression of the anti-inflammatory
cytokines interleukin- (IL-)10 and TGF-β, and of the scavenger receptor CD36, whereas downregulated the proinflammatory
cytokine IL-12 and the M1 activation marker HLA-DR. Pretreatment of macrophages with lupeol prevented the release of IL-12,
IL-1β, and the upregulation of HLA-DR expression triggered by 7KC and increased the IL-10 production and CD36 expression.
This treatment also prevented the impairment of endocytosis triggered by 7KC and prevented 7KC-induced foam cell formation
by reducing the lipid droplet accumulation in M1-polarized THP-1 macrophages, whereas showed an additive effect in reactive
oxygen species (ROS) production. Western blotting analysis of autophagy markers LC3-I/II and p62-SQSTM1 in M1-polarized
THP-1 macrophages demonstrated that lupeol activated autophagy as indicated by increased LC3-II levels, and by marked
inhibition of p62. These findings indicate that lupeol has a cytoprotective effect on 7KC-proinflammatory signalling by
efficiently switching the macrophage polarization toward an anti-inflammatory phenotype, probably through the activation of
the autophagy pathway by increasing ROS production, the reduction of cellular lipid accumulation, and an overall reduction of
proinflammatory phenotype. Thus, our data demonstrating an anti-inflammatory and immunomodulatory activity of lupeol in
human M1 macrophages suggest its usefulness as an adjunctive drug in the therapy of atherosclerosis.

1. Introduction

Atherosclerosis is a chronic inflammatory disease characterized
by the accumulation of immune cells such as macrophages and
foam cells in the intima of the vessel wall [1, 2]. Both cells con-
tribute to the classical atherosclerotic plaque destabilization and
rupture by secreting proinflammatory cytokines and matrix
metalloproteinases. The fate of atherosclerotic plaques is highly

dependent on the balance between the recruitment and activa-
tion of monocyte-derived macrophages and their clearance
from the vessel wall [3, 4]. A characteristic feature of macro-
phages is their plasticity due to the ability to reversibly change
their phenotype and function in response to signals in the
microenvironment. The so-called M1 and M2 activation phe-
notypes represent two profiles of the macrophage polarization
state [5]. The predominant production of proinflammatory
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cytokines and reactive oxygen species (ROS) by the M1 macro-
phage phenotype promotes atheroma formation, while the
expression of immunosuppressive cytokines and growth factors
by the M2 state resolves atheroma by stimulating angiogenesis
and phagocytosis [4, 6, 7]. Thus, theM1/M2 phenotype balance
is possibly responsible for cholesterol crystal formation or dis-
appearance [8].

The molecular and cellular mechanisms involving
macrophage polarization and activation play a central role in
plaque progression and stability. Recent studies have shown
that oxysterols, oxidative stress-mediated cholesterol oxidation
products, which are abundant in atherosclerotic lesions, may
switchmacrophage phenotype towards a proinflammatory pro-
file [9]. We recently demonstrated that 7-keto-cholesterol
(7KC), the most abundant cholesterol oxidation product within
atherosclerotic plaques [10, 11], is responsible for switching the
macrophage phenotype towards a proinflammatory profile [9].

Few natural compounds such as apigenin, curcumin, and
resveratrol have been shown to inhibit the proinflammatory
functions of adipose tissue macrophages which were polar-
ized to M1 cells by lipopolysaccharide [12–16]. A range of
synthetic chemical entities and natural plant-derived com-
pounds have been characterized for their ability to modulate
inflammation and related signalling [12]. Moreover, preclin-
ical as well as clinical studies have shown that the dietary
phytochemicals lower the risk of developing coronary heart
diseases [12]. Hence, this evidence prompted researchers to
investigate the potential therapeutic interventions with
plant-derived natural products.

Although their ability to modulate theM1/M2 phenotype
is clear, it is still unclear whether these molecules could be
practically effective as therapeutic agents for the treatment
of atherosclerosis-related inflammation and the exact mech-
anisms behind their action. Therefore, it is worthwhile to add
mechanistic insights into the effects of natural plant-derived
compounds to modulate macrophage polarization.

In this regard, lupeol, a pentacyclic triterpene—widely
available in fruits such as mango, red grapes, olives, and straw-
berry as well as in vegetables such as cucumber, white cabbage,
and tomato—has been shown to exhibit potent anti-
inflammatory activity by decreasing the release of proinflam-
matory cytokines such as TNF-α and IL-β in lipopolysaccha-
ride-(LPS-)treated macrophages in rat and mouse models of
inflammation [17–19]. Lupeol has also been shown to inhibit
latent membrane protein 1-induced NF-κB activation and
consequently to switch proinflammatory macrophages into
anti-inflammatory phenotype in experimental inflammatory
bowel disease [20]. Furthermore, it has been also suggested
that a derivative molecule of lupeol induces cell death in a
cancer cell line by inducing autophagy rather than apoptosis
and necrosis [21]. Growing evidence demonstrates that
dysfunctional autophagy plays an important role in athero-
sclerotic plaque destabilization and the overall development
of the disease [22–26]. Recently, it has also been revealed that
the induction of autophagy in macrophages may have a
plaque-stabilizing effect [24]. Therefore, the activation of the
autophagy pathway could be a potential therapeutic strategy
for atherosclerosis. This motivated us to investigate whether
lupeol modulates the phenotype and function of human M1

macrophages by counteracting the 7KC-proinflammatory
signalling. In particular, we investigated whether lupeol is able
to induce autophagy in 7-KC-treated M1 macrophages.

In this work, we used immunochemical and flow cyto-
metric analysis to investigate the endocytosis, ROS, cytokine
production, surface marker expression, cellular lipid levels,
and autophagy markers in human classically activated
macrophages (M(IFN-γ/LPS)), also known as M1 macrophages
pretreated with lupeol and exposed to the proinflammatory
stimulus 7KC.

2. Materials and Methods

2.1. Reagents. Recombinant human (rh) macrophage colony-
stimulating factor (M-CSF) was purchased from R&D
System (Minneapolis, MN). Fetal bovine serum (FBS) was
purchased from Hyclone Laboratories (Logan, UT). Anti-
CD14-coated microbeads, human IFN-γ1b (IFN-γ), fluores-
cein isothiocyanate- (FITC-) conjugated mAbs to human
leukocyte antigen-D region related (HLA-DR), and
VioGreen-conjugated mAbs to CD36 were purchased from
Miltenyi Biotec (Gladbach, Germany). Lupeol, 7KC, phorbol
12-myristate 13-acetate (PMA), lipopolysaccharides from
Escherichia coli (LPS), FITC-dextran, and 2′,7′-Dichloro-
fluorescein Diacetate (H2DCF-DA) were purchased from
Sigma-Aldrich (Milan, Italy). Sytox Blue nucleic acid stain and
4′,6-diamidino-2-phenylindole (DAPI) were purchased from
Thermo Fisher Scientific (Waltham, Massachusetts, USA).

2.2. Preparation of HumanM(IFN-γ/LPS) Macrophages. Periph-
eral blood mononuclear cells (PBMCs) were obtained from
buffy coats of healthy blood donors collected from the Trans-
fusion Center at the Sapienza University of Rome [27]. The
study was conducted in accordance with the Helsinki Decla-
ration of 1975 and 1983. Briefly, PBMCs were isolated by
density gradient and CD14+ monocytes were purified by
incubating PBMCs with anti-CD14-coated microbeads,
followed by sorting with a magnetic device. Monocytes were
then induced to differentiate in the presence of rhM-CSF to
obtain monocyte-derived macrophages. Human leukemic
cell line THP-1 (ATCC, Manassas, VA, USA) was grown in
a complete medium (RPMI 1640 supplemented with 1%
nonessential amino acids, sodium pyruvate (1%), Penicillin
(50 units/mL), Streptomycin (50μg/mL), 2-
mercaptoethanol (5 × 10−5 M) and 10% FBS) and prior to
the experiments; THP-1 cells were differentiated to macro-
phages by incubating with 10 ng/mL PMA in culture medium
for 48 hours, followed by a wash with phosphate-buffered
saline (PBS) and finally grown in culture medium for 24
hours. Human monocyte-derived macrophages (primary
macrophages) or THP-1 macrophages were then polarized
towards the M1 phenotype using 10 ng/mL IFN-γ and
10ng/mL toll-like receptor 4 ligand LPS M(IFN-γ/LPS) for an
additional 24 h. All cells were cultured in complete medium,
washed with warm PBS, and harvested using TrypLE™
Express Enzyme (Gibco, Grand Island, NY, USA).

2.3. Treatment of M(IFN-γ/LPS) Macrophages with Lupeol
and/or 7-Keto-Cholesterol. Human primary M(IFN-γ/LPS)
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macrophages and THP-1 M(IFN-γ/LPS) macrophages were
treated or not with lupeol (10-50μM) for 1 hour at 37°C
and 5% CO2. The cells were then stimulated with 7KC dis-
solved in ethanol (15μM) for 20 hours. The inflammatory
stimuli LPS (200 ng/mL) and ethanol were used as controls.
Cell viability was measured employing the Trypan blue
exclusion assay, and cell morphology was checked by a light
microscope.

2.4. Secretome Profile of Cytokines in Macrophage Culture
Supernatants. Supernatants from human primary M(IFN-

γ/LPS) macrophages (7 × 105 cells per mL) pretreated with
lupeol for 1 hour and then exposed to 7KC (20nm/L) for a
further 20 hours in 24-well plates were collected, centrifuged,
and stored at -80°C. The levels of IL-12 p70, IL-1β, IL-10, and
TGF-β into the conditioned medium were determined by
enzyme-linked immunosorbent assay (ELISA; OptEIA kits;
BD Biosciences) following the manufacturer’s instructions.
The limits of detection were as follows: IL-10 and IL-1β:
16 pg/mL; IL-12p70: 7.8 pg/mL; and TGF-β: 62.5 pg/mL.

2.5. Flow Cytometric Analysis of Macrophage Phenotype. To
determine macrophage phenotypic surface markers, human
primary M(IFN-γ/LPS) macrophages were stained with anti-
HLA-DR and anti-CD36 mAbs or with isotype-matched
control mAbs for 30 minutes at 4°C and then analyzed by
flow cytometry on a Gallios Flow Cytometer (Beckman
Coulter) equipped with three lasers (488 nm, 638 nm, and
405nm), and the results were further analyzed by the use of
fluorescence-activated cell sorting (FACS) Kaluza analysis
software (Beckman Coulter).

2.6. Flow Cytometric Analysis of Macrophage Endocytosis.
Macrophage mannose receptor-mediated endocytosis was
determined by the method as previously described [28]. In
brief, human primary M(IFN-γ/LPS) macrophages (1 × 106
cells/mL) were incubated with FITC-dextran (1mg/mL) for
45min at 37°C. Internalization ability was analyzed as the
percentage and the mean fluorescence intensity (MFI) of
FITC-positive cells by flow cytometry and then analyzed by
flow cytometry on a Gallios Flow Cytometer (Beckman
Coulter). The results were further analyzed by the use of
fluorescence-activated cell sorting (FACS) Kaluza analysis
software (Beckman Coulter). Dead cells were excluded by
1μM Sytox Blue nucleic acid staining.

2.7. Flow Cytometric Analysis of Intracellular Lipid Levels. In
vitro model of foam cell formation induced by the oxysterol
mixture 7β-hydroxycholesterol and 7KC was previously
described by Yuan et al. [29]. Here, THP-1 M(IFN-γ/LPS)
macrophages were treated with only 7KC. In brief, THP-1
M(IFN-γ/LPS) macrophages (1 × 106 cells/mL) were pretreated
with lupeol for 1 hour and then exposed to 7KC (20nm/L)
for a further 20 hours in complete medium. Cells were
stained with LipidSpot™ 488 Lipid Droplet Stains according
to the manufacturer’s instructions (Biotium, USA). Lipid-
Spot™ dyes are fluorogenic neutral lipid stains that rapidly
accumulate in lipid droplets, where they become brightly
fluorescent (Abs/Em: 427/585 nm). After 30min of incuba-
tion in the dark at 37°C, cells were centrifuged and the pellet

was washed twice with ice-cold PBS/FCS and stained with
DAPI (4μg/mL) to exclude dead cells. At least 5 × 103
cells/sample was analyzed by flow cytometry (Gallios Flow
Cytometer; Beckman Coulter).

2.8. Flow Cytometric Analysis of Reactive Oxygen Species
(ROS) Production. The production of ROS in human primary
M(IFN-γ/LPS) macrophages was measured through H2DCF-
DA staining. In brief, macrophages (1 × 106 cells/mL) were
incubated with H2DCF-DA at a final concentration of
2.5μM. After 45min of incubation in the dark at 37°C, cells
were centrifuged, and the pellet was washed twice with ice-
cold PBS/FCS, and then fixed with 1% formaldehyde. At least
5 × 103 cells/sample were analyzed by flow cytometry (Gallios
Flow Cytometer; Beckman Coulter). DCFDA fluorescence
intensity was measured in FL-1 with an excitation wavelength
of 488nm and an emission wavelength of 530nm.

2.9. Western Blot Analysis of Macrophage Lysates for
Autophagy Markers. M(IFN-γ/LPS) polarized THP-1 macro-
phages and primary macrophages were lysed on ice in CelLy-
tic buffer (Sigma Aldrich) plus protease and phosphatase
inhibitors (protease inhibitor cocktail: 1mM sodium
fluoride, 1mM sodium orthovanadate, and 1mM sodium
molybdate; 1mM phenylmethylsulfonyl fluoride; and 1mM
phosphoinositidase C (Sigma Aldrich)). Other drugs used
were chloroquine (ChQ; 50μM), 3-metyladenine (3-MA;
5mM), and rapamycin (Rapa; 2μM), all purchased from
Selleckchem (Verona, Italy). Lysates were incubated for
20min at 4°C and centrifuged for 15min at 16,000 × g and
4°C to pellet the insoluble material. Samples were then stored
at −20°C until use. At the time of analysis, the samples were
denatured in 4×Laemmli Sample Buffer (Bio-Rad), added
with 50mM DTT, and then heated for 5min at 95°C.
Samples were then loaded per lane in equal volumes and
separated by electrophoresis in 4-15% Mini-PROTEAN®
TGX Stain-Free™ Precast Gels (Bio-Rad, Milan, Italy).
Protein samples were then transferred electrophoretically in
Towbin buffer (25mM Tris, 192mM glycine, pH8.3, and
20% (v/v) methanol) to polyvinylidenedifluoride membranes
(Millipore, Milan, Italy). After protein transfer, membranes
were imaged for stain-free staining and total protein was
quantified using Imagelab 6.0.1 (Bio-Rad) to correct for
possible protein loading inaccuracy. The membranes were
then blocked with 2% (wt/vol) low-fat milk in Tris-buffered
saline (137mM NaCl, 20mM Tris·HCl, pH7.6) containing
0.1% Tween 20 (TBS-T) for 1h at room temperature. The
membranes were further incubated overnight at 4°C with the
primary antibodies rabbit anti-LC3B (at dilution 1 : 2000)
and mouse anti-p62-SQSTM1 (1 : 1000). All the antibodies
were procured from Novus Biologicals (Bio-Techne Ltd,
Milan, Italy). After three washes with TBS-T, the membranes
were incubated for 2h, at room temperature, with an alkaline
phosphatase-linked secondary antibody, specific to rabbit and
mouse IgG (1 : 10000). Protein immunoreactive bands were
visualized by chemifluorescence with the Clarity Western
ECL Substrate (Bio-Rad) in a ChemiDoc Imaging System
(Bio-Rad). Some membranes were reprobed with a monoclo-
nal anti-β-actin Ab (1 : 5000; Sigma) for equal protein loading
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control. The optical density of the bands was quantified with
the Imagelab 6.0.1 (Bio-Rad). The results were normalized to
total protein and expressed as the relative amount compared
with control.

2.10. Statistical Analysis. Mean values and standard devia-
tions (SD) were calculated for each variable under study.
All the statistical analysis was performed by GraphPad Prism
8 software (San Diego, CA, USA). Normally distributed data
were analyzed using one-way ANOVAwith a Tukey post hoc
test. Values of P < 0:05 were considered statistically
significant.

3. Results

3.1. Lupeol Skews M(IFN/LPS) towards Anti-Inflammatory
Phenotype and Counteracts the Proinflammatory Signalling
Triggered in Macrophages by 7-Keto-Cholesterol. Lupeol is a
pentacyclic triterpene with potent anti-inflammatory activity
[16]. Pentacyclic triterpenes have been found to exhibit anti-
inflammatory activity although their role in macrophage
polarization and the mechanism by which this process could
take place has yet to be elucidated [20]. In order to confirm
the hypothesis that lupeol could be able to exhibit antiathero-
sclerotic activity by inhibiting inflammatory changes, human
CD14+ monocytes were differentiated into macrophages,
polarized toward M1-like phenotype (primary M(IFN-γ/LPS)
macrophages), and further treated with different concentra-
tions of lupeol. Dose-response experiments demonstrated that
50μM was the highest tolerated concentration of lupeol that
did not affect macrophage viability in the Trypan blue exclu-
sion assay and or cell morphology (see Figure S1 in the
Supplementary Material for comprehensive result analysis).
Therefore, we selected three different concentrations of 10,
25, and 50μM of lupeol to investigate the total macrophage
secretory capacity by determining the secretome profile of
cytokines in the cell supernatants by ELISA. After incubation
of the macrophages with 7KC or LPS, we observed a
significant increase in the release of the proinflammatory
cytokines IL-12, IL-1β, whereas the release of the anti-
inflammatory cytokines TGF-β and IL-10 was reduced as
compared with unstimulated M(IFN-γ/LPS) cells (in Figure 1).
Of note, the treatment of M(IFN-γ/LPS) macrophages with
lupeol at 25μM induced a significant increase of IL-10 and
TGF-β production, whereas at 50μM significantly decreased
IL-12 (in Figure 1). The pretreatment with lupeol prevented
the increase of IL-12 (at 25μM) and IL-1β (at 25 and
50μM) in the cell supernatants induced by 7KC-treated
macrophages. At 25μM lupeol increased significantly the
secretion of IL-10 in 7KC-treated macrophages (in Figure 1).

The flow cytometric analysis of the M1- or M2-related
surface antigens HLA-DR and CD36 was conducted in
primary M(IFN-γ/LPS) macrophages (in Figure 2). Analysis of
surface antigen expressions of macrophages shows a reduc-
tion in the percentage of HLA-DR positive cells (P < 0:024)
and an increase in the CD36 expression (MFI) (P < 0:048)
after the treatment with 25μM lupeol. As expected, 7KC
induced an increase in the HLA-DR expression (MFI)
(P < 0:009), but it did not alter the expression of the CD36.

The pretreatment with 25μM lupeol prevented the increase
of HLA-DR expression by 7KC (P < 0:034) and simulta-
neously increased the expression of CD36 (P < 0:04) on
M(IFN-γ/LPS) macrophages. These results confirm that lupeol
exerts anti-inflammatory activity by switching M(IFN-γ/LPS)
macrophage phenotype toward an anti-inflammatory
phenotype.

3.2. Lupeol Prevents the Impairment of Endocytosis in 7-Keto-
Cholesterol-Treated M(IFN-γ/LPS) Macrophages. Endocytosis is
a crucial factor in macrophage-mediated host defence, which
involves the internalization and destruction of pathogens.
Unlike anti-inflammatory, proinflammatory macrophages
have shown less endocytic ability [27]. Flow cytometric
analysis showed that the unstimulated primary M(IFN-γ/LPS)
macrophages largely resulted positive for the FITC-dextran
uptake. As expected, we found a significant decrease in the
uptake of FITC-dextran due to the stimulation of M(IFN-

γ/LPS) macrophages with the proinflammatory signalling
triggered by 7KC (in Figure 3). Of note, the pretreatment of
the cells with lupeol was able to prevent the reduction of
endocytosis ability induced by 7KC, thus suggesting a less
proinflammatory state of macrophages (in Figure 3).

3.3. Lupeol Prevents 7-Keto-Cholesterol-Induced Lipid
Accumulation and Enhances Reactive Oxygen Species (ROS)
Production in M(IFN-γ/LPS) Macrophages. To further confirm
the ability of lupeol to counteract the atherosclerotic process,
we used the 7KC to increase lipid accumulation in M(IFN-

γ/LPS) polarized THP-1 macrophages. By flow cytometric
analysis, we studied the ability of lupeol to reduce the accumu-
lation of the LipidSpot™ dye induced by 7KC on THP-1
M(IFN-γ/LPS) macrophages. As expected, themean fluorescence
intensity for the LipidSpot™ significantly increased after the
20-hour exposure of M(IFN-γ/LPS) macrophages to 7KC (in
Figure 4(a)). Of note, the 25μM lupeol prevented 7KC-
induced lipid accumulation in M(IFN-γ/LPS) macrophages (in
Figure 4(a)). Previous studies showed that inflammatory
macrophages release ROS, thus exacerbating oxidative stress
in atherosclerosis [30, 31]. For this reason, we analyzed flow
cytometry ROS production in primary M(IFN-γ/LPS) macro-
phages stimulated with 7KC after pretreatment or not with
lupeol. As expected, we observed that the treatment of the
M(IFN-γ/LPS) macrophages with 7KC (15μM) induced a
significant increase in ROS production (P < 0:001, in
Figure 4(b)). Of note, lupeol pretreatment resulted in an
additive effect in ROS production in macrophages stimulated
with 7KC. The maximal effect of lupeol was observed at a
concentration of 25μM (P < 0:001; in Figure 4(b)).

3.4. Lupeol Counteracts Dysregulated Autophagy Induced by
7-Keto-Cholesterol in M(IFN-γ/LPS) Macrophages. A derivative
molecule of lupeol has been shown to induce cell death in can-
cer cells by inducing autophagy rather than apoptosis and
necrosis by accumulating ROS [21]. Adhering to this
evidence, we next measured the effects of lupeol on the
modulation of autophagy dysfunction in M(IFN-γ/LPS) macro-
phages induced by 7KC [29]. By using western blotting analy-
sis, we evaluated the expression of the autophagic marker
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LC3-I/II, a widely usedmarker tomonitor the autophagic pro-
cess and the marker for autophagic clearance p62/sequesto-
some 1 (SQSTM1) on M(IFN-γ/LPS)-polarized THP-1
macrophages and on M(IFN-γ/LPS)-polarized primary macro-
phages pretreated with lupeol and further exposed or not to
7KC. In preliminary experiments, M(IFN-γ/LPS) macrophages
derived from THP-1 and primary macrophages showed
similar changes in the expression of autophagy markers when
compared with respective unstimulated samples; in fact, both
cells upregulated autophagy markers in response to 7KC (see
Figure S2 in the Supplementary Material for comprehensive
result analysis). As shown in Figure 5(a), the addition of
lupeol or 7KC induced an increase in the transient
autophagosomal membrane-bound form of LC3 (LC3-II) in
M(IFN-γ/LPS) macrophages. It is already known that LC3-II
could accumulate due to enhanced autophagosome
formation or impaired autolysosomal degradation [32]. To
rule out the possibility that the increase of LC3-II was due to
inhibited autolysosomal degradation, rather than autophagy
stimulation and the respective autophagosome formation, we
further evaluated LC3-II flux. For this purpose, M(IFN-γ/LPS)-
polarized THP-1 macrophages were incubated with lupeol

and 7KC in the presence of the lysosomal protein
degradation inhibitor ChQ or of the autophagy inhibitor 3-
MA. In these conditions, there was an increase in LC3-II
induced by lupeol and 7KC in the presence of ChQ or 3MA,
and this increase was significantly higher than in cells treated
with inhibitor alone. LC3 has been proposed to function as a
receptor for p62/SQSTM1. The LC3-p62 complex is
preferentially degraded by autophagy and markedly
accumulates in autophagy-deficient cells [33]. Since p62
accumulates when autophagy is inhibited and decreases
when autophagy is induced, therefore, p62-SQSTM1 could
be used as a marker to study autophagic flux [33]. In our
experiments, lupeol inhibited the p62 protein levels, whereas
an increase in the p62 protein levels was observed in 7KC,
ChQ, and 3-MA treated cells (in Figure 5(b)), which suggests
that p62/SQSTM1 autophagic degradation was inhibited by
7KC, similarly to ChQ and 3-MA, whereas lupeol increased
the autophagic flux in macrophages. Of note, lupeol was able
to significantly reduce the p62 accumulation in M(IFN-γ/LPS)-
polarized THP-1 macrophages when these cells were treated
with 7KC in the presence or absence of autophagy inhibitors
(in Figure 5(b)).
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Figure 1: Cytokine production inM(IFN-γ/LPS) pretreated or not with lupeol before stimulation with 7-keto-cholesterol. PrimaryM(IFN-γ/LPS)

macrophages (7 × 105 cells per mL) were stimulated or not with lupeol at the different concentrations for 1 hour and further stimulated with
7KC in complete medium. Supernatants were collected after 20 hours to measure cytokines by specific ELISA experiments. Results are
expressed as mean value ± SD of 3 independent experiments. P values were tested by one-way ANOVA. ∗† lupeol 10μM vs. lupeol 25 μM;
‡ 7KC-treated group vs. 7KC+lupeol 25 μM.

5Oxidative Medicine and Cellular Longevity



4. Discussion

The identification of the pathological role played by polarized
macrophages has resulted in an increased focus on this para-
digm for the identification of new therapeutic approaches

[16, 27]. Lupeol is a ubiquitously distributed pentacyclic
triterpene of the edible vegetables, fruits, and manymedicinal
herbs [17]. Lupeol plays an anti-inflammatory role in several
inflammatory disease models such as carrageenan-induced
inflammation [34], A23187-stimulated macrophages [35], a
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Figure 2: Flow cytometric analysis of surface marker expressions on M(IFN-γ/LPS) macrophages. Lupeol skews primary M(IFN-γ/LPS)
macrophage phenotype towards an anti-inflammatory phenotype and prevents 7-keto-cholesterol (7KC) induced changes in M(IFN-γ/LPS)
macrophages. M(IFN-γ/LPS) primary macrophages were stimulated or not with lupeol at 25 μM for 1 hour and further stimulated with 7KC
and then analyzed for HLA-DR and CD36 expressions by flow cytometry. (a) The results of one representative experiment of three are
shown. The number in the histograms shows the percentages of positive cells (%) and the mean fluorescence intensity (MFI). (b) Flow
cytometric analysis of surface marker expression on M(IFN-γ/LPS) macrophages. Results are expressed as % and MFI (mean ± SD; n = 3). P
values were calculated by one-way ANOVA with a Tukey post hoc test.
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mouse model of arthritis [36], allergic airway inflammation
[19], and LPS-treated macrophages [35].

In our previous study, we demonstrated that 7KC
polarizes macrophages toward a proinflammatory state [9];
therefore, it is worthwhile to use this in vitro model to
investigate the ability of a compound to switch human
macrophages from a M1 proinflammatory phenotype (high
IL-12 and IL-1β production, high HLA-DR expression, and
low endocytosis ability) to a M2 anti-inflammatory pheno-
type (high IL-10 and TGF-β production, high CD36 expres-
sion, and high endocytosis ability) [16, 27]. Thus, we have
considered lupeol to meet the aims of our study.

This study demonstrating an anti-inflammatory and
immunomodulatory activity of lupeol in human M(IFN-

γ/LPS) macrophages challenged with the inflammatory choles-
terol oxidation product 7KC indicates lupeol as a promising
therapeutic agent for atherosclerotic disease.

We first determined the effects of lupeol on the release of
proinflammatory and anti-inflammatory cytokines in the

M(IFN-γ/LPS) macrophages and in 7KC-treated-M(IFN-γ/LPS)
macrophages. Our study demonstrated the ability of lupeol
to regulate macrophage polarization by reducing the release
of the proinflammatory cytokine IL-12 and by increasing
the release of the anti-inflammatory cytokines IL-10 and
TGF-β, thus driving cells toward a M2 anti-inflammatory
phenotype. Lupeol was also able to counteract the proinflam-
matory signalling triggered in macrophages by 7KC repre-
sented by the downregulation of IL-12 and IL-1β
production and upregulation of IL-10. Our results agree with
a previous report showing that lupeol significantly inhibited
proinflammatory cytokine production in macrophages and
suppressed LPS-induced NF-κB activity in inflammatory
bowel disease [37]. While no cytotoxicity was observed upon
lupeol treatment at the tested concentrations, the lack of
cytokine production increase observed at the highest lupeol
concentration suggests a possible interference of lupeol with
immune cell regulation mechanisms as apoptosis pathway
[38]. Furthermore, another natural compound, luteolin,
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Figure 3: Analysis of M(IFN-γ/LPS) macrophage endocytosis. Lupeol prevents the impairment of endocytosis induced by 7-keto-cholesterol
(7KC) in primary M(IFN-γ/LPS) macrophages. Human primary M(IFN-γ/LPS) macrophages were incubated with lupeol (10, 25, and 50μM)
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Figure 4: Effect of lupeol on intracellular lipid levels and reactive oxygen species (ROS) production.M(IFN-γ/LPS) macrophages pretreated with
lupeol for 1 hour were stimulated with 7-keto-cholesterol (7KC) for 20 hours. THP-1 M(IFN-γ/LPS) macrophages were analyzed for lipid
droplets (a) and primary M(IFN-γ/LPS) macrophages were analyzed for ROS generation (b) by flow cytometry. Results are expressed as
mean ± SD from three independent experiments. ∗Untreated vs. lupeol; ¶Untreated control vs. 7KC-treated group; °7KC-treated group vs.
7KC+lupeol treated groups.
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Figure 5: Western blotting analysis of autophagy markers in M(IFN-γ/LPS) macrophages. Lupeol enhances autophagy on M(IFN-γ/LPS)
macrophages and counteracts dysregulated autophagy induced by 7-Keto-cholesterol (7KC). M(IFN-γ/LPS)-polarized THP-1 macrophages
were stimulated or not with 25μM lupeol for 1 hour and further stimulated with 7KC for 20 hours in the presence of the autophagy
inhibitors ChQ or 3MA. Western blotting analysis of (a) LC3-I/II and (b) P62-SQSTM1 were performed in the whole-cell lysates of
macrophages. Data are expressed relative to the control (fold increase) as mean ± SD of 4 independent experiments. Values mentioned are
the ratio of LC-3-II to LC3-I. Symbols indicate significant differences tested by one-way ANOVA.
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inhibits inflammation by regulating the polarized phenotypes
of macrophages and downregulates the release of proinflam-
matory cytokines [13].

Surface marker phenotyping confirmed that 7KC-
treated-M(IFN-γ/LPS) macrophages showed an increased
expression of the M1 activation marker HLA-DR [9],
suggesting an upregulation of macrophage function as
antigen-presenting cells that favor the activation of adaptive
immune responses. In our experiments on primary macro-
phages, after 20 hours of exposure, 7KC did not alter the
expression of the macrophage class B scavenger receptor
CD36, a member of the scavenger receptor family involved
inM2 polarization [39]. Hayden et al. [31] demonstrated that
macrophages generated by 7KC treatment of THP-1 cells for
7 days increased CD36 expression about by 2-fold. A reason
for this discrepancy between the effects of 7KC on primary
macrophages and THP-1-macrophages may be due to the
different intracellular lipid levels reached by the cells, which
are the expression of both different culture conditions and
cell differentiation state [40, 41]. The upregulation of CD36
observed in the M(IFN-γ/LPS) macrophages to lupeol is likely
to positively influence the lipid uptake into cells, further
increasing their anti-inflammatory clearance activity.

A further evidence of lupeol anti-inflammatory effects on
M(IFN-γ/LPS) macrophages is its ability to increase the endocy-
tic capacity of these cells. Similar results were observed in
previous experiments with macrophage polarization in
colorectal cancer cells [42].

Previous studies showed that excess-free cholesterol is
stored as lipid droplets in macrophages and produces foam
cell morphology [31, 43]. Since foam cell formation due to
lipid droplets accumulation in macrophages is believed to
play a crucial role in the progression of early atherosclerotic
lesions and subsequent inflammation [44], we next evaluated
the effects of lupeol pretreatment on 7KC-induced lipid
droplets accumulation in M(IFN-γ/LPS) macrophages. The
mean fluorescence intensity profiles reveal that lupeol
reduces the accumulation of lipid droplets in macrophages
treated with 7KC, thus further suggesting that the exposure
ofM(IFN-γ/LPS) macrophages with lupeol influences the polar-
ization of proinflammatory macrophages toward a less
proinflammatory phenotype through the influence on the
lipid metabolism, similarly to what was observed in response
to several other compounds modulating foam cell behaviour
and inhibiting lipid accumulation [45]. Our results are in line
with other studies on triterpenoids that have been shown to
inhibit the accumulation of lipid droplets in macrophages
[43]. Lupeol has been found to prevent the hypertrophic
cardiac histopathology, the lipid abnormalities, and patho-
logical biochemical changes induced by hypercholesterol-
emia [46]. Overall, available data on the potential benefit of
lupeol as a natural lipid-lowering compound appear promis-
ing, thus further research on its beneficial effects needs to be
performed.

Another crucial parameter in the pathogenesis of athero-
sclerosis is the ROS secretion. Our results on the increased
ROS secretion due to 7KC stimulation are in agreement with
previous studies showing the secretion of ROS by inflamma-
tory macrophages that exacerbate oxidative stress in athero-

sclerosis [28, 30]. The finding that lupeol pretreatment
significantly increased the ROS generation in our study is
in line with the observation demonstrating that a derivative
molecule of lupeol is able to induce the accumulation of
ROS [20]. Notably, mitochondria and ROS are essential for
autophagy stimulation [47–49].

Accumulating evidence shows that the dysfunctional
autophagy plays a key role in atherosclerosis [24–26]. The
impaired macrophage autophagy increases the immune
response in obese mice by promoting proinflammatory M1
macrophage polarization [50]. Of note, a derivative molecule
of lupeol induces cell death in a cancer cell line by inducing
autophagy rather than apoptosis and necrosis [21]. Recently,
a study showed that autophagy induction reduces 7KC-
mediated cell death and reduces cellular lipid accumulation
[29]. Our results suggest that lupeol is able to induce both
autophagosome formation, as indicated by increased LC3
levels, and increased autophagy lysosomal degradation
pathway, as marked by the lack of p62 accumulation [49].

Further studies on the characterization of ROS produc-
tion induced by lupeol, over more extended time intervals,
will establish whether this production simply regulates the
autophagic pathway without leading to the collapse of the
potential of the mitochondrial membrane or it can progress
to autophagic cell death.

Taken together, our data provide evidence that lupeol has a
cytoprotective effect toward 7-keto-cholesterol-induced
proinflammatory signalling by efficiently switching the
proinflammatory phenotype toward an anti-inflammatory
one, which may be due to the activation of the autophagy
pathway by increasing ROS production, to the modulation of
cellular lipid accumulation and to an overall reduction of pro-
inflammatory cytokines. Similar results have also been
observed with urolithin A that shows high anti-inflammatory
potential by inhibiting M1 polarization in macrophages and
increasing the autophagic flux [51].

Extensive research so far on efficacy, safety, and pharma-
cokinetics profile of lupeol has shown that the oral adminis-
tration of lupeol (<200mg/kg) does not cause any systemic
toxicity in animal models [52–54]. In a randomized
controlled clinical trial (NCT02152865), the administration
of lupeol was found to be safe and nontoxic for the treatment
of oral malignant melanoma [55]. These findings suggest that
lupeol should be studied further as anti-inflammatory thera-
peutics for future applications in humans. Lupeol has been
shown to inhibit NF-κB and to increase FGF-2, TGF-β1,
and collagen III levels, followed by the downregulation of
IL-6 and subsequent upregulation of IL-10 levels in a wound
healing model in diabetic patients [56]. Since our data
confirm the anti-inflammatory activity of the lupeol against
7KC in M(IFN-γ/LPS) macrophages by suppressing inflamma-
some and activating autophagy, they suggest the possible use-
fulness of this molecule in the assessment of new potential
therapeutic strategies for plaque regression.

5. Conclusions

Our results strengthen previous findings on the immuno-
modulatory effects of lupeol on innate immune cells and
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depict the usefulness of lupeol as an adjunctive drug to
counteract the proatherogenic oxysterol signalling within
the atherosclerotic plaque through the activation of autoph-
agy and inhibition of proinflammatory cytokines.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors do not have competing financial interests with
this study.

Acknowledgments

The authors are thankful to the European Molecular Biology
Organization for providing fellowship to S.S. The authors
acknowledge the Flow Cytometry Facility at Istituto Super-
iore di Sanità Rome, for technical assistance in flow cytome-
try. This work was supported by the Italian Ministry of
Health (ISS C.R. 2018) to B.B. and Sapienza Ateneo grant
2016 to L.A.

Supplementary Materials

Supplementary Figure 1: the effect of lupeol on cell vitality
(measured by Trypan blue exclusion assay) and cell mor-
phology (light microscope imaging) of 7-keto-cholesterol-
treated M(IFN-γ/LPS) macrophages. Supplementary Figure 2:
Western blotting analysis of LC3-I/II and p62-SQSTM1 in
the whole-cell lysates of primary M(IFN-γ/LPS) macrophages
and THP-1 M(IFN-γ/LPS) macrophages in response to 7-keto-
cholesterol (a) or in response to lupeol plus 7KC (b).
(Supplementary Materials)

References

[1] P. Libby, P. M. Ridker, and G. K. Hansson, “Progress and chal-
lenges in translating the biology of atherosclerosis,” Nature,
vol. 473, no. 7347, pp. 317–325, 2011.

[2] G. K. Hansson and A. Hermansson, “The immune system in
atherosclerosis,” Nature Immunology, vol. 12, no. 3, pp. 204–
212, 2011.

[3] T. Gui, A. Shimokado, Y. Sun, T. Akasaka, and Y. Muragaki,
“Diverse roles of macrophages in atherosclerosis: from inflam-
matory biology to biomarker discovery,” Mediators of Inflam-
mation, vol. 2012, Article ID 693083, 14 pages, 2012.

[4] K. J. Moore, F. J. Sheedy, and E. A. Fisher, “Macrophages in
atherosclerosis: a dynamic balance,” Nature Reviews. Immu-
nology, vol. 13, no. 10, pp. 709–721, 2013.

[5] D. M. Mosser and J. P. Edwards, “Exploring the full spectrum
of macrophage activation,” Nature Reviews. Immunology,
vol. 8, no. 12, pp. 958–969, 2008.

[6] S. Tavakoli and R. Asmis, “Reactive oxygen species and thiol
redox signaling in the macrophage biology of atherosclerosis,”
Antioxidants & Redox Signaling, vol. 17, no. 12, pp. 1785–
1795, 2012.

[7] G. J. Randolph, “Mechanisms that regulate macrophage bur-
den in atherosclerosis,” Circulation Research, vol. 114, no. 11,
pp. 1757–1771, 2014.

[8] P. J. Murray, J. E. Allen, S. K. Biswas et al., “Macrophage acti-
vation and polarization: nomenclature and experimental
guidelines,” Immunity, vol. 41, no. 1, pp. 14–20, 2014.

[9] B. Buttari, L. Segoni, E. Profumo et al., “7-Oxo-cholesterol
potentiates pro-inflammatory signaling in human M1 and
M2 macrophages,” Biochemical Pharmacology, vol. 86, no. 1,
pp. 130–137, 2013.

[10] H. Larsson, Y. Böttiger, L. Iuliano, and U. Diczfalusy, “In vivo
interconversion of 7β-hydroxycholesterol and 7-ketocholes-
terol, potential surrogate markers for oxidative stress,” Free
Radical Biology & Medicine, vol. 43, no. 5, pp. 695–701, 2007.

[11] A. Berthier, S. Lemaire-Ewing, C. Prunet et al., “7-Ketocholes-
terol-induced apoptosis,” The FEBS Journal, vol. 272, no. 12,
pp. 3093–3104, 2005.

[12] U. Saqib, S. Sarkar, K. Suk, O. Mohammad, M. S. Baig, and
R. Savai, “Phytochemicals as modulators of M1-M2 macro-
phages in inflammation,” Oncotarget, vol. 9, no. 25,
pp. 17937–17950, 2018.

[13] J. Wang, Y. T. Liu, L. Xiao, L. Zhu, Q. Wang, and T. Yan,
“Anti-inflammatory effects of apigenin in lipopolysaccharide-
induced inflammatory in acute lung injury by suppressing
COX-2 and NF-kB pathway,” Inflammation, vol. 37, no. 6,
pp. 2085–2090, 2014.

[14] X. Feng, H. Qin, Q. Shi et al., “Chrysin attenuates inflamma-
tion by regulating M1/M2 status via activating PPARγ,” Bio-
chemical Pharmacology, vol. 89, no. 4, pp. 503–514, 2014.

[15] Y. R. Li, D. Y. Chen, C. L. Chu et al., “Naringenin inhibits den-
dritic cell maturation and has therapeutic effects in a murine
model of collagen-induced arthritis,” The Journal of Nutri-
tional Biochemistry, vol. 26, no. 12, pp. 1467–1478, 2015.

[16] B. Buttari, E. Profumo, L. Segoni et al., “Resveratrol counter-
acts inflammation in human M1 and M2 macrophages upon
challenge with 7-oxo-cholesterol: potential therapeutic impli-
cations in atherosclerosis,” Oxidative Medicine and Cellular
Longevity, vol. 2014, Article ID 257543, 12 pages, 2014.

[17] A. A. M. T. Ramirez Apan, A. L. Pérez-Castorena, and A. R. de
Vivar, “Anti-inflammatory constituents of Mortonia greggii
Gray,” Zeitschrift für Naturforschung Section C, vol. 59,
no. 3-4, pp. 237–243, 2004.

[18] V. Sudhahar, S. Ashok Kumar, P. Varalakshmi, and V. Sujatha,
“Protective effect of lupeol and lupeol linoleate in hypercholes-
terolemia associated renal damage,” Molecular and Cellular
Biochemistry, vol. 317, no. 1-2, pp. 11–20, 2008.

[19] J. F. Vasconcelos, M. M. Teixeira, J. M. Barbosa-Filho et al.,
“The triterpenoid lupeol attenuates allergic airway inflamma-
tion in a murine model,” International Immunopharmacology,
vol. 8, no. 9, pp. 1216–1221, 2008.

[20] Y. Zhu, X. Li, J. Chen et al., “The pentacyclic triterpene Lupeol
switches M1 macrophages to M2 and ameliorates experimen-
tal inflammatory bowel disease,” International Immunophar-
macology, vol. 30, pp. 74–84, 2016.

[21] J. Hao, Y. Pei, G. Ji, W. Li, S. Feng, and S. Qiu, “Autophagy is
induced by 3β-O-succinyl-lupeol (LD9-4) in A549 cells via
up-regulation of Beclin 1 and down-regulation mTOR path-
way,” European Journal of Pharmacology, vol. 670, no. 1,
pp. 29–38, 2011.

[22] J. Brown, H. Wang, J. Suttles, D. T. Graves, and M. Martin,
“Mammalian target of rapamycin complex 2 (mTORC2)

10 Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2020/1232816.f1.docx


negatively regulates toll-like receptor 4-mediated inflamma-
tory response via FoxO1,” The Journal of Biological Chemistry,
vol. 286, no. 52, pp. 44295–44305, 2011.

[23] W. T. Festuccia, P. Pouliot, I. Bakan, D. M. Sabatini, and
M. Laplante, “Myeloid-specific rictor deletion induces M1
macrophage polarization and potentiates in vivo pro-
inflammatory response to lipopolysaccharide,” PLoS One,
vol. 9, no. 4, p. e95432, 2014.

[24] W.Martinet and G. R. Y. DeMeyer, “Autophagy in atheroscle-
rosis: a cell survival and death phenomenon with therapeutic
potential,” Circulation Research, vol. 104, no. 3, pp. 304–317,
2009.

[25] G. R. Y. de Meyer, M. O. J. Grootaert, C. F. Michiels, A. Kurdi,
D. M. Schrijvers, and W. Martinet, “Autophagy in vascular
disease,” Circulation Research, vol. 116, no. 3, pp. 468–479,
2015.

[26] M. O. J. Grootaert, P. A. da Costa Martins, N. Bitsch et al.,
“Defective autophagy in vascular smooth muscle cells acceler-
ates senescence and promotes neointima formation and ath-
erogenesis,” Autophagy, vol. 11, no. 11, pp. 2014–2032, 2015.

[27] A. A. Tarique, J. Logan, E. Thomas, P. G. Holt, P. D. Sly, and
E. Fantino, “Phenotypic, functional, and plasticity features of
classical and alternatively activated human macrophages,”
American journal of respiratory cell and molecular biology,
vol. 53, no. 5, pp. 676–688, 2015.

[28] S. Adamson and N. Leitinger, “Phenotypic modulation of
macrophages in response to plaque lipids,” Current Opinion
in Lipidology, vol. 22, no. 5, pp. 335–342, 2011.

[29] X.-M. Yuan, N. Sultana, N. Siraj, L. J. Ward, B. Ghafouri, and
W. Li, “Autophagy induction protects against 7-oxysterol-
induced cell death via lysosomal pathway and oxidative stress,”
Journal of Cell Death, vol. 9, 2016.

[30] T. Wu, Y. Peng, S. Yan, N. Li, Y. Chen, and T. Lan, “Androgra-
pholide ameliorates atherosclerosis by suppressing pro-
inflammation and ROS generation-mediated foam cell forma-
tion,” Inflammation, vol. 41, no. 5, pp. 1681–1689, 2018.

[31] J. M. Hayden, L. Brachova, K. Higgins et al., “Induction of
monocyte differentiation and foam cell formation in vitro by
7-ketocholesterol,” Journal of Lipid Research, vol. 43, no. 1,
pp. 26–35, 2002.

[32] Y. Kabeya, N. Mizushima, T. Ueno et al., “LC3, a mammalian
homologue of yeast Apg8p, is localized in autophagosome
membranes after processing,” The EMBO Journal, vol. 19,
no. 21, pp. 5720–5728, 2000.

[33] N. Mizushima, “Autophagy: process and function,” Genes &
Development, vol. 21, no. 22, pp. 2861–2873, 2007.

[34] E. L. Nguemfo, T. Dimo, A. B. Dongmo et al., “Anti-oxidative
and anti-inflammatory activities of some isolated constituents
from the stem bark of Allanblackia monticola Staner L.C (Gut-
tiferae),” Inflammopharmacology, vol. 17, no. 1, pp. 37–41,
2009.

[35] M. A. Fernández, B. de las Heras, M. D. Garcia, M. T. Sáenz,
and A. Villar, “New insights into the mechanism of action of
the anti-inflammatory triterpene lupeol,” The Journal of Phar-
macy and Pharmacology, vol. 53, no. 11, pp. 1533–1539, 2001.

[36] S. Bani, A. Kaul, B. Khan et al., “Suppression of T lymphocyte
activity by lupeol isolated from Crataeva religiosa,” Phytother-
aphy Research, vol. 20, no. 4, pp. 279–287, 2006.

[37] C. Lee, J. W. Lee, J. Y. Seo, S. W. Hwang, J. P. Im, and J. S. Kim,
“Lupeol inhibits LPS-induced NF-kappa B signaling in intesti-
nal epithelial cells and macrophages, and attenuates acute and

chronic murine colitis,” Life Sciences, vol. 146, pp. 100–108,
2016.

[38] W. He, X. Li, and S. Xia, “Lupeol triterpene exhibits potent
antitumor effects in A427 human lung carcinoma cells via
mitochondrial mediated apoptosis, ROS generation, loss of
mitochondrial membrane potential and downregulation of
m-TOR/PI3Ksol;AKT signalling pathway,” JBUON, vol. 23,
no. 3, pp. 635–640, 2018.

[39] J. Oh, A. E. Riek, S. Weng et al., “Endoplasmic reticulum stress
controls M2 macrophage differentiation and foam cell forma-
tion,” The Journal of Biological Chemistry, vol. 287, no. 15,
pp. 11629–11641, 2012.

[40] J. Han, D. P. Hajjar, M. Febbraio, and A. C. Nicholson, “Native
and modified low density lipoproteins increase the functional
expression of the macrophage class B scavenger receptor,
CD36,” The Journal of Biological Chemistry, vol. 272, no. 34,
pp. 21654–21659, 1997.

[41] L. M. Yesner, H. Y. Huh, S. F. Pearce, and R. L. Silverstein,
“Regulation of monocyte CD36 and thrombospondin-1
expression by soluble mediators,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 16, no. 8, pp. 1019–1025, 1996.

[42] S. Edin, M. L. Wikberg, J. Rutegård, P. A. Oldenborg, and
R. Palmqvist, “Phenotypic skewing of macrophages in vitro
by secreted factors from colorectal cancer cells,” PLoS One,
vol. 8, no. 9, article e74982, 2013.

[43] M. Ouimet and Y. L. Marcel, “Regulation of lipid droplet cho-
lesterol efflux from macrophage foam cells,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 32, no. 3, pp. 575–
581, 2012.

[44] Y. Fujiwara, A. Hayashida, K. Tsurushima et al., “Triterpe-
noids isolated from Zizyphus jujuba inhibit foam cell forma-
tion in macrophages,” Journal of Agricultural and Food
Chemistry, vol. 59, no. 9, pp. 4544–4552, 2011.

[45] L. T. H. Nguyen, A. Muktabar, J. Tang et al., “The potential of
fluocinolone acetonide to mitigate inflammation and lipid
accumulation in 2D and 3D foam cell cultures,” BioMed
Research International, vol. 2018, Article ID 3739251, 11
pages, 2018.

[46] V. Sudhahar, S. A. Kumar, P. T. Sudharsan, and
P. Varalakshmi, “Protective effect of lupeol and its ester on car-
diac abnormalities in experimental hypercholesterolemia,”
Vascular Pharmacology, vol. 46, no. 6, pp. 412–418, 2007.

[47] S. P. Elmore, T. Qian, S. F. Grissom, and J. J. Lemasters, “The
mitochondrial permeability transition initiates autophagy in rat
hepatocytes,” The FASEB Journal, vol. 15, no. 12, pp. 1–17, 2001.

[48] J. Huang, V. Canadien, G. Y. Lam et al., “Activation of antibac-
terial autophagy by NADPH oxidases,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 106, no. 15, pp. 6226–6231, 2009.

[49] R. Scherz-Shouval, E. Shvets, E. Fass, H. Shorer, L. Gil, and
Z. Elazar, “Reactive oxygen species are essential for autophagy
and specifically regulate the activity of Atg4,” The EMBO Jour-
nal, vol. 26, no. 7, pp. 1749–1760, 2007.

[50] K. Liu, E. Zhao, G. Ilyas et al., “Impaired macrophage autoph-
agy increases the immune response in obese mice by promot-
ing proinflammatory macrophage polarization,” Autophagy,
vol. 11, no. 2, pp. 271–284, 2015.

[51] Y. D. Boakye, L. Groyer, and E. H. Heiss, “An increased
autophagic flux contributes to the anti-inflammatory potential
of urolithin A in macrophages,” Biochimica et Biophysica Acta
(BBA) - General Subjects, vol. 1862, no. 1, pp. 61–70, 2018.

11Oxidative Medicine and Cellular Longevity



[52] M. Saleem, F. Afaq, V. M. Adhami, and H. Mukhtar, “Lupeol
modulates NF-κB and PI3K/Akt pathways and inhibits skin
cancer in CD-1 mice,” Oncogene, vol. 23, no. 30, pp. 5203–
5214, 2004.

[53] T. Geetha, P. Varalakshmi, and R. M. Latha, “Effect of triter-
penes from Crataeva nurvala stem bark on lipid peroxidation
in adjuvant induced arthritis in rats,” Pharmacological
Research, vol. 37, no. 3, pp. 191–195, 1998.

[54] M. A. Ruiz-Rodríguez, A. Vedani, A. L. Flores-Mireles, M. H.
Cháirez-Ramírez, J. A. Gallegos-Infante, and R. F. González-
Laredo, “In silico prediction of the toxic potential of lupeol,”
Chemical Research in Toxicology, vol. 30, no. 8, pp. 1562–
1571, 2017.

[55] F. S. Tsai, L. W. Lin, and C. R. Wu, “Lupeol and its role in
chronic diseases,” in Drug Discovery from Mother Nature, S.
Gupta, S. Prasad, and B. Aggarwal, Eds., vol. 929 of Advances
in Experimental Medicine and Biology, pp. 145–175, Springer,
Cham, 2016.

[56] F. P. Beserra, A. J. Vieira, L. F. S. Gushiken et al., “Lupeol, a die-
tary triterpene, enhances wound healing in streptozotocin-
induced hyperglycemic rats with modulatory effects on
inflammation, oxidative stress, and angiogenesis,” Oxidative
Medicine and Cellular Longevity, vol. 2019, Article ID
3182627, 20 pages, 2019.

12 Oxidative Medicine and Cellular Longevity



Research Article
New 2-Acetyl-3-aminophenyl-1,4-naphthoquinones: Synthesis
and In Vitro Antiproliferative Activities on Breast and Prostate
Human Cancer Cells

David Ríos ,1 Jaime A. Valderrama,1 Miriam Cautin,1 Milko Tapia,1 Felipe Salas,1

Angélica Guerrero-Castilla,1 Giulio G. Muccioli,2 Pedro Buc Calderón,1,3

and Julio Benites 1

1Química y Farmacia, Facultad de Ciencias de la Salud, Universidad Arturo Prat, Casilla 121, Iquique 1100000, Chile
2Bioanalysis and Pharmacology of Bioactive Lipids (BPBL), Louvain Drug Research Institute, Université Catholique de Louvain,
72 Avenue E. Mounier, BPBL 7201, 1200 Brussels, Belgium
3Research Group in Metabolism and Nutrition, Louvain Drug Research Institute, Université Catholique de Louvain, 73 Avenue
E. Mounier, 1200 Brussels, Belgium

Correspondence should be addressed to David Ríos; darios@unap.cl and Julio Benites; juliob@unap.cl

Received 31 May 2020; Revised 27 July 2020; Accepted 28 August 2020; Published 26 September 2020

Academic Editor: Luciano Saso

Copyright © 2020 David Ríos et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The reaction of 2-acyl-1,4-naphthoquinones with N,N-dimethylaniline and 2,5-dimethoxyaniline, promoted by catalytic amounts of
CeCl3·7H2O under “open-flask” conditions, produced a variety of 2-acyl-3-aminophenyl-1,4-naphthoquinones structurally related to
the cytotoxic 2-acetyl-3-phenyl-1,4-naphthoquinone, an inhibitor of the heat shock chaperone protein Hsp90. The members of the 2-
acyl-3-aminophenyl-1,4-naphthoquinone series were isolated in good yields (63-98%). The cyclic voltammograms of the 2-acyl-3-
aminophenyl-1,4-naphthoquinone exhibit two one-electron reduction waves to the corresponding radical-anion and dianion and
two quasireversible oxidation peaks. The first and second half-wave potential values (E1/2) of the members of the series are
sensitive to the push-pull electronic effects of the substituents in the naphthoquinone scaffold. Furthermore, the in vitro
antiproliferative properties of these new quinones were evaluated on two human cancer cells DU-145 (prostate) and MCF-7
(mammary) and a nontumorigenic HEK-293 (kidney) cell line, using the MTT colorimetric method. Two members, within the
series, exhibited interesting cytotoxic activities on human prostate and mammary cancer cells.

1. Introduction

The electroactive naphthoquinone core is a common struc-
tural constituent of a variety of biochemical systems involved
in the human defense system [1]. Several biological active
quinones as ubiquinone and vitamin K are known to be elec-
tron transporters and are essential for many enzymatic pro-
cesses. They can act as anti- or prooxidants depending on
the nature of the media: this chemical versatility gives them
an important role in different biochemical processes that
are essential to living organisms [2]. The oxidation state of
naphthoquinones allows them to act by different mecha-
nisms, such as free radical scavengers, metal ion chelators,

and also enzyme inhibitors for free radical production [3,
4]. This imbalance between the formation and removal of
ROS (reactive oxygen species) causes damage to the cells at
nucleic acids, proteins, and membrane lipids associated with
ageing, carcinogenesis, cardiovascular, and coronary diseases
[5]. In this context, the naturally occurring 2-hydroxy-1,4-
naphthoquinone (lawsone) exhibits a number of interesting
biological activities, such as antioxidant [6], antibacterial,
antifungal [7], anti-inflammatory, antipyretic, analgesic [8],
and anticancer cytotoxic [9]. Therefore, the quinones could
play an important role in inhibiting or delaying oxidative
stress that arises from an imbalance between free radical pro-
duction and antioxidant and repair defenses [10].
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Acylated 1,4-quinones such as 2-acyl-1,4-benzo- and 2-
acyl-1,4-naphthoquinones are a valuable building block of
several natural [1, 11–13] and synthetic compounds
endowed with a wide range of biological activities [14–19].
Acylquinones are highly reactive towards nucleophiles due
to the confluence of electrophilic centers at the quinone
nucleus and the 2-carbonyl substituents. The relatively close
location of these electrophilic centers in the acylquinone scaf-
fold enables reactions with diverse mono- and binucleophiles
such as arylamines [17], azaenamines [18], enaminones [19],
and 2-aminobenzothiazoles [20] to give a diversity of sub-
stances shown in Figure 1 such as 2,3-disubstituted 1,4-
naphthoquinones (a, b) and heterocyclic fused 1,4-naphtho-
quinones (c–e).

High-throughput screening of a library of structurally
diverse compounds has identified, among 120 active mem-
bers, the 1,4-naphthoquinone derivatives, named HTS1 and
HTS3, as a new class of inhibitors of the heat shock chaper-
one protein Hsp90 (Figure 2). The protein Hsp90, which
ensures protein homeostasis in the presence and in the
absence of cellular stress, is unique because most of its client
proteins are conformationally labile signal transducers that
play a crucial role in cell growth control, survival, and devel-
opment processes [11]. Hsp90 represents 1–2% of the total
protein cellular content, but its expression is enhanced by
2–10-fold in cancer cells [12], thus making it an attractive
goal for the development of Hsp90 inhibitors [1, 13–15]
and, consequently, a relevant target in cancer therapy [21].
Both HTS1 and HTS3 have been shown antiproliferative
activity against human cancer mammary cells. For instance,
HTS1 showed 4-fold greater antiproliferative activity against
MCF-7 cells (an estrogen-dependent breast cancer cell line)
compared to SKBr3 cells (an Her2-overexpressing breast
cancer cell line), indicating that this scaffold may provide a
useful probe to study estrogen-dependent cancers. On the
other hand, HTS3 shows equal activity against both mam-
mary cancer cells. In addition, the members I-III induced
the degradation of oncogenic Hsp90 client proteins, a hall-
mark of Hsp90 inhibition [22].

Recently, we have reported the synthesis of a variety of 2-
acyl-3-phenylamino-1,4-naphthoquinones (i.e., compound
IV in Figure 2) prepared by oxidative amination of 2-
acylnaphthoquinones with phenylamines. The members of
this naphthoquinone series were designed as potential inhib-
itors of Hsp90 chaperoning function due to their close struc-
tural similarity to that of HTS1. The in vitro screening of the
series demonstrated cytotoxic activity on cancer cells [23],
and the congener IV (Figure 2) exhibited action as an inhib-
itor of Hsp90 chaperoning function [19].

Older studies reported by Pardo et al. [24] demonstrated
that the reaction of 2-acetylnaphthohydroquinone with phe-
nylamines, under oxidant conditions, takes place in a com-
plex manner. Indeed, it yields four types of products
depending upon the structure of the arylamine and the
medium solvent: amination (C-N bond formation), arylation
(C-C bond formation), arylation-cyclisation (C-C and C=N
bond formations), and arylation-amination (C-C and N-C
bond formations) [24, 25]. These reactions occur between
the “nascent” 2-acetyl-1,4-naphthoquinone, in situ generated

by oxidation of acetylnaphthohydroquinone with sodium
periodate, and the arylamines. Recent studies performed in
our laboratory show that the reaction of diverse 2-
acylnaphthoquinones with 3,4,5-trimethoxyaniline in meth-
anol yields amination products (C-N bond formation)
together with two types of arylation-cyclisation products
(C-C and two alternative N=C or N-C bond formations).
We have not detected arylation products in these assays
probably due to the fact that they undergo fast cyclisation
reactions to produce their respective arylation-cyclisation
products [26].

Pardo et al. [24] reported the synthesis of arylation prod-
ucts, named as 2-acetyl-3-aminophenyl-1,4-naphthoqui-
nones (Scheme 1), which are closely related to HTS1 (2-
acetyl-3-phenyl-1,4-naphthoquinone) shown in Figure 2.
Inspired by such structural similarities, we wanted to explore
the acylquinone scope of this arylation reaction to the syn-
thesis of 2-acyl-3-aminophenylnaphthoquinones from a rep-
resentative number of acylnaphthoquinones, N,N-
dimethylaniline and 2,5-dimethoxyaniline.

In this paper, we report flexible access to 2-acyl-3-amino-
phenyl-1,4-naphthoquinones prepared from 2-acylnaphtho-
hydroquinones, N,N-dimethylaniline and 2,5-
dimethoxyaniline. The half-wave potentials of such new
HTS1 analogues were calculated, and they were evaluated
for their in vitro antiproliferative activities on two human-
derived cancer cell lines DU-145 (prostate) and MCF-7
(breast) and nontumorigenic HEK-293 (kidney) cells using
as endpoint the MTT colorimetric method.

2. Materials and Methods

2.1. General Information. All the solvents and reagents were
purchased from different companies, such as Aldrich (St.
Louis, MO, USA) and Merck (Darmstadt, Germany), and
were used as supplied. Melting points (mp) were determined
on a Stuart Scientific SMP3 (Staffordshire, UK) apparatus
and are uncorrected. The record of IR, 1H- and 13C-NMR
spectra, and chromatography procedures were done accord-
ing to methods reported by Benites et al. [27]. Proton nuclear
magnetic resonance (1H NMR) spectra were measured at
300MHz in a Bruker Ultrashield-300 spectrometer. Data
for the 1H NMR spectra are reported as follows: s = singlet,
br s = broad singlet, d =doublet, and t = triplet, and the cou-
pling constants (J) are in Hz. Carbon-13 nuclear magnetic
resonance (13C NMR) spectra were measured at 75MHz in
a Bruker Ultrashield-300 spectrometer. Bidimensional
NMR techniques and distortion-less enhancement by polar-
ization transfer (DEPT) were used for the signal assignment.
Chemical shifts are expressed in ppm downfield relative to
tetramethylsilane, and the coupling constants (J) are
reported in Hertz. The high-resolution mass spectrometry
(HRMS) data for all final compounds were obtained using a
LTQ-Orbitrap mass spectrometer (Thermo-Fisher Scientific,
Waltham, MA, USA) with the analysis performed using an
atmospheric-pressure chemical ionization (APCI) source,
operated in a positive mode. The acylnaphthohydroquinones
(2-8) were prepared according to a previously reported pro-
cedure [28].
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Table 1: Synthesis of 2-acyl-3-aminophenylnaphthoquinones 16-28 from 2-acylnaphthoquinones 9-15, N, N-dimethylaniline and 2,5-
dimethoxyaniline.

O O O

O

COR

OMe

MeO
O

COR Phenylamine

CeCl3.7H2O, MeOH, rt

NMe2 NH2

or
COR

O

9-15 16-21 22-28

Acylquinone Product Structure Time(hrs) Yield(%)∗

10 16
COC3H7

NMe2

O

O
3 65

11 17
COC5H11

NMe2

O

O
5 33

12 18

CO-4-MeOPh

NMe2

O

O

240 91

13 19
CO-2,5-(OMe)2Ph

NMe2

O

O
216 81

14 20
CO-2-furyl

NMe2

O

O
28 98

15 21
CO-2-thienyl

NHe2

O

O
72 94

9 22

COCH3

NH2

OMe

MeO

O

O
48 77

10 23
COC3H7

NH2

OMe

MeO

O

O
1.5 63

11 24
COC5H11

NH2

OMe

MeO

O

O
2 63

12 25
CO-4-MeOPh

NH2

OMe

MeO
O

O

4 91
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2.2. Chemistry

2.2.1. Preparation of 2-Acyl-3-aminophenylnaphthoquinones
(16-28): General Procedure. Suspensions of the acylnaphtho-
hydroquinones 2–8 (1.0mmol), Ag2O (2.0 equiv.), and
MgSO4 anhydrous (300mg) in dichloromethane (30mL)
were left with stirring for 30min at room temperature (rt).
The mixtures were filtered, the solids were washed with
dichloromethane (3 × 15mL), and the filtrates containing
the respective 2-acyl-1,4-naphthoquinones were evaporated
under reduced pressure. The residues were dissolved in
methanol (15mL), the phenylamines (2 equiv.) and
CeCl3·7H2O (5% mmol) were added to the solutions, and
the mixtures were left with stirring at rt according to the
times collected in Table 1. The solvents were removed under
reduced pressure, and the residues were column-
chromatographed over silica gel (petroleum ether/EtOAc)
to yield the corresponding pure 2-acyl-3-aminophenyl-
naphthoquinones 16-28.

2.3. Biological Assays

2.3.1. Cell Lines and Cell Cultures. Human cancer cell lines
MCF-7 (mammary) and DU-145 (prostate) and nontumor
HEK-293 cells were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA). The cultures
were maintained at a density of 1 × 105 cells/mL, and the
medium was changed at 48 to 72h intervals. They were cul-
tured in high-glucose Dulbecco’s modified Eagle medium
(Gibco, Grand Island, NY, USA) supplemented with 10%
fetal calf serum, penicillin (100U/mL), and streptomycin
(100μg/mL). All cultures were kept at 37°C in 95% air/5%
CO2 at 100% humidity. Phosphate-buffered saline (PBS)
was purchased from Gibco. Cells were incubated at the indi-
cated times at 37°C, with or without quinones at various
concentrations.

2.3.2. Cytotoxic Assays. The cytotoxicity of the quinones was
assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) reduction assays [29], accord-
ing to Valderrama et al. [30]. Briefly, adherent cells were
detached by using trypsin/EDTA solution. The culture

medium was removed, and cells were washed with a free
Ca-Mg salt solution to remove all traces of serum. After
removing salt solution, trypsin/EDTA solution was added
to completely cover the monolayer of cells for 2-3min at
37°C. When the trypsinization process was completed, tryp-
sin/EDTA was removed by aspiration and cells were resus-
pended, diluted in fresh medium, and seeded for 24 h into
96-well plates at a density of 10,000 cells/well. Then, they
were further incubated for 48 h, with or without the quinone
derivatives. Doxorubicin was used as the standard chemo-
therapeutic agent (positive control) in a dose range of 0.01
to 10μM. Cells were then washed twice with warm PBS,
and they were further incubated with MTT (0.5mg/mL) for
2 hours at 37°C. Blue formazan crystals were solubilized by
adding 100μL DMSO/well, and the optical density of the col-
ored solutions was subsequently read at 550nm. Results are
expressed as a percentage of MTT reduction, compared to
untreated control conditions. The IC50 values were calculated
using the GraphPad Prism software (San Diego, CA, USA).

3. Results and Discussion

3.1. Chemistry. The 2-acylnaphthoquinones 9-15 selected for
the study were prepared from the 2-
acylnaphthohydroquinones 2-8 according to Scheme 2. The
hydroquinone precursors 2-8 were synthesized by solar
photo-Friedel-Crafts acylation of 1,4-naphthoquinone 1 with
the following aldehydes: acetaldehyde, butyraldehyde, hexa-
nal, 4-methoxybenzaldehyde, 2,5-dimethoxybenzaldehyde,
2-furancarbaldehyde, and 2-thiophencarbaldehyde, accord-
ing to our previously reported procedure [28]. Access to
the 2-acyl-1,4-naphthoquinones 9-15 was accomplished
by oxidation of 2-acylnaphthohydroquinones 2-8 with sil-
ver (I) oxide in dichloromethane in the presence of dry
magnesium sulphate [19]. The resulting acylnaphthoqui-
nones isolated from the mixture reactions were dissolved
in methanol and immediately reacted with the N,N-
dimethylaniline and 2,5-dimethoxyaniline (Supplementary
Materials (available here)).

Among the members of the acylnaphthoquinone series,
compound 14 was selected to get preliminary insights into

Table 1: Continued.

Acylquinone Product Structure Time(hrs) Yield(%)∗

13 26

NH2

OMe

MeO

O

O

CO-2,5-(OMe)2Ph

3 87

14 27

NH2

OMe

MeO

O

O

CO-2-furyl

2.5 83

15 28

NH2

OMe

MeO

O

O

CO-2-thienyl

2 91

∗ Isolated by column chromatography. Yields are based on the corresponding acetylnaphthohydroquinones 2-8.
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its reactivity to undergo arylation reaction with N,N-
dimethylaniline. In a preliminary assay, acylnaphthoquinone
14, prepared from acylnaphthohydroquinone 7, was reacted
with N,N-dimethylaniline in methanol at rt. The reaction
carried out under open-flask conditions to favor aerobic oxi-
dation reactions takes place slowly to give, after 72 hours, the
arylation product 20 in 73% yield, referred to precursor 7.
Furthermore, it was observed that the reaction of 14 with
N,N-dimethylaniline in refluxing ethanol takes place rela-
tively faster (33 hours) than in methanol, but compound 20
is produced in moderate yield (51%).

The validity of the arylation mechanism of acylquinone 9
with arylamines proposed by Pardo et al. [24] was assumed to
proceed through a sequence of a Michael addition reaction
followed by aerobic oxidation of the adduct intermediate.
Therefore, we envisaged to improve the arylation reaction
of 14 (Table 1) with N,N-dimethylaniline by using a green
Lewis acid catalyst such as CeCl3·7H2O [31] or IBr3 [32]. Suc-
cessful results on the use of the Ce(III) catalyst in the oxida-
tive amination reaction of quinones with arylamines have
been reported in literature [32–38]. These acid catalysts
probably increase the electrophilic character of the enone
system of the quinones, via coordination with the oxygen
atom of the carbonyl group, thus promoting the Michael-
type addition [35, 39, 40].

We examined the reactions of 14 with N,N-dimethylani-
line in the presence of catalytic amounts of CeCl3·7H2O and
IBr3 (5%) in methanol, under open-flask conditions at room
temperature. Both reactions occurred faster (28 h) than in the
absence of these Lewis acids (72 h), and the arylation product
20 (Table 1) was isolated in 98 and 78% yield, respectively.
The successful results obtained in the assay employing
Ce(III) led us to evaluate the scope of the arylation reaction
of the remaining members of the series with the selected ary-
lamines, under the above optimized conditions. The results
of the assays are summarized in Table 1.

The structures of compounds 16–28 were established by
1H- and 13C-nuclear magnetic resonance (NMR), bidimen-
sional nuclear magnetic resonance (2D-NMR), and high-
resolution mass spectrometry (HRMS).

The data in Table 1 show that the arylation reaction of 2-
acylnaphthoquinones 9-15 with the arylamines, catalyzed
with Ce(III), yields the corresponding 2-acetyl-3-ami-
noaryl-1,4-naphthoquinones with good to excellent yields
ranging from 63 to 98%, except in the case of product 17
(33%). Comparison of the reaction time formation of com-
pounds 16-28 reveals two facts: the first one was linked to
the lower reactivity of N,N-dimethylaniline compared to
2,5-dimethoxyaniline and secondly the strong influence of
the stereoelectronic nature of the acyl substituents on the
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Scheme 2: Preparation of 2-acylnaphthoquinones 9-15 from 1 and diverse aldehydes.
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nucleophilic attack of the arylamines. It has to be mentioned
that no attempts were made in order to decrease the reaction
time formation of the arylation products. Based on our recent
results [41] and that reported by Liu and Ji [42], on the ary-
lamination of quinones, we will attempt, in future researches,
the use of ultrasound to accelerate the Ce(III)-promoted ary-
lation reaction of acylnaphthoquinones with arenes in order
to expand the 2-acetyl-3-aminoaryl-1,4-naphthoquinone
series for further biological studies.

The acid-induced formation of the arylation compounds
16-28 from acylquinones 9-15 and their reaction with N,N-
dimethylaniline are proposed to occur according to the
mechanism of reaction depicted in Scheme 3. This approach
is based on the reaction mechanism for the Ce(III)-promoted
phenylamination reaction of 1,4-naphthoquinone with 2-
fluoro- and 2-methoxyanilines reported by Leyva et al. [35].
Initially, a selective conjugate Michael-type addition of the
arylamine across the enone system C3=C2-C1=O seems plau-
sible. This reaction, which involves the high electrophilic C-3
of the acylquinones, provides the respective C-C Michael
adduct intermediates. Further enolization of these species,
followed by aerobic oxidation, gives compounds 16-21. It

should be noted that the electrophilicity of the C-3 in these
acylquinones is mainly due to the electron-withdrawing effects
of the acyl substituents attached to the 2-position. The coordi-
nation of Ce(III) to the oxygen atom of the enone system
should contribute to increasing the electrophilicity of the C-3.

An interesting feature of the synthetized arylation prod-
ucts is their strong purple color of the chromophores that,
according to Pardo et al. [24], is due to the strong donor-
acceptor interactions between the quinoid and the electron-
rich nitrogen substituents. Figure 3 shows the hybrid structures

O

O O

O
MeO

OMe

16 23

C3H7 C3H7

NMe2 NH2

O 𝛿–
O 𝛿–

𝛿
+
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𝛿
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Figure 3: Hybrid and 3-D optimized structure of compounds 16 and 23.
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Figure 4: Typical cyclic voltammogram of compound 23 in 0.1M
Et4NBF4/acetonitrile obtained in Pt electrode, scan rate 100mV/s.
The cathodic (c) and anodic (a) peaks are indicated in the figure.

Table 2: Half-wave potential values EI
1/2 and EII

1/2 of 2-acyl-3-
aminophenylnaphthoquinones 16-28.

O

O

O

NMe2 NH2

22-2816-21

R RO

O
MeO

OMe

O

Product no. R −EI
1/2 (mV) −EII

1/2 (mV)

16 C3H7 790 1180

17 C5H11 875 1295

18 4-MeOPh 815 1190

19 2,5-(OMe)2Ph 845 1165

20 2-Furyl 620 1125

21 2-Thienyl 775 1165

22 CH3 890 1410

23 C3H7 685 1180

24 C5H11 755 1230

25 4-MeOPh 720 1225

26 2,5-(OMe)2Ph 760 1225

27 2-Furyl 710 1200

28 2-Thienyl 700 1205
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of compounds 16 and 23 where such interactions are clearly
observable. Inspection of minimal energy conformation of
compounds 16 and 23 performed by MM2 calculation (Chem-
Bio3D 11.0, PerkinElmer, MA, USA) shows a noncoplanar
orientation between the acyl-carbonyl groups and the naphtho-
quinone framework. This data agrees with the infrared absorp-
tion of the acyl-carbonyl groups of these compounds 16–28 that
appeared within the range: νmáx 1706-1735cm

-1.

3.2. Voltammetric Measurements and Antioxidant Activities.
In order to assess the redox properties of the members of
the 2-acyl-3-aminoaryl-1,4-naphthoquinone series 16–28,
their half-wave potentials EI

1/2 and EII
1/2 were measured by

cyclic voltammetry. The measurement was conducted in ace-
tonitrile at room temperature, using a platinum electrode and
0.1M tetraethylamoniumtetrafluoroborate as the supporting
electrolyte [19]. The voltammograms were recorded in the
potential range from 0.0 to -2.0V vs. nonaqueous Ag/Ag+.
Figure 4 shows the typical electrochemical behavior of the
arylation compound 23 that proceeded in two one-electron
diffusion stages.

The cathodic peaks related to the reduction of quinone
nucleus, and the anodic one due to its reoxidation, were
observed for compound 23 as well-defined quasireversible
waves. The E1/2 values for the first one-electron correspond
to the semiquinone radical anion formation and the second
one-electron transfer to the dianion formation [17]. The

magnitude of these values falls within the ranges −875 to
−620mV/−1295 to −1125mV for the members of the 2-
acyl-3-(4-N,N-dimethylaminophenyl)naphthoquinones 16-
21 and -890 to -685mV/-1410 to -1180mV for the members
of the 2-acyl-3-(4-amino-2,5-dimethoxyphenyl)naphthoqui-
nones 22-28 (Table 2).

The notable differences of the EI
1/2 and EII

1/2 values
could be attributed to the stereoelectronic effects of the acyl
substituents in the naphthoquinone scaffold (R=methyl, 1-
propyl, 1-pentyl, 4-methoxyphenyl, 2,5-dimethoxyphenyl,
2-furyl, and 2-thienyl) in the 4-N,N-dimethylamino- and 4-
amino-2,5-dimethoxyphenyl-1,4-naphthoquinone. Interest-
ingly, the series 22-28 have lower EI

1/2 values compared to
16-21, with the only exception of 20.

3.3. Antitumor Activity. The 2-acyl-3-aminophenylnaphtho-
quinones 16-28 were evaluated for in vitro cytotoxic activities
against nontumorigenic human embryonic kidney cells
(HEK-293 cells) and two human cancer cell lines DU-145
(prostate) and MCF-7 (mammary) in 72h drug exposure
assays. The cytotoxic activities of the new compounds were
measured using conventional microculture tetrazolium reduc-
tion assays [29]. Such activities are expressed in terms of IC50.
Doxorubicin, a well-known anticancer agent currently used in
clinical practice, was taken as a positive control. The cytotoxic
activity data are summarized in Table 3.

Table 3: IC50 ± SEM (μM) values of 16–28 on DU-145 (prostate cancer cells) andMCF-7 (mammary cancer cells) and nontumorigenic HEK-
293 (embryonic kidney cells)∗.

O

O

O

NMe2 NH2

22-2816-21

R RO

O
MeO

OMe

O

Compound no. R DU-145 MCF-7 Mean value HEK-293

16 C3H7 77.8 ± 1.1 >100 - 51.1 ± 0.8

17 C5H11 >100 >100 - 77.4 ± 0.6

18 4-MeOPh >100 >100 - >100
19 2,5-(OMe)2Ph >100 >100 - >100
20 2-Furyl 36.5 ± 0.2 >100 - 35.1 ± 1.4

21 2-Thienyl 53.1 ± 5.0 >100 - 67.6 ± 2.5

22 CH3 12.3 ± 0.4 21.2 ± 0.3 16.7 28.6 ± 1.9

23 C3H7 22.5 ± 0.2 23.3 ± 0.5 22.9 21.5 ± 0.7

24 C5H11 54.6 ± 1.5 >100 - 58.4 ± 0.6

25 4-MeOPh >100 73.5 ± 1.6 - 71.3 ± 1.2

26 2,5-(OMe)2Ph 28.7 ± 0.7 74.1 ± 2.4 51.4 53.3 ± 1.2

27 2-Furyl 13.2 ± 1.1 21.2 ± 1.4 17.2 11.2 ± 0.7

28 2-Thienyl 24.8 ± 0.3 33.1 ± 1.6 28.9 22.9 ± 0.7

DOX - 0.70 ± 0.02 0.05 ± 0.003 - 4.27 ± 0.34
∗Cells were incubated at 37°C for 48 h, with or without quinone derivatives. Afterwards, aliquots of cell suspensions were taken and the MTT test was
performed, as described in Materials and Methods. Results are expressed as mean values ± SEM (n = 3). DOX = doxorubicin.
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The data indicated that, in general, the DU-145 cells are
more sensitive than MCF-7 cells to the compounds. In addi-
tion, the 2-acyl-3-(4-amino-2,5-dimethoxyphenyl)naphtho-
quinone members 22-28 exhibited higher activity than their
corresponding analogues 16-21 but lower than those displayed
by doxorubicin. Among the 2-acyl-3-(4-dimethylaminophe-
nyl)naphthoquinone members, those containing the furan-2-
carbonyl and thiophene-2-carbonyl groups, as compounds
20 and 21, are the most active on the DU-145 cancer cells.
Inspection of the biological activity of 2-acyl-3-(4-amino-2,5-
dimethoxyphenyl)naphthoquinone members reveals that
those containing acetyl and furan-2-carbonyl groups, as 22
and 27, exhibited the higher activity on DU-145 and MCF-7
cancer cell lines. However, by taking the mean IC50 value
and calculating a selectivity index (IC50 HEK-293 value/IC50
cancer cell value), compound 22 displays a better index
(1.71) than 27 (0.65), suggesting that this latter quinone did
not discriminate between cancer and healthy cells. By increas-
ing the number of the aliphatic chain within the acyl substitu-
ents, a decrease in the antiproliferative activity is observed:
compounds 22 and 23 are more active than 24. The screening
also shows that the members having 4-methoxy- and 2,5-
dimethoxybenzoyl substituents, as compounds 18, 19, and
25 show weak or almost nonexistent cytotoxic activity. Finally,
an additional element may be proposed to explain why com-
pound 22 displays the best activity among the series: namely,
its strong electronegative redox potential. In this regard, it is
tempting to speculate that compound 22 has higher redox
cycling ability, and therefore, it may generate the largest
amount of ROS. Indeed, quinone redox cycling has been
evoked as the main molecular mechanism explaining numer-
ous deleterious effects by such molecules [43–46].

4. Conclusions

We have developed a simple and flexible route for the synthe-
sis of novel 2-acyl-3-(aminophenylamino)-1,4-naphthoqui-
nones whose structure is related to the HTS1, an inhibitor
of the heat shock protein Hsp90. The members of the series
were prepared in moderate to good yields (63–98%) by reac-
tion of acylnaphthoquinones with phenylamines, catalyzed
by CeCl3·7H2O. The new quinones were characterized by
their spectral data and half-wave potentials. The first and sec-
ond half-wave potential values (E1/2) of the members of the
series are sensitive to the acceptor and donor electronic
effects of the substituents located in the quinone double
bond. The in vitro cytotoxicities of the compounds on cancer
cells were determined by using the MTT colorimetric
method. The results of the biological evaluation of the 2-
acyl-3-(aminophenyl)-1,4-naphthoquinone series show
interesting in vitro cytotoxic activity on DU-145 and MCF-
7 cancer cell lines for the member 22 making it a suitable
new chemical entity to be further developed.
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Dyslipidaemia has a prominent role in the onset of notorious atherosclerosis, a disease of medium to large arteries. Atherosclerosis
is the prime root of cardiovascular events contributing to the most considerable number of morbidity and mortality worldwide.
Factors like cellular senescence, genetics, clonal haematopoiesis, sedentary lifestyle-induced obesity, or diabetes mellitus upsurge
the tendency of atherosclerosis and are foremost pioneers to definitive transience. Accumulation of oxidized low-density
lipoproteins (Ox-LDLs) in the tunica intima triggers the onset of this disease. In the later period of progression, the build-up
plaques rupture ensuing thrombosis (completely blocking the blood flow), causing myocardial infarction, stroke, and heart
attack, all of which are common atherosclerotic cardiovascular events today. The underlying mechanism is very well elucidated
in literature but the therapeutic measures remains to be unleashed. Researchers tussle to demonstrate a clear understanding of
treating mechanisms. A century of research suggests that lowering LDL, statin-mediated treatment, HDL, and lipid-profile
management should be of prime interest to retard atherosclerosis-induced deaths. We shall brief the Ox-LDL-induced
atherogenic mechanism and the treating measures in line to impede the development and progression of atherosclerosis.

1. Introduction

World Health Organisation (WHO) has enumerated quite a
few diseases responsible for the disability and deaths in the
industrialized world, among which cardiovascular diseases
(CVDs) are the most common, invoking about 17.9 million
deaths annually (WHO fact sheet). In-depth mechanistic
knowledge is anticipated to lessen the effects and conse-
quences of critical risk factors involved in this disease. Epide-
miological studies imply that elevated level of low-density
lipoprotein (LDL) (cholesterol carrier through the blood of
20-25 nm size) is the chief contributor to atherosclerosis [1,

2]. Atherosclerosis refers to the disease of arteries which com-
monly manifests as coronary heart disease (CHD) leading to
myocardial infarction and cerebrovascular disease leading to
stroke and other complications. Atherosclerosis is a complex,
progressive, inflammatory disease that mainly occurs in
subendothelial space (tunica intima) of medium to large-
sized arteries at regions of disturbed blood flow or bifurcates
[3–5]. The progression of atherosclerotic disease depends on
the presence, degree, and persistence of risk factors like
high-fat diet, smoking, hypertension, history of heart diseases,
or diabetes [6–8] (Table 1). Experimental observations have
explicitly pinpointed oxidized low-density lipoprotein (Ox-
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LDL), endothelium dysfunction, and oxidative stress as the
most prominent risk factors in atherosclerosis [9–11].

Under normal physiological condition cell maintains
redox homeostasis which plays a significant role in signalling
and, any imbalance in this homeostasis may instigate a chain
of reactions generating free radicals (reactive oxygen species
termed here as ROS or reactive nitrosative species termed here
as RNS) [11, 12]. Disturbed redox balance or the imbalance
between reactive species and antioxidant system leads to the
oxidative stress that damages biomolecules like proteins,
nucleic acids, and lipids. Exposure to exogeneous chemical
and physical agents (like environmental pollutants, radiation,
UV exposure, or smoking) or endogenous enzymes (like
NADPH oxidase, xanthine oxidase, cytochrome P450, or
nitric oxide synthase (NOS) and metal ion catalysis (Fenton
reaction)) generally results into increased ROS production
[11, 13, 14]. Physical forces including oscillatory shear are also
reported to have a share in vascular production of ROS [11,
15]. Lipids serve as primary targets of reactive species with
important relevance to CVDs, and these lipids can be
analyzed by several methods [13, 16, 17]. Lipid oxidation,
commonly known as lipid peroxidation, is a process that
involves peroxidation of phospholipids and cholesterol esters
at the polyunsaturated fatty acidmoieties (linoleate, arachido-
nate, etc.) by nonenzymatic mechanisms (ROS, RNS, or in
presence of transition metals like Fe2+ and Cu2+) [18–20].
Maintenance of plasma LDL levels is important for CVD
(23, 24). Additionally, the polyunsaturated fatty acids may
be oxidized by lipooxygenase, cyclooxygenase, and cyto-
chrome P450-dependent oxygenases producing ROS in the
process. Lipid peroxidation progresses through 3 stages: initi-
ation, propagation, and termination [21]. The free radical
chain oxidation mechanism initiates with a lipid radical
formation (abstraction of hydrogen atom from the CH2
group) leading to the propagation step where it reacts with
oxygen generating lipid-peroxyl radicals that transform it into
lipid hydroperoxides and finally, the reaction terminates once
nonradical products are formed releasing oxygen [22]. It is

quite difficult to quantify the products of lipid peroxidation
because of the complexity of lipid peroxidation pathway and
its by-products. New techniques like mass spectroscopy tools
are now being used to at least meet some challenges [17].

Under normal conditions, the plasma LDL is composed of
triglycerides and cholesterol esters with an outer layer com-
posed of phospholipids, free cholesterol, and apolipoprotein
B (ApoB) that carry hydrophobic cholesterol through the
blood [15]. Increase in the plasma LDL levels is generally asso-
ciated with atherosclerosis [23]. Under oxidative stress, the
oxidation of LDL occurs by the process of lipid peroxidation
primarily involving the phospholipid molecules. In pathologi-
cal conditions, ApoB-containing lipoproteins in the plasma
penetrate through the damaged endothelium into vascular
subendothelial intima getting oxidized by ROS [24, 25]. Under
these conditions, the LDL is modified into Ox-LDL [26]. LDL
retention in subendothelium confers monocyte recruitment to
tunica intima, where they differentiate into macrophages. Ox-
LDL serves as strong ligands for macrophage scavenger recep-
tors (CD36, SR-AI/II, and SR-BI) that facilitate their entry
into macrophages [27]. It is suggested that the oxidation of
specific epitopes (OSEs) occur on Ox-LDL that are recog-
nized by the cellular and humoral innate immune system
and thus enhancing the internalization of Ox-LDL into mac-
rophages [28]. Macrophages engulf Ox-LDL through its
scavenger receptors and the accumulation of Ox-LDL into
macrophages gives it a morphologic appearance of soap bub-
bles termed as foam cells which later result in atherosclerotic
lesions leading to atherosclerotic plaque build-up, limiting
the blood flow to the heart muscle (see Figure 1 for schematic
diagram) [29, 30]. Very recently, a study was published
providing insights into myeloid tribbles 1 that induces early
atherosclerosis via extensive foam cell formation [31]. A
native LDL cannot exert atherogenic mechanisms in vitro
which implicate that to be pathogenic it must have been
modified, explaining oxidative damage as a pro [32].

On the brighter side, high-density lipoproteins (HDLs),
endogenous apolipoprotein E (ApoE), and ApoA-I proteins
promote efflux of surplus cholesterol from the macrophage
via specific transporters of the ATP binding cassette (ABC)
gene family [33]. This efflux is the primary line of defence
to protect against the progression of macrophage to foam
cells. Further, antioxidants scavenge ROS combating athero-
sclerosis in the initiation period [34]. Efforts have been made
to comprehend the mechanism of lipid peroxidation in
developing effective therapeutic drugs and prevent its delete-
rious effects. Herein, we have discussed the role of distinct
factors critical in the progression of atherosclerosis.

2. Oxidized Low-Density Lipoprotein as the
Major Risk Factor in Atherosclerosis

Low-density lipoprotein is a chief carrier of cholesterol to the
cells. High dietary fat adds to its abundance causing patho-
logical complications above a threshold level [35]. It belongs
to a heterogeneous group of particles having a mass of about
3000 kDa with a diameter of 220nm [36]. The hydrophobic
core of LDL is made of around 170 triglycerides, 1500 choles-
terol esters, a hydrophilic coat composed of 700 molecules of

Table 1: Risk factors to atherosclerosis.

Hyperlipidemia

Homocysteine levels in plasma

Hypertension

Smoking

Low or impaired HDL

Family history of CVDs

Obesity

Aging

Male sex

Physical inactivity

Stress/depression

High cholesterol

Sedentary lifestyle

Unhealthy diet

Psychological and socioeconomic factors
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phospholipids, about 500 molecules of unesterified choles-
terol, and a single large copy of the ApoB of 500 kDa [37].
Structure of LDL and Ox-LDL is shown in Figure 2.

During oxidative stress, the LDL is modified to Ox-LDL
[38]. In addition to this, lipoxygenase and phopholipase A2
enzymes alter LDL in a manner of getting easily recognized
and engulfed by macrophages [39]. Speaking specifically in
terms of atherosclerosis, ROS induces lipid oxidation, insti-
gating the disease. LDL oxidation brings about certain mod-
ifications to the LDL structure giving it a higher density,
hydrolysing phosphatidylcholine, amending lysine residues
of ApoB, and degrading ApoB [37]. Polyunsaturated fatty
acids (PUFAs) in the LDL are more prone to oxidation as
compared to monounsaturated fatty acids (MUFAs) [40].
PUFAs encountering oxidation (enzymatic and nonenzy-
matic) convert into hydroperoxides further breaking down
to generate more reactive aldehyde products and metabolites
such as malondialdehyde and 4-hydroxynoneal which build

adduct with Schiff-base lysine residue of ApoB, phosphati-
dylserine, and phosphatidylethanolamine [41]. ApoB in this
context determines the generation and propagation of LDL
oxidation. Additionally, the elevated temperature used while
preparing meals increases the oxidation of cholesterol [42].
Nonetheless, oxysterols coming from the dietary sources into
the bloodstream may implicate a fundamental role in the
progression of this disease. Thereby, one cannot conclude
the root embarking such progression and advanced studies
need to be done.

Discoveries by Virchow and Windaus in the nineteenth
century bring forth the crucial role of lipoproteins in athero-
sclerosis. Windaus discovered high cholesterol in human
artery which thereafter confirmed by Nikolaj Anitschkow
who produced atherosclerosis in cholesterol fed rabbits impli-
cating dietary cholesterol as an important factor [43, 44]. Carl
Muller revealed a compelling connection between heart
attacks and plasma cholesterol giving the cholesterol research
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Figure 1: Schematic network of atherosclerosis process. The LDL in the blood stream passes through the damaged endothelium (caused by
hypertension, high cholesterol, smoking, and hyperglycemia) gaining entry into tunica intima. Damaged endothelial cells being compromised
express adhesion molecules that capture the monocytes. Monocytes enter into the intima producing free radicals which oxidizes the LDL.
Oxidized LDL attracts more white blood cells (monocytes) and more immune cells to the site, macrophages engulf Ox-LDL particles
becoming over laden and turning into foam cells. Foam cells die releasing its content outside that again is engulfed by other macrophages
eventually building a large lesion area. Progression into this, lesion turns into plaque gradually accumulating calcium slats, smooth muscle
cells (from tunica media), collagen, and the foam cells. The plaque is stable under the endothelium until the endothelium just above gets
compromised. The damaged endothelium could no longer produce inhibitors for blood clotting making it more vulnerable to enter into
the vessel lumen. The clot attached to the vessel wall would make a thrombus that may break causing stroke or myocardial infarction.
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a new turn introducing the hypercholesterolemia [45].
Widespread theories put forward LDL penetrating the dys-
functional endothelium and retaining in the subendothelium
lining as the hallmark of atherosclerosis [46]. The higher the
LDL the faster the plaque evolves. Surprisingly, native LDL
is not atherogenic and needs to be oxidatively modified,
particularly ApoB, to instigate the disease while it stays in
the subendothelium bound to glycosaminoglycans [47, 48].
Macrophages with their surface receptors recognize the mod-
ified LDL and engulf them to become lipid laden foam cells
which secrete cytokines making the site more vulnerable to
inflammation and instigating smooth muscle cell (SMC) pro-
liferation [49–51]. Today, many publications could be found
on Ox-LDL to provide evidence for its role in atherosclerosis
which makes it a relevant candidate and somewhat apparent
therapeutic target. Though very few studies could robustly
prove the definitive decrease of LDL with dietary antioxidant
supplements, it is believed that a combination of antioxidants,
therapeutics, and lipid management could work wonder
(discussed later in this review).

2.1. Stages of Ox-LDL-Induced Atherosclerosis Mechanism:
Initiation to Thrombosis. Atherosclerosis originates with the
subendothelial retention of ApoB 100, containing lipopro-
teins. LDL penetration through dysfunctional endothelium
brings many factors into the picture (summarized from the
initiation to calcification in this review). Broadly, the process
can be classified into three stages: initiation, progression, and
thrombosis. A human artery is composed of three layers: the
tunica intima, the tunica media, and the tunica adventitia, as
shown in Figure 3. Intima is lined with a single layer of endo-
thelial cells called the endothelium and subendothelial
extracellular matrix (consisted of collagen and elastin).
Endothelium aids in regulating vascular tone, coagulation,
and maintaining vascular homeostasis via highly regulated
mechanisms with the function of nitric oxide, prostacyclin,
and endothelin-1 [52, 53]. Numerous smooth muscle cells
(SMCs) are found in tunica media which are organised con-
centrically within an elastin-rich cellular matrix to store the

required kinetic energy for transmission of pulsatile flow
[54]. The adventitia contains mast cells, fibroblasts, and a
matrix containing proteoglycans and collagen. Internal and
external elastic lamina separates the intima, media, and
adventitia, respectively [55]. Nevertheless, the artery gets
compromised with the interplay of Ox-LDL and other risk
factors making hard and narrowing the lumen for a disturbed
blood flow. An atherosclerotic artery with plaque is shown in
Figure 4 and a cross section of early and late atherosclerotic
lesion is shown in Figure 5 [56].

Ox-LDL instigates atherosclerotic events throughout the
disease progression, starting from endothelium dysfunction,
white blood cell activation, foam cell formation, SMC migra-
tion and proliferation to platelet adhesion and aggregation
(refer Figure 6).

2.2. Physiology of Endothelial Dysfunction: Initiation Stage. In
normal body parameters, a healthy endothelium remains the
primary regulator of vascular homeostasis [57–59]. It assists
in keeping a balance between vasodilation and vasoconstric-
tion, thrombogenesis and fibrinolysis, and inhibition and
stimulation of SMC proliferation [60]. Nonetheless, it acts as
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Figure 2: LDL and Ox-LDL Structure. The hydrophobic core of LDL is made of around 170 triglycerides, 1500 cholesterol esters, a
hydrophilic coat composed of 700 molecules of phospholipids, about 500 molecules of unesterified cholesterol, and a single large copy of
the apolipoprotein B (ApoB) of 500 kDa. Gaining entrance into the endothelium, LDL gets oxidatively modified by ROS.
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Figure 3: Artery is made of three layers: tunica intima, media, and
adventitia.
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a barrier between the circulating blood (in lumen) and the
artery lining (endothelium) [61]. An intact endothelium
experiencing laminar shear stress elicits signalling pathways
to maintain glycocalyx layer, proliferation, and endothelial cell
coaxial alignment [10, 62]. Nitric oxide synthase (NOS) is
expressed via MEK5 signalling which promotes the nitric
oxide (NO) production and further helping in the endothe-
lium survival. The antiatherogenic role of NO is supported
by numerous studies on knockout mice for ApoE and other
animal models of atherosclerosis [63]. In these models,
inhibition of endothelial NO production accelerates the
formation of lesions in the aorta and the coronary arteries,
and treatment with l-arginine preserves vessel morphology.
Superoxide dismutase (SOD), catalase, glutathione peroxidase
(GPx), and peroxiredoxins (Prxs) are expressed to counter cel-
lular ROS [64]. Arteries experiencing disturbed blood flow and
low shear stress at the curves and branches are susceptible to
atherosclerotic lesions [5]. These regions contain a sensitive
glycocalyx layer with an irregular alignment. Consequently,
the low production of NOS and antioxidant enzymes compro-
mise endothelium integrity. In exposure to certain predispos-
ing risk factors such as hypertension, hyperglycemia, diabetes,
ageing, hypercholesterolemia, and the mechanical stimuli
owing to low shear stress, endothelium undergoes certain
modifications which are characteristics for atherosclerotic
initiation process [9, 65]. Morphological modification of
endothelial cells and increased permeability to LDL particles
thus allows penetration (transcytosis) and accumulation of
ApoB, chylomicrons, and remnants of very-low-density lipo-
proteins (VLDLs) in the subendothelial space where they
experience oxidative modifications by cytokines (monocyte
chemotactic protein-1 (MCP-1)) [48]. The antithrombotic
factors are compromised along with elevated vasoconstrictor
and prothrombotic products via cell surface adhesion mole-
cules such as intercellular adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1), hence ele-
vating risk for inflammatory actions owing to Ox-LDL [66,
67]. These changes increase the adhesion of monocytes and
penetration through the vascular wall which is modulated
by cytokines and is augmented by interferon gamma and
tumour necrosis factor-alpha [68, 69]. Studies report Ox-

LDL as a key into the above-mentioned mechanism. In fact,
Ox-LDL is chief in activating endothelium to secrete MCPs
recruiting monocytes and T cells into endothelium.

NO plays a crucial part in protecting endothelium with
its vasodilator property. It is also seen to reduce monocyte
adhesion to the endothelium. Ox-LDL-induced reduction
in the NO derived from the endothelium NOS is suggested
as one of the causes of endothelial phenotypic changes [70].
Most of its activity is proposed to lectin-like oxidized LDL
receptor 1 (LOX 1). LOX 1 is an Ox-LDL receptor found
on endothelial cells and is likely to be overexpressed in ath-
erosclerotic conditions.

There have been debates among chronology of events
that lead to plaque formation. Since few scientists consider
subendothelial retention of ApoB lipoproteins as the initiat-
ing factor in atherosclerosis, contradictory to which some
authors suggest that everything starts with endothelial
dysfunction [53]. High LDL level also marks its strong part
in the argument. A plethora of research suggests that all these
phenomena are more or less equally indispensable factors in
the progression of atherosclerosis [71].

2.3. LDL Retention in the Subendothelium Elicits an Immune
Response: Progression Stage. The entry of LDL particles in the
subendothelium (tunica intima) followed by their retention
through ApoB 100 binding to proteoglycans of the extracel-
lular matrix is a key initiating factor in early atherogenesis.
Oxidative modifications of LDL induce expression of cell
adhesion molecules on the endothelial cells recruiting mainly
monocytes and T lymphocytes into the inflamed arterial wall.
Differentiation of monocytes into macrophage expresses
scavenger receptors (CD36, SR-AI/II, and SR-BI) and LOX
1 (lectin-like Ox-LDL receptor 1) on the surface to recognize
Ox-LDL [58, 59]. Various studies have established that to be
recognized by a scavenger or oxidized receptors, the native
LDL must be converted to Ox-LDL as discussed in previous
section (due to its high affinity to scavenger receptors, SR)
[72]. As soon as macrophages engulf massive Ox-LDL parti-
cles, foam cells are generated and a number of proinflamma-
tory events take place: lipid retention, more oxidation of
native LDL, release of proinflammatory cytokines, ROS,
metalloproteases, and monocyte and Ox-LDL recruitment.
Cytokines released by T lymphocytes and foam cells promote
inflammation and ROS generation. Unsurprisingly, Ox-LDL
along with these cells releases growth factors promoting SMC
migration (via platelet drive growth factor and basic fibro-
blast growth factor) from tunica media into site region and
abnormal proliferation (via insulin-like growth factor 1 and
epidermal growth factor) that involves secretion of extracel-
lular matrix proteins [73]. It is also seen that Ox-LDL drives
SMCs to produce collagen and elastin which forms a necrotic
core around the plaque increasing the lesion size at some
point. It is important to mention that a lot of these events
are more or less LOX 1mediated [74]. Atherosclerotic plaque
is a large necrotic core of foam cells, SMCs, collagen, calcium,
and a thin fibrous cap preventing plaque from the blood-
stream [75]. Hence, Ox-LDL plays a significant role in these
events and moreover it is believed to induce apoptosis or at
some point necrosis, favouring cellular debris deposits in
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Figure 4: Atherosclerotic artery. Atherosclerotic artery has a plaque
build-up in the subendothelium making the lumen too small for a
smooth blood flow.
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(a) (b)

Figure 5: Early and late atherosclerotic lesions. The figure is reproduced from Glass and Witztum [56] (under the Creative Commons
Attribution License/public domain) “(Reprinted (Atherosclerosis: The Road Ahead) with permission from Elsevier (License number
4825741069515)).”(a) Cross section of a fatty streak lesion from the aorta of a cholesterol-fed rabbit immune stained for a macrophage-
specific marker (micrograph courtesy of Wulf Palinski). (b) Cross section through a human coronary artery at the level of a thrombotic
atherosclerotic lesion causing fatal myocardial infarction.

Tunica media

Lumen

RBCs

Monocyte activation 
and adhesion on 
endothelium

LDL

Tunica adventitia
External elastic membrane

Endothelium

Thrombus

Smooth muscle cell migration via GFs

Internal elastic membrane

ECM activation via LOX 1

Ox-LDL

ROS

Oxidation of LDL 

Foam cell 
formation 

Macrophage 
engulfing LDL via 
receptors

Impaired NO 
secretion 

Chemokines 
secretion 

MCP 1 mCSF

ICAM
VCAM

CD36

Proinflammatory
cytokines 

Growth factor 
secretion 

SMC proliferation
ECM formation 

Platelet activation 
and adhesion

LOX 1

Figure 6: Schematic illustration of the role of Ox-LDL in atherosclerosis progression. Ox-LDL elicits atherosclerotic events right from their
production in the subendothelium. Due to downregulated LDL receptors, the native LDL cannot be internalized by macrophages. Ox-LDL,
via LOX 1 and other factors, activates endothelium for a number of events: adherence of LDL, monocytes, and platelets; secretion of
chemokines and growth factors; production of ROS; impairing NO secretion; and so on. SRs, CD36, and LOX 1 help in the uptake of OX-
LDL by monocyte-derived macrophages in the subendothelium. Growth factors mediate SMC proliferation and extracellular matrix
formation. Platelet adherence and accumulation is also, in part elicited by Ox-LDL which results into a rupture prone thrombus.
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the lesion area. Moreover, the ROS present in the plaque
tends to induce cell death making the plaque unstable and
rupture, which is the worst part of the progression.

2.4. Rupturing of Plaque: Thrombosis. A vulnerable plaque is
subject to rupture. ROS degrades the fibrous wall of plaque
via the release of matrix metalloproteinases (MMPs) [76]
causing thrombus formation. Recent studies suggest a major
difference in the lipid profiles of stable and unstable plaque
considering former to be more susceptible to oxidation
(due to increased PUFAs) and enhanced oxidation in the
latter due to increased 18 : 0 containing lysophosphatidylcho-
line [77]. Rupturing of this plaque causes sudden expansion
of the lesions leading to thrombus formation accounting for
myocardial infarction, stroke, or sudden death [63, 64].
Looking more into the mechanism; Ox-LDL induces CD36
and P-selectin expression in the platelets activating them to
further express LOX 1 for their adhesion on endothelium.
Chemokines released from activated platelets mediate endo-
thelium dysfunction, foam cell formation, and ROS produc-
tion favouring progression of the plaque. Ox-LDL again
makes the plaque scenario complex by platelet activation
and adhesion on the endothelium which in turn blocks the
NO production, which is said to be dysfunctional, yet again
the cycle goes on [78].

3. Therapeutics to Block or Retard the Process:
Endothelium Dysfunction to Thrombosis

The level and persistence of disease is the deciding factor for
its treatment measures [79]. Some patients only require a life-
style amendment and some have to undergo surgical proce-
dures. HDL, antioxidant enzymes, diet, statins, and lipid
lowering are foreseen as potent factors in preventing athero-
sclerosis. An illustration of effects of such parameters on
CVDs is shown in Figure 7 [35]. Pharmacological interven-
tions like angiotensin converting enzyme (ACE) inhibitors,
statin insulin sensitizers and L-arginine, folates, and tetrahy-
drobiopterin are suggested to improve damaged endothelium
which would resist LDL entry into subendothelium.

3.1. Lipid Management Is the Primary Prevention. As
reviewed by Michos et al. [80] very recently, lipid manage-
ment remains the primary prevention to atherosclerosis. If
we look back into this review and perhaps in literature, the
story always begins with high LDL cholesterol (LDL-C)
which makes it the hallmark and a potent treatment target.
Additionally, the CVD prevention guidelines published by
the American College of Cardiology-America Heart Associa-
tion recommends cholesterol management as a primary pre-
vention by opting a healthy lifestyle [81]. Keeping in view the
sedentary lifestyle and family history of CVDs as important
risk factors, improvement in lifestyle and diet has been seen
to reduce CVDs by about 50%. A healthy lifestyle here
involves maintaining an ideal weight, keeping check on the
blood sugar levels, regular exercise, and looking after calories
intake. The notion “lower is better” goes exactly with the diet
intake for a healthy lifestyle. Though merely management of
lipids cannot completely prevent the disease, it does lower the

risk to an extent. According to US Cholesterol Clinical prac-
tice guidelines (2018), statins should be the primary choice of
pharmacological treatments for LDL-C considering the latter
being critical in the therapeutics [82]. Statins tend to reduce
about 50% LDL cholesterol via inhibiting 3-hydroxy-3-meth-
ylglutaryl-CoA reductase (HMG CoA), a rate limiting
inhibitor of LDL-C. In atherosclerosis, there is an aberrant
increase in the expression of MHC-II and thus, it is also con-
sidered as a chronic inflammatory disease. A study suggested
that statins could function as immune suppressors by repres-
sing theMHC-II expression and thereby, reducing theMHC-
II-dependent T-lymphocyte activation and thus, statins
could modulate the adaptive immunity [83]. Statins are seen
to block the cholesterol synthesis by the activation of SREBP-
2, a mechanism illustrated by Goldstein and Brown given in
Figure 8 [35]. Compelling results from meta-analysis trials
have revealed a lowering of about 22% risk of cardiovascular
events with the reduction of a significant amount of LDL
level [84]. Additionally, cardiac events like myocardial
infarction and stroke can be prevented by lipid lowering with
the use of high-intensity statins [85, 86].

3.2. HDL Retards the Atherosclerotic Process.HDL along with
its major lipid poor apolipoprotein A-I (ApoA-I) aids in
removing cholesterol from foam cells for clearance by the
liver. The efflux from macrophage foam cells is the first step
towards reverse cholesterol transport that lowers further
inflammation preventing atherosclerosis burden [73, 74]. A
line of epidemiological trails has revealed that HDL accounts
for douching lipid oxidation via antioxidant enzymes like Lp-
PLA2, LCAT, and PON1 along with ApoA-I which helps in
removing hydroperoxides from cells and LDL [87]. HDL sig-
nalling via endothelial cell receptors like SR-BI helps in
enhancing NO production, thus maintaining endothelium
homeostasis [88]. Additionally, it prompts cholesterol efflux
from platelets preventing platelet aggregation and eventually
thrombosis [89]. Accumulation and retention of Ox-LDL is
the key initiating factor in chemotaxis and monocytes inva-
sion. This LDL modification primarily by endothelium,
SMCs, and macrophages in the lesion area would suggest that
cells actively modify LDL. LDL is either oxidized nonenzy-
matically by transition metal ions, hemin, and many other
catalysts or by enzymes within the artery wall. HDL obviates
the oxidative modification of LDL employing proteins circu-
lating on HDL itself. The most important protein is paraox-
onase 1 (PON1) that confers an ability to prevent LDL
oxidation by enhancing the antioxidative function of HDL
[87]. Additionally, ApoA-I aids in reducing lipid hydroper-
oxides to lipid hydroxides owing to oxidation in its methio-
nine residues [90]. LCAT and lipoprotein-associated
phospholipase A2 (Lp-PLA2) have also been reported to
douche oxidative mechanisms as suggested in mice experi-
ments [91]. Nevertheless, HDL could absorb oxidizing lipids
to prevent the further process of LDL oxidative modification.
Figure 9 gives illustrations of key events where HDL comes in
to play. Hence, antioxidative capacity conferred by HDL pro-
teins ensures protective measures to retard the atheroscle-
rotic lesion and more extensive research is required to
better understand it to use it as a therapeutic target.
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3.3. Role of Dietary Antioxidants in Treating Atherosclerosis.
Antioxidants scavenge free radicals (reactive oxygen/nitrogen
species) and reduce the probability of oxidative stress [92].
Antioxidants can be synthesized by a cell itself or can be taken
exogenously. Antioxidants synthesized by a cell include gluta-
thione, uric acid, caeruloplasmin, ferritin, transferrin, or
lactoferrin, whereas vitamin E, vitamin C, flavonoids, and
carotenoids come from the diet [93–95]. The endogenous
nonenzymatic antioxidants like GSH, uric acid, bilirubin,
coenzyme Q, and lipoic acid can be present intracellularly or
extracellularly and serve as the primary defence system
against imbalanced redox stress [96, 97]. Glutathione, a cofac-
tor for glutathione peroxidase (GPx) scavenges hydroxide,
hypochlorous acid, and peroxinitrite, thus modulates size of
the atherosclerotic lesion [98]. Coenzyme Q improves endo-
thelial function by scavenging peroxyl radicals [99]. Bilirubin,
uric acid, and lipoic acid have shown remarkable scavenging
properties towards oxidants, hence improving endothelium
and decreasing inflammatory actions [100–102].

The secondary defence mechanism involves exogeneous
antioxidants like vitamin C, vitamin E, vitamin A, vitamin
B, carotenoids, or polyphenols [100, 103–105]. As mentioned
above, the native LDL, when turned into Ox-LDL becomes
atherogenic and this oxidative modification in LDL is due
to imbalanced ROS. Vitamin E, a lipid soluble antioxidant,
aids in neutralizing free radicals hence retarding LDL oxida-
tion. Moreover, vitamin E inhibits the expression of CD36,
SR-BI, and protein kinase C to reverse foam cell formation
and SMC proliferation along with further associated compli-
cations of the CVD [106, 107]. It is also observed that vitamin
E modulates the expression of connective tissue growth
factors and adhesion molecules (VCAM 1, ICAM 1) on

endothelial cells and helps in the prevention endothelium
dysfunction and internalization of LDL molecules into the
intima. In contrast, some clinical trials have given completely
opposite outcomes where studies showed almost no effect of
vitamin E doses (50mg-300mg/day) in the CVD patients
[103, 106]. No decrease of stroke and myocardial infarction
was observed in population with CVDs. While the outcomes
of the trails remain contradictory, more studies are antici-
pated to build a strong conclusion. Vitamin C (ascorbate)
helps to stabilize cell membranes by scavenging peroxyl
radicals, ROS, and superoxide radicals. It enhances NO bio-
availability, thus improving endothelium and vasodilation.
In vitro experiments have shown lowered Ox-LDL genera-
tion on treating with ascorbate (vitamin C), while depletion
of the same is related to atherosclerosis in vivo [100]. Ascor-
bate has also been seen to reduce endothelium dysfunction
which again is a key initiation factor of the CVD [94]. But
several other clinical trials have shown contradictory results
where no significant relationship between vitamin C and
the reversal of atherosclerosis was found. A study group of
29,133 men (50-69 yrs) was given synthetic α-tocopherol
(50mg/day) and β-carotene (20mg/day) for ~6 years, and
no effect was seen in improving heart condition. In fact, the
risk of lung carcinoma and ischemic heart disease was
increased [108]. Similar study on people without any CVD
was carried out for 4 years in which incidences of angina
pectoris slightly increased as an adverse effect of the supple-
mentation [109]. In another study on group of smokers and
nonsmokers (45-74 yrs), even including the vitamin A in a
combination with above two had no effect. In an additional
study, β-carotene (50mg/day) could not show any positive
effect on patients supplemented for 4-8 years (27-84 yrs)

100 150 170 220

North America
and Europe

Asia

Total cholesterol (mg/dl)

Diet

N
um

be
r o

f p
eo

pl
e

280

(a)

25

20

15

10

C
or

on
ar

y 
ev

en
ts 

(%
)

5

0
0 70 110 150 190

LDL-cholesterol (mg/dl)

Drug

Placebo 4S
Statin

Lipid
CARE

HPS

(b)

Genes
LDL-C Coronary disease

PCSK9+/–

15%
30%

45%
90%

Statin
15%
30%

(c)

Figure 7: Diagram illustrating the effects of diet, drugs, and genes on plasma LDL and coronary disease. The figure is reproduced from
Goldstein and Brown [35] (under the Creative Commons Attribution License/public domain) “(Reprinted (A Century of Cholesterol and
Coronaries: From Plaques to Genes to Statins) with permission from Elsevier (License number 4825791117921)).” (a) Diet. Idealized
depiction of the frequency distribution of plasma cholesterol levels in the human species as extrapolated from surveys of middle-aged
people in major populations of the world. The higher the cholesterol level, higher the risk for coronary disease, as denoted by graded red
shading. (b) Drugs. Frequency of coronary events plotted against plasma level of LDL cholesterol in four double-blind, placebo-controlled
trials in which middle-aged people at risk for heart attacks were treated for 5 years with a statin or placebo. The number of subjects in
each study was as follows: 4S Study, 4,444; LIPID, 9,014; CARE, 4,159; and HPS, 20,536. (c) Genes. Difference in risk for coronary disease
in middle-aged people depending on whether plasma LDL cholesterol level is reduced over a lifetime (heterozygous loss of function of
PCSK9) or for only 5 years (statin therapy).
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[110]. Combination of vitamin E (30mg/day), vitamin C
(120mg/day), β-carotene (6mg/day), selenium (100μg/day),
and zinc (20mg/day) was given to 13,017 middle-aged people
for 7.5 years, and it was found that combined supplementa-
tion had very slight effect onmen in improving cardiovascular
health and no effect at all was seen on women participants
[111]. Although dietary supplements have some role in pre-
venting atherosclerosis in mice and human trails [112], yet a
very little is known to conclude exactly how much, when,
and what should be included in the diet to have the best effect.

3.4. Antioxidant Enzymes Are Critical in Atherosclerosis
Prevention. In addition to the above-mentioned antioxidants,
the cells also express antioxidant enzymes like catalase,
superoxide dismutase (SOD), thioredoxin reductase (TrxR),
peroxiredoxins (Prxs), glutathione peroxidase (GPx), gluta-
thione reductase, and glutathione-S-transferase which main-
tain redox homeostasis [113–115]. The most crucial enzymes
in such mechanisms include peroxiredoxins (Prxs) and glu-
tathione peroxidase 4 (Gpx4). Peroxiredoxins (Prxs; 1-6)
are proteins that have cysteine residues that reduce perox-
ides, in turn, getting oxidized into sulfenic acid [116, 117].
Prx1 and Prx2 exacerbate atherosclerosis on deletion in
ApoE mice [118]. While Prx4 inhibits the disease from being

overexpressed in ApoE mice, Prx6 has no such effect [119].
Glutathione peroxidases convert glutathione to glutathione
disulfide and reduce lipid peroxides to water [120]. The most
crucial role is played by Gpx4. Loss of GPx4 activity in the
cellular membranes leads to ferroptosis, which is a regulated
nonapoptotic cell death process and it is enhanced by the
accumulation of ROS in a lipid-rich environment [121]. As
mentioned above, PUFAs with labile bis-allylic hydrogen
atoms are prone to lipid peroxidation and it is also the hall-
mark of ferroptosis [122]. According to Yang et al., there
are two key drivers in ferroptosis induced by PUFA peroxida-
tion: lipoxygenase and phosphorylase kinase G2 (PHKG2).
The study suggested that PUFA peroxidation is caused by
lipoxygenases via PHKG2 and consequently the inhibition
of catalytic selenocysteine in GPx4 causes the accumulation
of the hydroperoxides leading to cell death [123]. Ferroptosis
is linked to several diseases like cancer and atherosclerosis
and needs clear mechanistic insights for therapeutic inter-
ventions [124, 125].

4. Outlook

Endothelium under oxidative stress primes to the formation
of oxidized cholesterol (oxysterols) as a result of low-
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Figure 8: Hepatic responses to diet and statins mediated by the SREBP pathway. The figure is reproduced from Goldstein and Brown [35]
[under the Creative Commons Attribution License/public domain] “(Reprinted (A Century of Cholesterol and Coronaries: From Plaques to
Genes to Statins) with permission from Elsevier (License number 4825791117921)).” (a) Low-cholesterol diet. Proteolytic cleavage of SREBP
is increased. The cleaved SREBP enters the nucleus to activate genes controlling cholesterol synthesis (including HMG CoA reductase) and
uptake (LDL receptor). nSREBP, nuclear portion of cleaved SREBP. (b) High-cholesterol diet. Proteolytic cleavage of SREBPs is decreased,
resulting in decreased nuclear SREBP and decreased activation of target genes. The decrease in LDL receptors produces an increase in
plasma LDL. (c) High-cholesterol diet plus statin therapy. Statins inhibit HMG CoA reductase, causing a transient decrease in ER
cholesterol. In response, SREBP cleavage is increased, and the resulting nuclear SREBP activates the genes for HMG CoA reductase and LDL
receptor. The increased HMG CoA reductase is inhibited by the statin, and the increased LDL receptors lower plasma LDL.
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density lipoprotein (cholesterol carrier through the blood)
oxidation. The oxidation is driven by oxygen, nitrogen, or
other reactive species which brings up the oxidative or nitro-
sative stress in uncontrolled measures. Certain irritants like
toxins from smoking (nicotine and carbon monoxide), high
blood pressure due to hypertension, high level of low-
density lipoproteins, HDL dysfunction, obesity, and diabetes
mellitus alter the endothelium lining causing permeation and
accumulation of LDL particles into the subendothelial space.
Retention of LDL particles brings about a lot of factors into
play which upsurges the risk for fatty streak development
and further complication into atherosclerosis progression.
What come to the rescue are monocytes but turns out to be
exaggerating the process. Hence, the immune system more
likely induces inflammation making things more compli-
cated. Antioxidant enzymes and genes, however, are potent
measures to counter ROS to prevent lipid peroxidation. Since
dietary antioxidants and statins have also shown effective
activity in vivo, these can be effectively prescribed for treat-
ment and cholesterol lowering. Additionally, maintaining a
healthy lifestyle is a key to homeostasis and a healthy cardio-

vascular system. Although, an enormous amount of research
has been conducted on the above events, yet a clear under-
standing of therapeutic measures is required.
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into play as soon as the LDL penetrates the dysfunctional endothelium.
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H2 has shown anti-inflammatory and antioxidant ability in many clinical trials, and its application is recommended in the latest
Chinese novel coronavirus pneumonia (NCP) treatment guidelines. Clinical experiments have revealed the surprising finding
that H2 gas may protect the lungs and extrapulmonary organs from pathological stimuli in NCP patients. The potential
mechanisms underlying the action of H2 gas are not clear. H2 gas may regulate the anti-inflammatory and antioxidant activity,
mitochondrial energy metabolism, endoplasmic reticulum stress, the immune system, and cell death (apoptosis, autophagy,
pyroptosis, ferroptosis, and circadian clock, among others) and has therapeutic potential for many systemic diseases. This paper
reviews the basic research and the latest clinical applications of H2 gas in multiorgan system diseases to establish strategies for
the clinical treatment for various diseases.

1. Introduction

Molecular hydrogen (H2) is the lightest chemical element in
the earth’s atmosphere. H2 is often mixed in gas cylinders
for deep-sea divers to breathe, to prevent decompression
and nitrogen sickness [1]. In mammals, H2 is spontaneously
produced by intestinal bacteria in the process of anaerobic
metabolism to produce energy and is enzymatically catabo-
lized by hydrogenases to provide electrons.

Therapeutic applications of H2 were first described in
1975. Dole et al. reported that hyperbaric hydrogen caused
marked regression of tumors in mice with skin squamous
carcinoma [2]. However, hyperbaric H2 is not a clinically fea-
sible option, and H2 is a physiologically inert gas that seems
not to react with any active substances, including oxygen
gas, in mammalian cells. Thus, H2 was perceived as being
nonfunctional and was disregarded clinically.

In 2007, the potential therapeutic benefits of H2 were
described. Ohsawa et al. discovered that H2 has selective
antioxidant properties that protect the brain against ische-
mia/reperfusion (I/R) injury and stroke by specifically
neutralizing hydroxyl radicals (⋅OH) and peroxynitrite
(ONOO-) but not superoxide anion radical (⋅O2-), hydrogen
peroxide (H2O2), and nitric oxide (NO) [3]. The report gen-
erated worldwide attention and thrust H2 into the spotlight
of therapeutic medical gas research. Many studies using
cellular, animal, and clinical experiments in a variety of bio-
medical fields have explored the therapeutic and preventive
effects of H2. The collective data have indicated that H2 is
an important pathophysiological regulatory factor with anti-
oxidative, anti-inflammatory, and antiapoptotic effects on
cells and organs [4–6]. It is so convenient to use that H2
can be easily administered in various ways, including inhala-
tion, injection of H2-rich saline (HRS), drinking H2-rich
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water (HW), bathing in HW, and using HRS eyedrops. As
well, the production of intestinal H2 by bacteria can be
increased via oral administration of acarbose and lactulose.
Liu and his colleagues demonstrated that the hydrogen con-
centration reached a peak of 5min after oral and intraperito-
neal administration, and in only 1min following intravenous
administration [7].

Beginning on 31 December 2019 in Wuhan, China, ill-
ness and pneumonia named coronavirus disease-2019
(COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has spread to become a pan-
demic. The seventh edition of Chinese Clinical Guidance for
COVID-19 Pneumonia Diagnosis and Treatment (7th edition)
issued by China National Health Commission recommended
the inhalation of oxygen mixed with hydrogen gas (33.3% O2
and 66.6% H2), bringing H2 to the forefront of contemporary
therapeutic medical gas research.

The preventive and therapeutic effects of H2 have been
intensively investigated for various pathological processes. In
this review, we summarize the most recently published litera-
ture concerning the use of H2 in respiratory, cardiovascular,
nervous, digestive, reproductive, urinary, motor, and sensory
system diseases, as well as for the treatment of metabolic syn-
drome and cancer. We also briefly discuss some knownmech-
anisms underlying the action of H2. We hope that this
information will increase the understanding of the therapeutic
activities of H2 and inform future H2-based therapies.

2. Mechanisms of the Action of H2

To fully explain the preventive and therapeutic effects of H2,
biological effects and possible mechanisms are summarized
in Figures 1 and 2.

2.1. Anti-Inflammatory Effect of H2. The anti-inflammatory
effect of H2 has already been reported in many studies. In
the early stage of inflammation, H2 can reduce the infiltration
of neutrophils and M1 macrophages, and the release of
proinflammatory factors by downregulating the expression
of intercellular cell adhesion molecule-1 (ICAM-1),
granulocyte-macrophage colony-stimulating factor (GM-
CSF), and granulocyte colony-stimulating factor (G-CSF)
[4]. H2 can also inhibit the expression of proinflammatory
cytokines during the progress of inflammation and has been
revealed in many animal models to decrease the overexpres-
sion of early proinflammatory cytokines, such as interleukin-
(IL-) 1β, IL-6, IL-8, IL-10, tumor necrosis factor-alpha (TNF-
α) [8], interferon-gamma (INF-γ), and late proinflammatory
cytokines, such as high-mobility group box-1 protein
(HMGB1) [9]. Tanaka and colleagues [10] conducted a gene
array analysis of lung grafts from donor rats pretreated with
hydrogen ventilation. The authors described that pretreat-
ment with H2 obviously elevated the expression of two
stress-response proteins: heat shock protein A5 (HSPA5)
and dual-specificity phosphatase 1 (DUSP1). HSP70 protein
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Figure 1: Biological effects of H2. H2 exhibits selective antioxidative and anti-inflammatory activities and can regulate ER stress,
mitochondria, and immune function. H2 selectively scavenges ⋅OH and ONOO-, upregulates Nrf-2 and HO-1, and downregulates the
expression of proinflammatory and inflammatory cytokines that include TNF-α, NF-κB, INF-γ, Fas, FasL, IL-1α, IL-1β, IL-6, IL-8, and IL-
10, as well as downregulates ER stress-related factors that include GRP78 and TRAF2. H2 also reduces miR-210 and activates OXPHOS in
mitochondria. Finally, H2 increases CD4+CD25+Foxp3+Treg cells and maintains the Th1/Th2 balance.
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encoded by HSPA5 has anti-inflammatory and antiapoptotic
properties. DUSP1 can suppress excessive autophagy by
inactivating mitogen-activated protein kinases (MAPKs) to
alleviate the inflammatory response. Therefore, we speculate
that H2 can positively regulate the expression of stress-
response proteins and improve the anti-inflammatory ability
of the organs. Another study [11] demonstrated ventilation
with 2% H2 in the air significantly reduced the mRNA levels
of the early growth responsive gene-1 (Egr-1) and chemokine
(C-C motif) ligand 2 (CCL2), suggesting that H2 can affect
the progress of inflammation by regulating the transcription
of proinflammatory regulatory factors and chemokines. In
many diseases, such as airway inflammation and cerebral
ischemia, type I hypersensitivity caused by mast cell acti-
vation will aggravate the tissue congestion and edema
[12, 13]. H2 inhibits the body’s inflammatory response
by inhibiting Th2 reaction to reduce mast cell activation
as well [14]. H2 can also regulate inflammation by regulat-
ing the physiological pathway of T cells. For example,
hydrogen treatment can inhibit the overactivation of the
immune system by restoring the loss of regulatory T cells
(Tregs) [15] and alleviates inflammation by preventing

activation-regulated chemokine-mediated T-cell chemo-
taxis. The regulation effects of H2 on programmed cell death,
oxidative stress, and mitochondrial function are closely
related to the inflammatory response. However, the anti-
inflammatory effect of hydrogen cannot be overstated. It
would be better to be used as a supplementary therapy.

2.2. Regulation of Oxidative Stress. Many studies have estab-
lished the antioxidant activity of H2. However, recently, a
study [16] has shown that hydrogen can rapidly and slightly
increase 8-hydroxy-2′-deoxyguanosine (8-OHdG) in urine,
a marker for oxidative stress, to a similar level as the increase
caused by exercise. Exercise-induced generation of reactive
oxygen species (ROS) is crucial in cell adaptation, and
short-term exposure to low levels of ROS can protect neurons
from oxidative stress that would otherwise be lethal [5]. H2
may act as a mitohormetic effector to mediate the beneficial
effects on the body through hormetic mechanisms [16].

The antioxidant effect of H2 is mainly reflected in several
aspects. H2 was first found to directly eliminate hydroxyl
radicals and peroxynitrite. Compared with traditional anti-
oxidants, such as superoxide dismutase (SOD), catalase,
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Figure 2: Various effects of H2 on cell death. Activities of H2 include inhibition of apoptosis, and the regulation of autophagy, circadian clock,
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and α-tocopherol, H2 can easily penetrate biofilms and does
not affect the normal metabolic redox reaction due to its
small molecular weight and antioxidative activity which
selectively affects only the strongest oxidant [17]. H2 can
enhance the expression of the heme oxygenase-1 (HO-1)
antioxidant by activating nuclear factor erythroid 2-related
factor 2 (Nrf-2), an upstream regulating molecule of HO-1.
H2 can also downregulate ROS directly or as a regulator of
a gas-mediated signal. Further, by upregulating the expres-
sion of SOD and glutathione (GSH), and downregulating
the expression of NADPH oxidase (NOX2) [18], H2 can sig-
nificantly reduce ROS. Another study [19] showed that H2
mainly blocks the phosphorylation of ASK1 and its down-
stream signal molecules p38 MAPK or c-Jun N-terminal
kinase (JNK), but not the production of ROS by NADPH
oxidase.

The effects on the free radical chain reaction of lipid per-
oxidation may be another important mechanism of hydrogen
antioxidation. Since Otha et al. reported at the 5th Sympo-
sium of Medical Molecular Hydrogen at Nagoya, Japan, in
2015 that exposure to a low concentration of hydrogen
causes abnormal oxidation of phospholipids [20], many
studies have established that H2 can protect cells from lipid
and fatty acid peroxidation [21, 22]. Additionally, H2 can also
reduce the expression of myeloperoxidase (MPO) [23] or
decrease mitochondrial oxidoreductase activity [21] and sta-
bilize mitochondrial membrane potential [24], so as to
improve the tissue damage caused by oxidative stress.

2.3. Regulation of Endoplasmic Reticulum Stress. The accu-
mulation of unfolded protein in the endoplasmic reticulum
(ER) caused by pathological stress can trigger ER stress. Zhao
et al. [18] observed that hydrogen inhalation significantly
reduced the ER stress-related protein and alleviated tissue
damage in myocardial I/R injury and later found that a mix-
ture of H2 and O2 can block endoplasmic reticulum stress via
the PKR-like ER-localized eIF2α kinase-eukaryotic initiation
factor 2 alpha-activating transcription factor 4 (PERK-eIF2α-
ATF 4), inositol-requiring enzyme 1-X-box binding protein 1
(IRE 1-XBP1), and ATF 6 pathways. A study of the relation-
ship between H2 and ER stress in rats with I/R injury found
that H2 induced the decrease of GRP78 and TNF receptor-
associated factor 2 (TRAF2) expression [25], suggesting that
the protective effects of H2 on myocardial I/R injury are
related to decreased ER stress.

2.4. Regulation of Mitochondria. The accumulation of ROS
can trigger the release of calcium from the ER, which results
in the depolarization of mitochondria and the loss of the
mitochondrial membrane potential [26]. The negative regu-
lation of ROS and the inhibition of programmed cell death
by H2 help maintain the structure and function of mitochon-
dria. It was reported [27] that hydrogen treatment can block
the opening of mitochondrial permeability transition pores
in neurons during neurodegenerative disease. However,
whether H2 can indirectly block these pores by reducing the
production of ROS or acts directly is unclear. Early studies
[28] showed that HRS moderated mitochondrial structural
damage and simultaneously reduced microRNA- (miR-)

210 in hypoxic-reperfusion nerve tissue. However, recent
studies have shown that the increase of miR-210 in injured
tissues may be a compensatory action to maintain cell func-
tion and reduce ROS production [29, 30]. Whether H2 can
directly inhibit miR-210 or indirectly reduce it by alleviating
inflammation also remains unclear.

Mitochondrial damage caused by oxidative stress is an
important cause of many neurodegenerative diseases. Early
clinical experiments on Parkinson’s disease [31] showed that
H2 can significantly improve neurodegenerative symptoms
with a therapeutic effect comparable to that of nonergot
dopamine therapy. This cannot be explained by the antioxi-
dative effect of H2, and thus, it was suggested that H2may tar-
get mitochondria to improve the energy metabolism of cells.
The observation that H2 treatment significantly improved the
level of SH-SY5Y ATP and Δψm in neuroblastoma [32] is an
indication that H2 treatment can elevate energy metabolism
in mitochondria by activating oxidative phosphorylation.

The observations of the conserved structural features
shared between hydrogenases and the energy-converting
complex I prompted the suggestion that H2 might serve as
both a reductant and oxidant [24]. The hypothetical function
of H2 in rectifying mitochondrial electron flow can explain
the scavenging effect on ROS and the ability to slightly
improve oxidative stress.

2.5. The Effects of Hydrogen on the Immune System. The main
effect of H2 on the immune system is to reduce the produc-
tion of immune active substances. Evidence suggests that
H2 relieves inflammation in some autoimmune disorders,
including rheumatoid arthritis (RA) [33, 34], dermatomyosi-
tis [35], and psoriasis [36]. However, whether H2 directly
influences immune cells or organs remains unclear. Recent
studies have found that H2 can relieve the dysregulated
Th1/Th2 balance and can influence the number of T-
regulatory cells (Tregs). H2 was first reported to restore Treg
loss in a rat model of chronic pancreatitis [15] and was later
proven to increase CD4+CD25+Foxp3+Treg cells and signif-
icantly reduce nasal mucosa damage in animals with allergic
rhinitis, which may be secondary to the restoration of
Th1/Th2 balance [37]. Upregulation of Tregs has been
reported in cerebral I/R models [28]. This may be caused
by the upregulation of tumor necrosis factor-beta 1 (TNF-
β1) and downregulation of miR-21 or miR-210. H2 can also
activate peroxisome proliferator-activated receptor-gamma
coactivator-1 alpha (PGC-1α) to influence some kinds of T
cells [38]. The specific mechanisms underlying the effects of
H2 on immune cells remain to be defined.

2.6. Effects of H2 on Cell Death

2.6.1. Prevention of Apoptosis. Apoptosis is a form of pro-
grammed cell death characterized by cell shrinkage, apoptotic
body formation, karyorrhexis, and chromatin condensation.
Apoptosis can be induced by both intrinsic and extrinsic
signals. H2 exhibits antiapoptotic effects by up- or downreg-
ulating apoptosis-related factors. H2 inhibits the expression
of the proapoptotic factors B-cell lymphoma-2-associated
X-protein (Bax), caspase-3, caspase-8, and caspase-12 and
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upregulates the antiapoptotic factors B-cell lymphoma-2
(Bcl-2) and B-cell lymphoma-extra-large (Bcl-xl) [6]. Addi-
tionally, Terasaki and colleagues reported that H2 can down-
regulate the gene expression of proapoptotic Bax and inhibit
its translocation to mitochondria by an unknownmechanism
[39]. H2 can also inhibit apoptosis by activating the phos-
phatidylinositol-3-kinase/protein kinase B (PI3K/AKT) and
the Janus kinase 2/signal transducer and activator of tran-
scription 3 (JAK2-STAT3) signaling pathways in rats with
myocardial ischemia-reperfusion injury (MIRI) [40, 41], as
well as downregulating the p38 MAPK signaling pathway in
rat models with lipopolysaccharide- (LPS-) induced acute
lung dysfunction [42] and cerebral ischemia-reperfusion
injury (CIRI) [43]. Interestingly, Wang et al. recently discov-
ered that H2 inhibited the growth, migration, and invasion of
the A549 and H1975 lung cancer cell lines and promoted cell
apoptosis, suggesting that H2 might play crucial roles in the
treatment of lung cancer [44]. Li et al. also revealed the
apoptosis-inducing effect of H2 on KYSE-70 human esopha-
geal squamous cell carcinoma cells [45]. Thus, H2 may pro-
tect normal cells from damage and suppressing cancer cells.

2.6.2. Autophagy. Although the activation of autophagy can
maintain the energy balance of cells through the degradation
of macromolecular substances, excessive autophagy or
autophagy-related stress triggered by stress stimuli will
aggravate the inflammatory damage in tissues and organs.
H2 plays a dual role in the regulation of autophagy. Under
the regulation of H2, autophagy can be activated when pro-
tein aggregation becomes toxic and blocked once excessive
autophagy causes damage to tissues. Zhuang et al. [46]
showed that H2 treatment downregulated the expression of
phosphomammalian target of rapamycin (p-mTOR)/mTOR
and p62 in LPS-treated neuroglial cells and increased the
expression of phospho-AMP-activated protein kinase (p-
AMPK)/AMPK, light chain 3 (LC3) II/LC3 I, triggering
receptor expressed on myeloid cells 2 (TREM-2), and
Beclin-1 to activate autophagy and attenuate neuroinflam-
mation in sepsis. Guan et al. [47] revealed that H2 can ame-
liorate chronic intermittent hypoxia-induced kidney injury
by decreasing ER stress and inducing autophagy by inactivat-
ing oxidative stress-dependent p38 and JNK MAPKs. H2 can
also inhibit autophagy by downregulating NF-κB, Beclin-1,
and MAPK and upregulating the HO-1, mTOR, and LC3B
signaling pathways. Zhang et al. [42] found that saturated
hydrogen saline alleviated LPS-treated lung injury and signif-
icantly reduced the expression of autophagy-related proteins,
including LC3 and Beclin-1 (P < 0:05), suggesting that
hydrogen saline can protect lung tissue against excessive
autophagy. Saturated hydrogen saline can prevent excessive
autophagy by eliminating excessive free radicals, reducing
the concentration of free radicals in lung tissue, and promot-
ing the expression of mTOR. HO-1 can function as an
endogenous cytoprotective protein to assist in the prevention
of oxidative stress and excessive cell autophagy. H2 can
increase the tissue expression of HO-1 by promoting the
expression of nuclear erythroid 2-related factor 2 (Nrf2) [48].

Toll-like receptors (TLRs) could be a potential target for
H2 in autophagy regulation. TLR4, a key factor in the recog-

nition of viral and bacterial factors, can be activated by LPS to
induce autophagy of macrophages [49]. The inhibition of an
LPS-induced inflammatory response by H2 supports the
speculation that TLR may be a potential pathway of
hydrogen-induced autophagy.

2.6.3. Pyroptosis. Pyroptosis is an inflammatory programmed
cell death pathway that protects multicellular hosts from
invasive pathogens, including microbial infections [50].
Human and mouse caspase-1, human caspase-4 and cas-
pase-5, and mouse caspase-11 act as essential activators of
pyroptosis. While pyroptosis is normally beneficial for the
host, excessive pyroptosis can result in sepsis and septic
shock. Although there is no experimental data to explain
the relationship between H2 and the pyroptosis pathway, it
is conceivable that the regulation of some inflammatory fac-
tors and nuclear factors by H2 will interfere with the trigger-
ing of pyroptosis, or at least reduce pyroptosis-related
inflammation. In one study [51], inhalation of 2% H2
reduced the expression of caspase-1, a key factor for pyropto-
sis activation. Physical rupture of cells caused by pyroptosis
leads to the release of the proinflammatory cytokines IL-1β
and IL-18, while hydrogen pretreatment can significantly
reduce the level of these cytokines [52]. H2 has also been
shown to regulate the expression of Atg7, which inhibits pyr-
optosis [53]. It has been proposed that HMGB1 [54] and
IFN-γ [50] are necessary for caspase-11-dependent pyropto-
sis activation. The negative effect of H2 on the expression of
these two factors may protect cells from pyroptosis. H2 is able
to block the expression of caspase-3 [55], which serves both
as the activator of apoptosis, and also blocks pyroptosis by
cleaving gasdermin D [56]. Bidirectional crosstalk exists
between the caspase-3 produced in apoptosis and the caspase
in pyroptosis. The mechanism of this crosstalk remains
unclear.

Human immunodeficiency virus (HIV) can accelerate
the depletion of CD4+ T cells via interferon-gamma induc-
ible protein 16- (IFI16-) triggered pyroptosis [50]. Thus, the
regulation of pyroptosis by H2 may be a potential mechanism
to treat HIV affection.

2.6.4. Ferroptosis. Ferroptosis is a form of regulated cell death
proposed by Dixon et al. [57] in 2012. Ferroptosis is accom-
panied by a lethal iron-dependent accumulation of lipid
hydroperoxides. Although laboratory verification has not
been forthcoming, we can still speculate that hydrogen can
interfere with ferroptosis to alleviate inflammatory necrosis
of tissues and organs in the pathological state, given the great
deal of overlap between hydrogen regulation and ferroptosis
pathways. It has been well-established that hydrogen has a
negative regulatory effect on ROS. We speculate that the
most critical redox imbalance in the process of ferroptosis
will be eliminated by hydrogen; thus, ferroptosis will be
blocked. In addition, H2 is able to block MAPK pathways,
which are to prevent the depletion of reducing substances
caused by iron ions and ROS [58]. A recent study [59]
showed that HMGB1, which can be downregulated by
hydrogen [9], can act as a positive regulator of ferroptosis
via the RAS-JNK/p38 pathway.
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HO-1 activity can be increased by hydrogen. HO-1 is a
potential source of intracellular iron, and a recent study
[60] demonstrated that HO-1-deficient renal epithelial cells
were more sensitive to ferroptosis, indicating that free iron
produced by HO-1 does not promote ferroptosis itself, and
that HO-1 has an antiferroptotic effect. However, the effects
of hydrogen on ferroptosis may not always be inhibitory.
For example, miR-9, an inflammatory miRNA that is down-
regulated by hydrogen, can reduce the occurrence of ferrop-
tosis [16]. The mechanism underlying the action of hydrogen
on ferroptosis is yet to be fully clarified.

Some of the anti-inflammatory and antioxidation
mechanisms of hydrogen are similar to those of GPX4
[61]. Both molecules have negative effects on the formation
of lipid peroxide and NF-κB. The combination of hydrogen
and GPX4 activator may provide a new solution for the
treatment of inflammation and other lipid peroxidation-
mediated diseases.

2.6.5. Circadian Clock. The circadian clock refers to an
endogenous oscillator that controls 24 h physiological, met-
abolic, and behavioral processes. This clock is particularly
crucial in maintaining homeostasis [62]. Intestinal microbi-
ota, which regularly produce hydrogen gas in the process of
the energy-producing anaerobic fermentation [63], undergo
diurnal oscillations in composition and function [64]. In
humans, the amount of hydrogen produced varies depend-
ing on the individual and the time of the day. Wilking et al.
suggested that the circadian regulation of protein expres-
sion plays an important role in the cellular response to oxi-
dative stress; they concluded that levels of byproducts of
oxidative stress, such as protein damage, or lipid peroxida-
tion, also oscillate with circadian rhythmicity, indicating
circadian oscillations of oxidative stress responses. Thus,
this rhythmicity of antioxidant levels can be exploited for
a more precise targeting of ROS to offer better protection
for the cells [65]. As the antioxidant activity of H2 has been
widely verified, we suggest that H2 may exert a negative
regulatory effect on ROS by regulating circadian rhythm,
but there is yet no evidence regarding how H2 is involved
in the regulation of circadian rhythm.

3. Preventive and Therapeutic
Applications of H2

H2 has preventive and therapeutic effects on different system
diseases (Table 1).

3.1. Effects of Hydrogen on the Respiratory System. The sev-
enth edition of Chinese Clinical Guidance for COVID-19
Pneumonia Diagnosis and Treatment (7th edition) issued by
China National Health Commission recommends the inhala-
tion of O2 mixed with H2. The recommendation recognized
the efficacy of hydrogen in the treatment of respiratory dis-
eases. A recent review summarized several researches on
SARS-CoV-2 and pointed out that the possibility that H2
could alleviated SARS-CoV-2 infection though affecting cel-
lular responses [66]. Antiviral efficacy and safety of H2 in
treating NCP patients have attracted the attention of

researchers in completed or ongoing multicenter clinical tri-
als. Guan et al. [67] evidenced that inhalation of H2/O2 mixed
gas efficiently improved respiratory symptoms especially
dyspnea as well as disease severity without observed side
effects. Another multi-centre RTC (ChiCTR2000030258)
aims verifying the efficacy and safety of H2/O2 mixed gas is
ongoing. Due to its small molecular weight, hydrogen in
the inhaled gas mixture can reduce airway resistance,
increase oxygen dispersion, and increase oxygen flow.
COVID-19 can provoke an inflammatory storm by exces-
sively activating the immune system, causing severe inflam-
matory damage to the lungs and extrapulmonary tissue,
which is also the main cause of death [68].

A study involving 41 patients with NCP showed that
patients in the intensive care unit displayed a significantly
higher level of inflammatory factors that included IL-2,
IL-7, IL-10, and TNF-α and that most of these factors could
be downregulated by hydrogen [69]. We speculate that the
application of hydrogen may reduce the risk of inflammatory
storm and thus prevent severe effects. Many NCP patients
need ventilator-assisted therapy. Inflammatory changes in
the respiratory system make lung tissue prone to ventilator-
induced lung injury (VILI), even with low tidal volume
[70]. Ventilation with 2% H2 was proved to be able to down-
regulate the mRNAs for proinflammatory mediators such as
TNF-α, IL-1β, Egr-1, and CCL2 and induced antiapoptotic
genes including Bcl-2 and Bcl-xL. It is consistent with the his-
topathological results which showed that inflammatory cell
infiltration and bronchial epithelial apoptosis were improved
in VILI mice after H2 treatment. H2 has a potential to protect
human lung tissues from VILI as well via its anti-inflamma-
tory, antioxidant, and antiapoptotic effects [11]. Moreover,
hydrogen can also increase surfactant proteins to prevent
further lung injury [11]. One study reported that chest com-
puted tomography scans performed at the early stage in
patients that ultimately developed in severe infection
revealed multiple small flake shadows and interstitial
changes, suggesting that pulmonary fibrosis affects the prog-
nosis of the disease. HRS has been reported to reverse
epithelial-mesenchymal transition (EMT) and prevent pul-
monary fibrosis by inhibiting oxidative stress and increasing
the expression of E-cadherin [71].

Hydrogen also has the potential to protect lung tissues
from pulmonary hypertension [72], sepsis [73], smoke inha-
lation injury [74], hemorrhagic shock and resuscitation [75],
and other toxic substances/events. In animal models, hydro-
gen also affects asthma and chronic obstructive pulmonary
disease [76].

3.2. Effects of Hydrogen on the Nervous System. Myriad forms
of irreversible damage that occur in nervous system diseases are
often caused by neuroinflammation, excessive oxidative stress,
mitochondrial dysfunction, and cell death. The therapeutic
effects of hydrogen on the nervous system have been verified
in animal models and clinical trials. Hydrogen can reportedly
reduce the loss of dopaminergic neurons and can improve
nigrostriatal degeneration a mouse model of Parkinson’s disease
(PD) following treatment with 6-hydroxydopamine [77] and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine [78]. A recent
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clinical trial showed that HW can improve the total Unified Par-
kinson’s Disease Rating Scale score of PD [31]. Early clinical tri-
als revealed that hydrogen improves PD through antioxidation.
More recent research found that hydrogen may slightly increase
oxidative stress or act as the rectifier of the mitochondrial elec-
tron flow and improve PD by regulating mitochondrial energy
[24] or via hormetic mechanisms. By hormetic mechanisms,
H2 will simulate strenuous exercise to generate a mild increase
of ROS which will evoke hormesis and then activate the Nrf2,
NF-κB pathways, and heat shock responses to protect neurons
and other tissues [16]. Hydrogen also improved cognitive func-
tion in Alzheimer’s patients in a clinical trial [79]. The collective
findings indicate the safety and effectiveness of hydrogen in the
treatment of neurodegenerative diseases.

Hydrogen has also been shown to protect the nervous
system of a fetus or newborn. In two case studies, pregnant
women who had become infected with COVID-19 displayed
a high delivery rate of fetuses with intrauterine distress lead-
ing to a higher incidence of perinatal hypoxic-ischemic brain
damage [77, 78]. The findings indicate the necessity of mea-
sures to prevent neonatal encephalopathy or reduce neonatal
neurological deficit for pregnant women infected with
COVID-19. H2 can inhibit the activation of proinflammatory
cytokines, microglia [79], and 8-hydroxy dehydrogenase (8-
OHdG) [80] to reduce oxidative damage and neuroinflam-

mation in the fetal brain in animal models. The protective
effects have been verified by clinical trials. Hippocampal
damage caused by I/R injury in the uterus on day 7 after birth
was reportedly improved for pregnant women who had been
treated with HW and was associated with reductions of 4-
hydroxy ketone and 8-OHdG [81]. The available data sup-
port the possibility that hydrogen therapy could protect
fetuses of pregnant women infected with COVID-19. In
addition, hydrogen can also protect against spinal cord injury
and a variety of brain injuries caused by ischemia, hypoxia,
trauma, and hemorrhage. A clinical study of patients suffer-
ing from cerebral infarction reported that hydrogen inhala-
tion improved imaging results, National Institutes of Health
Stroke Scale scores used to quantify the severity of stroke,
and physical therapy evaluations based on the Barthel Index
[82]. A rat model of subarachnoid hemorrhage revealed the
influence of hydrogen in lessening neurological deficits [83]
and endothelial cell injury [84]. In rats, hydrogen can also
relieve neuropathic pain [85] after spinal cord injury and
can ameliorate neurotoxicity [69].

3.3. Effects of Hydrogen on Cardiovascular Diseases.With the
acceleration of urbanization and aging of global societies, the
risk of cardiovascular diseases (CVD) has increased. The
World Health Organization ranks CVD as the leading cause

Table 1: Mechanisms of H2 in multiple systemic diseases.

Diseases Effects of H2 Reference

Respiratory system

Regulates IL-2, IL-7, IL-10, and TNF-α [66]

Increases surfactant proteins [11]

Reverses EMT and increases E-cadherin [68]

Cardiovascular system

Suppresses macrophage infiltration, TNF-α expression, and vascular aging [88]

Inhibits cardiomyocyte apoptosis [39, 40]

Decreases MDA, 8-OHdG, and IL-1β [92, 93]

Nervous system
Reduces loss of dopaminergic neurons and improves nigrostriatal degeneration [74, 75]

Reduces neurological deficits and endothelial cell injury [83, 84]

Digestive system

Induces HO-1 and Sirt1 expression [98]

Activates the A2A receptor-mediated PI3K-Akt pathway [99]

Inhibits bile acid oxidation [114]

Reproductive system

Inhibits cell proliferation and improves SOD [130]

Improves serum levels of anti-Müllerian hormone [133]

Improves serum testosterone level [135]

Urinary system

Increases Il-4 and Il-13 and promotes macrophage polarization to the M2 type [140]

Activates the Keap1/Nrf2 signaling pathway [145]

Prevents HK-2 cells from undergoing EMT

Motor system
Reduces blood lactate levels [47]

Suppresses serum 8-OHdG levels [154]

Sensory system
Reduces wound area and levels of proinflammatory cytokines [159]

Improves auditory brainstem response [161]

Metabolic syndrome

Decreases LDL and increases high-density lipoprotein [148]

Decreases glucose and insulin levels [149]

Stimulates energy metabolism [152]

Cancer
Controls cancer progression and improves quality-of-life [140]

Reduces proportion of terminal PD-1+ CD8+ T cells [37]
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of death globally, accounting for 17.5 million deaths annu-
ally. Two of every five deaths in China are attributed to
CVD, which exceeds the death rate due to cancer or other
diseases [86]. However, most clinical trials to date have failed
to effectively prevent and treat CVD. Thus, novel therapies
are urgently required.

During the past decade, many basic and clinical studies
have provided evidence supporting the view that H2 treat-
ment protects against CVD and improves cardiac function.
Ohsawa et al. discovered that consumption of HW for 6
months reduced the oxidative stress level and the volume of
atherosclerotic lesions derived from macrophage accumula-
tion in apolipoprotein E knockout mice (ApoE-/- mice)
[87]. Iketani et al. recently revealed that continuous adminis-
tration of HW in low-density lipoprotein (LDL) receptor-
deficient mice decreased the numbers of endothelial cells in
the atheroma expressing the senescence factors p16INK4a
and p21, as well as suppressing macrophage infiltration and
TNF-α expression in the atheroma, suggesting that vascular
aging can be suppressed by HW [88]. Another study demon-
strated increased flow-mediated dilation in the high-H2
group in which eight males and females drank HW contain-
ing 7 ppm H2, indicating that H2 may protect the vasculature
from shear stress-derived ROS that is detrimental [89].

In addition to treating atherosclerosis, H2 reduces MIRI,
which refers to a heart lesion that develops upon the resump-
tion of the flow of oxygen-rich blood after a period of ischemia
and which usually occurs during acute myocardial infarction
or open-heart surgery [40, 90]. A recent series of studies by
Li et al. found that HW inhibited cardiomyocyte apoptosis
by activating the PI3K/AKT and JAK2-STAT3 signaling path-
ways and can also reduce the level of oxidative stress in myo-
cardial tissue by upregulating the expression of the nuclear
erythroid 2-related factor 2/antioxidant response element
(Nrf2/ARE) signaling pathway, which alleviated I/R injury in
isolated rat hearts [39, 40, 91]. Other studies demonstrated
that intraperitoneal injection of HW before reperfusion signif-
icantly decreased the concentration of malondialdehyde
(MDA) and infarct size, as well as reducing myocardial 8-
OHdG and the levels of TNF-α and IL-1β in an area at risk
zones [92, 93]. Moreover, Qian et al. described the
hydrogen-mediated protection of myocardium degeneration
due to radiation-induced injury in rats [94]. Treatment with
HRS was shown to ameliorate vascular dysfunction, including
aortic hypertrophy and endothelial function, in spontaneously
hypertensive rats by abating oxidative stress, restoring barore-
flex function, preserving mitochondrial function, and enhanc-
ing nitric oxide bioavailability [95]. In another study, the
intraperitoneal administration of HRS improved hemody-
namics and reversed right ventricular hypertrophy in male
Sprague-Dawley rats with pulmonary hypertension induced
by monocrotaline [96]. H2 inhalation is also a favorable strat-
egy to mitigate mortality and functional outcome of postcar-
diac arrest syndrome in a rat model [97]. These collective
findings indicate the potential of H2 in novel therapeutic
approaches for the clinical treatment of CVD.

3.4. Effects of Hydrogen on Digestive System Diseases.Hepatic
ischemia-reperfusion injury (HIRI) is common in liver sur-

gery and liver transplantation. H2 treatment ameliorated HIRI
in a mouse fatty liver model by reducing hepatocyte apoptosis,
inhibiting macrophage activation and inflammatory cyto-
kines, and inducing HO-1 and Sirt1 expression [98]. Inhala-
tion of high concentrations of hydrogen significantly
improved liver function in a mouse HIRI model by activating
the A2A receptor-mediated PI3K-Akt pathway [99]. A recent
series of studies also discovered that portal vein injection of
HRS in miniature pigs with laparoscopic HIRI promoted liver
function recovery and liver regeneration by reducing hepato-
cyte autophagy and apoptosis and inhibited ER stress, with
significant hepatoprotective effects observed [100–103].
Hydrogen flush after cold storage refers to an end-ischemic
H2 flush directly to donor organs ex vivo. This approach can
significantly protect liver grafts from IRI [104], providing a
potentially effective strategy for organ preservation. Other
studies demonstrated the protective effects of H2 in liver dam-
age induced by parasites [105], obstructive jaundice [106],
shock and resuscitation [107], sepsis [108], doxorubicin [6],
and aflatoxin B1 [109]. In a mouse model of nonalcoholic fatty
liver disease (NAFLD), HW downregulated Nrf2-mediated
miR-136 expression by targeting the maternally expressed 3
long noncoding RNA gene [110], providing a rationale for fur-
ther clinical trials. In a human study, HW also significantly
reduced liver fat accumulation in twelve overweight outpa-
tients with NAFLD [111]. Another in vivo study revealed that
oral HW significantly attenuated oxidative stress in patients
with chronic hepatitis B [112]. In recent years, it has become
widely accepted that bile acids are a nutrient signaling hor-
mone [113]. Molecular hydrogen was recently demonstrated
to participate in the regulation of bile acid metabolism, partic-
ularly in the inhibition of bile acid oxidation, in some gut bac-
teria [114].

Intestinal I/R injury is a multifactorial pathophysiological
process with high morbidity and mortality. I/R injury occurs
in a variety of clinical settings that include major cardiovas-
cular surgery, trauma, shock, and small intestinal transplan-
tation [115]. Yao et al. recently observed that intraperitoneal
injection of H2 attenuated I/R-induced mucosal injury and
apoptosis of epithelial cells in mice by regulating miRNAs,
in particular by regulating miR-199a-3p [116]. Furthermore,
HW reportedly inhibited intestinal I/R-induced oxidative
stress, apoptosis, and inflammation and promoted epithelial
cell proliferation in rats, which protected against intestinal
contractile dysfunction and damage induced by intestinal
I/R [117–119]. Most gastrointestinal microbial species
encode the genetic capacity to metabolize H2, meaning that
H2 might affect the gut bacterial composition [120], and bac-
terial translocation is an important cause of multiple organ
dysfunction syndromes in critical illness. Ikeda et al.
described that the luminal administration of HW prevented
intestinal dysbiosis, hyperpermeability, and bacterial trans-
location in a murine model of sepsis [121]. In another study,
the inhalation of 2% H2 also attenuated intestinal injuries
caused by severe sepsis in male Nrf2 KO mice by regulating
HO-1 and HMGB1 release [122]. Moreover, an in vivo study
revealed that H2 inhalation improved the prognosis in
patients with stage IV colorectal cancer by activating PGC-
1α and restoring exhausted CD8+ T cells [123].
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Wang et al. interestingly discovered that cytotoxin-
associated gene A cytotoxin, a virulence factor of Helicobacter
pylori that augments the risk of gastric cancer, can be delivered
into host cells by the H2-utilizing respiratory chain of the bac-
terium, extending the roles of H2 oxidation to include trans-
port of a carcinogenic toxin [124]. Although this study
indicated that H2 may play a role in increasing gastric cancer
risk, abundant studies also demonstrated that H2 is protective
in gastric damage induced by oxidative stress [125] and aspirin
[126]. Franceschelli et al. found that electrolyzed reduced
water, which is rich in molecular hydrogen, rapidly improved
symptoms in patients with gastroesophageal reflux disease
[127]. H2 treatment also controlled the severity of chronic
pancreatitis [15] and acute necrotizing pancreatitis [128].

3.5. Effects of Hydrogen on Reproductive System Diseases.
Yang et al. recently demonstrated using a mouse model of
human endometrial tumor xenograft that HW has an antitu-
mor effect that was sufficient to inhibit xenograft volume
and weight of endometrial tumors via the ROS/NLRP3/cas-
pase-1/GSDMD-mediated pyroptotic pathway, indicating a
biphasic effect of H2 on cancer that involves the promotion
of tumor cell death and protection of normal cells [129]. Other
authors reported that H2 inhalation reduced the size of the
endometrial explants, inhibited cell proliferation, improved
SOD, and regulated the expression of matrix metalloprotein-
ase 9 and cyclooxygenase 2 in an endometriosis rat model
[130]. HRS is effective in attenuating ovary injury induced
by I/R [131] and cisplatin [132]. HW improved serum anti-
Müllerian hormone levels and reduced ovarian granulosa cell
apoptosis in a mouse immune premature ovarian failure
model induced by zona pellucida glycoprotein 3 [133]. In a
hemisectioned spinal cord injury rat model, HRS inhibited
the injury-induced ultrastructural changes in gonadotrophs,
ameliorated the abnormal regulation of the hypothalamic-
pituitary-testis axis, and thereby promoted the recovery of tes-
ticular injury [134]. In irradiated rats, HRS improved testis
weight, testis dimensions, sperm count, sperm motility, and
serum testosterone levels [135]. HW stimulated spermatogen-
esis as well as increased sperm production and sperm motility
in mice of different ages [136]. Based on previous studies,
Begum et al. hypothesized that H2 may modulate intracellular
MAPK cAMP and Ca2+ signals involved in testosterone hor-
mone production to improve male fertility caused by redox
imbalance [137]. Finally, H2 decreased the percentage of
sperm abnormalities and improved sperm morphology fol-
lowing the prolonged exposure of mouse low doses of radia-
tion [138]. The collective data indicate that hydrogen can
protect both female and male fertility.

3.6. Effects of Hydrogen on Urinary System Diseases. Acute
kidney injury (AKI) is an important risk factor for the
development of chronic kidney disease. Wu et al. recently
found that saturated hydrogen alleviates CCL4-induced
AKI via JAK2/STAT3/p65 signaling [139]. Inhalation of a
hydrogen-rich aerosol appears to be very useful for renal
protection and inflammation reduction in septic AKI, based
on the observations of increased anti-inflammatory cyto-
kine (IL-4 and IL-13) mRNA levels in renal tissues and

increased macrophage polarization to the M2 type, which
generates additional anti-inflammatory cytokines (IL-10 and
transforming growth factor-beta, TGF-β) [140]. Additionally,
H2 can alleviate AKI induced by I/R [141], liver transplanta-
tion [142], burns [143], and sodium taurocholate-induced
acute pancreatitis [144]. Recently, Lu et al. demonstrated
that HW can restore a balanced redox status and alleviate
cyclosporine A-induced nephrotoxicity by activating the
Keap1/Nrf2 signaling pathway [145]. H2 can ameliorate kid-
ney injury induced by chronic intermittent hypoxia by
decreasing ER stress and activating autophagy through the
inhibition of oxidative stress-dependent p38 and JNK
MAPK activation [46]. HW also reportedly can inhibit the
development of renal fibrosis and prevent HK-2 cells from
undergoing EMT mediated through Sirt1, a downstream
molecule of TGF-β1. HRS markedly reduced interstitial con-
gestion, edema, and hemorrhage in renal tissue, prevented
renal injury, and promoted renal function recovery after
I/R injury in rats through antiapoptotic and anti-
inflammatory actions in kidney cells [146]. Other authors
described that HW significantly reduced the increased post-
void residual volume in obstructed rats and ameliorated
bladder dysfunction secondary to bladder outlet obstruction
by attenuating oxidative stress [147].

3.7. Effects of Hydrogen on Metabolic Syndrome. Metabolic
syndrome is associated with excess calorie intake and encom-
passes a range of medical conditions that include obesity, insu-
lin resistance, and dyslipidemia. Many studies have
demonstrated the protective effects of H2 in metabolic syn-
drome. Qiu et al. reported that saturated hydrogen decreased
total cholesterol, total glyceride, and LDL, increased high-
density lipoprotein in the peripheral blood, and alleviated the
activityof isocitrate lyase, suggesting thatH2could improve lipid
metabolism disorders by inhibiting the glyoxylic acid cycle
[148]. Glucose and insulin levels in the serumwere also signifi-
cantly lower inH2-treatedmice,whichmarkedly improved type
2 diabetes mellitus and diabetic nephropathy-related out-
comes [149]. Moreover, gut-derived hydrogen production
induced by L-arabinose reportedly had beneficial effects on
metabolic syndrome in C57BL/6J mice fed a high-fat diet
[150] and reduced oxidative stress and the peripheral blood
IL-1β mRNA level in sixteen type 2 diabetic patients [151].
H2 treatment has also shown positive effects on energy metab-
olism. In 2011, Kamimura et al. reported that prolonged con-
sumption of HW significantly controlled fat and body weights
in db/db obese mice by stimulating energy metabolism [152].
A recent study revealed that H2 attenuated allergic inflamma-
tion in a mouse model of allergic airway inflammation by
reversing an energy metabolic pathway switch from oxidative
phosphorylation to aerobic glycolysis [153].

3.8. Effects of Hydrogen on Motor System Diseases. Although
many studies have investigated the effectiveness of H2 on var-
ious diseases related to oxidative stress, little is known about
the influence of H2 on exercise-induced oxidative stress. In
2012, Aoki et al. found that HW reduced blood lactate levels
and improved exercise-induced decline of muscle function in
ten male soccer players [47]. Yamazaki et al. discovered that
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the serum 8-OHdG levels in H2-treated race horses were sig-
nificantly suppressed, strongly suggesting a protective effect
of H2 in exercise-induced, ROS-mediated detrimental tissue
damage [154]. Additionally, hydrogen bathing attenuated
exercise-induced muscle damage and delayed-onset muscle
soreness but had no effects on the peripheral neutrophil
count and both dynamics and functions of neutrophils
[155]. These findings highlight that further studies are
needed to clarify the mechanisms of H2. Inhalation of H2 sig-
nificantly decreased infarct zone and area with loss of tissue
structure, attenuated muscle damage, and enhanced func-
tional recovery in a mouse hindlimb I/R injury model
[156]. Finally, Hasegawa et al. revealed that H2 improved
muscular dystrophy in the mdx mouse model for Duchenne
muscular dystrophy [157].

3.9. Effects of Hydrogen on Sensory System Diseases. Hydro-
gen has a therapeutic role in alleviating the damage to some
sensory organs, mainly through antioxidation. Hydrogen
promotes wound healing in tissue or protective barriers
including skin and mucosa. For example, preinhalation of
hydrogen-containing gas decreased wound healing time in
a rat model of radiation-induced skin injury [158]. Other
authors reported that H2 inhalation reduced the wound area
and levels of proinflammatory cytokines in pressure ulcers
[159]. Moreover, hydrogen can improve skin lesions in some
immune disorders by interfering with the immune system or
ROS removal [160]. HW also benefits the wound healing
process of the oral palate. Hydrogen also may protect hearing
and vision. Kurioka et al. [161] demonstrated that hydrogen
inhalation significantly reduced outer hair cell loss and
improved auditory brainstem response after noise exposure,
indicating a protective effect for noise-induced hearing loss.
Hydrogen has been shown to be effective in treating cornea
injury caused by alkali [162], fluoride, chloropicrin [163],
and ultraviolet B radiation [164].

3.10. Effects of Hydrogen on Cancer. Many animal models
have established the efficacy of hydrogen against cancers.
The attributes of hydrogen include blocking of the regulator
for chromosome condensation [43], some crucial molecules
in stemness [165], proliferation [123], and angiogenesis
[165], and the alleviation of oxidative stress. The combina-
tion therapy of hydrogen and other novel antineoplastic
drugs, such as LY294002 [166], which is an inhibitor of
PI3K, has demonstrated great potential and efficacy. An
increasing number of clinical trials are being carried out. A
recent survey [140] on 82 advanced cancer patients exempli-
fied that hydrogen can control cancer progression and
improve the quality-of-life. Akagi [37] treated 55 stage IV
colorectal carcinoma patients using hydrogen inhalation
and documented enhanced mitochondrial activity due to
the activation of PGC-1α to reduce the proportion of termi-
nal PD-1+ CD8+ T cells. The depletion of these cells is asso-
ciated with improved cancer prognosis [37, 123]. This
therapeutic effect has also been confirmed in another trial
conducted in one patient with metastatic gallbladder cancer
[167]. In a case report in 2019, hydrogen gas therapy resulted
in 1the disappearance of the metastatic brain tumors in a

woman diagnosed with lung cancer [168]. Finally, hydrogen
can also reduce the side effects of cisplatin [169] and radio-
therapy [170]. Though growing evidences have shown the
effects of H2 on alleviating both cancer progression and side
effects of chemotherapeutics, the H2 therapy applied in can-
cer is just in a nascent stage. At present, the published
researches on the anticancer effects of H2 mainly focus on
lung cancer [168], colorectal cancer [37], and glioma [165].
It remains unclear how many cancers can effectively be alle-
viated by H2 and how many can not be.

At present, patients with COVID-19 pneumonia are
usually treated with high flow pure oxygen (without adding
H2), although the effect of O2 when associated with H2
may give better results [171]. The production of mucus in
these patients reduces the absorption of O2, while with a
mixture of O2 and H2, the bronchioles and the alveoli of
lungs are further expanded, optimizing the absorption of
O2 [172]. H2 is used as a catalyst to accelerate the binding
of hemoglobin with O2 and the release of hemoglobin with
carbon dioxide [173].

4. Conclusions

Hydrogen has great potential in the regulation of oxidative
stress, inflammation, energy metabolism of organelles, and
programmed cell death. Many animal experiments and clin-
ical trials have established the protective effects of hydrogen
on many organs and systems.

Research in this area has increased over the past 15 years.
However, the details of the specific molecular mechanisms of
the therapeutic effects of hydrogen remain unclear. For
example, whether hydrogen can truly be used to regulate fer-
roptosis, pyroptosis, or the circadian clock is not known.
Since H2 is not something like rapamycin or leucine only
going to have one direction (opposite) effects on autophagy,
is it possible to regulate autophagy or apoptosis in a specific
direction? Previous studies have clearly explained the antiox-
idative stress effect of hydrogen. However, some recent clin-
ical trials have shown that H2 can induce oxidative stress in
some cases as well. Ventilation with H2 can induce a mild
increase of ROS to activate the Nrf2, NF-κB pathways, and
heat shock responses. H2-induced ROS production can also
be observed in cancer cells. The specific mechanism underly-
ing the hydrogen-induced increase of oxidative stress should
be explained by more experiments. These and other ques-
tions concerning the mechanism of hydrogen should be
further explored.

There are many factors that limit the clinical use of
hydrogen. Firstly, hydrogen is considered unsafe at concen-
trations above 4% because such a high level of H2 is explosive
and might bring cytotoxic effects. Previous studies have indi-
cated that the concentration of hydrogen should be stabilized
beyond 2% to enable protection from acute oxidative stress.
However, even 2% of hydrogen is not absolutely safe. Most
clinical ventilators are equipped with platinum hot manom-
eters, because H2 and O2 can overheat the platinum surface
at room temperature. Secondly, there is a lack of specialized
devices that enable the administration of effective hydrogen
concentrations, while ensuring that they are safe. Thirdly,
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there have been few large-scale controlled human studies on
the effects of hydrogen. Fourthly, Liu and his colleagues dem-
onstrated that the inhalation of H2 resulted in a slower eleva-
tion of the H2 concentration than that achieved with
intraperitoneal, intravenous, or oral administration. How-
ever, the elevated H2 concentrations were maintained for at
least 60 minutes after inhalation. Thus, it should be deliber-
ated to choose the administration of H2 [7]. As a result, the
dose-specific effects or side effects of hydrogen in humans
remain unclear.

The data regarding the known mechanisms underlying
the action of hydrogen indicate that hydrogen can alleviate
the damage in multiple organs in NCP patients. The compar-
isons of the different modalities of hydrogen indicate the
value of HW in the effective treatment of such patients.

Hydrogen is inexpensive and safe and can be adminis-
tered through many ways. We anticipate that as large-scale
clinical trials confirm the therapeutic efficacy and safety of
hydrogen, its full clinical potential will be realized.

Abbreviation

NCP: Novel coronavirus pneumonia
H2: Hydrogen
I/R: Ischemia/reperfusion
HRS: H2-rich saline
HW: H2-rich water
ROS: Reactive oxygen species
ER: Endoplasmic reticulum
EMT: Epithelial-mesenchymal transition
CVD: Cardiovascular diseases
NAFLD: Nonalcoholic fatty liver disease
AKI: Acute kidney injury
MDA: Malondialdehyde
Nrf2: Nuclear erythroid 2-related factor 2
PGC-1α: Peroxisome proliferator-activated receptor-

gamma coactivator-1 alpha.
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The World Health Organization estimates that 7 million people die every year due to pollution exposure. Among the different
pollutants to which living organism are exposed, ozone (O3) represents one of the most toxic, because its location which is the
skin is one of the direct tissues exposed to the outdoor environment. Chronic exposure to outdoor stressors can alter cutaneous
redox state resulting in the activation of inflammatory pathways. Recently, a new player in the inflammation mechanism was
discovered: the multiprotein complex NLRP1 inflammasome, which has been shown to be also expressed in the skin. The
topical application of natural compounds has been studied for the last 40 years as a possible approach to prevent and eventually
cure skin conditions. Recently, the possibility to use blueberry (BB) extract to prevent pollution-induced skin toxicity has been
of great interest in the cosmeceutical industry. In the present study, we analyzed the cutaneous protective effect of BB extract in
several skin models (2D, 3D, and human skin explants). Specifically, we observed that in the different skin models used, BB
extracts were able to enhance keratinocyte wound closure and normalize proliferation and migration responses previously
altered by O3. In addition, pretreatment with BB extracts was able to prevent ozone-induced ROS production and
inflammasome activation measured as NRLP1-ASC scaffold formation and also prevent the transcripts of key inflammasome
players such as CASP1 and IL-18, suggesting that this approach as a possible new technology to prevent cutaneous pollution
damage. Our data support the hypothesis that BB extracts can effectively reduce skin inflammation and be a possible new
technology against cutaneous pollution-induced damage.

1. Introduction

The last estimates of the World Health Organization (WHO)
state that 9 out of 10 people living in urban areas are exposed
to pollution levels above the healthy recommendations, lead-
ing to around 7 million deaths per year [1].

Pollution is a term used to describe a wide array of pollut-
ants (ozone, diesel fuel exhaust, cigarette smoke, and heavy
metals) to which living organisms are exposed, and among
them, tropospheric ozone (O3) is one of the most toxic [2].

O3 concentrations can vary depending on altitude, seasonal-
ity, and the geographical location of the area (rural or urban);
in some of the most polluted cities, O3 concentration can
reach concentration between 0.5 ppm and 0.8 ppm [2–4].

O3 is a secondary pollutant because its formation is due
to the interaction between the hydrocarbons and oxides of
nitrogen released from car exhaust and sunlight (UV), lead-
ing to photochemical smog [2]. The effects of O3 exposure
on target organs such as the respiratory tract have been inves-
tigated over the last 3 decades, and a strong correlation was
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clearly revealed between the development of respiratory con-
ditions and ozone exposure. On the other hand, the effects
that O3 has on the skin have been studied only recently [5–
8] suggesting a link between the development of skin condi-
tions and ozone exposure [2, 9–11]. Although O3 is not a
radical per se, it is very reactive and its ability to induce tis-
sue damage is mainly associated with its interaction with the
cutaneous lipids present in the stratum corneum (SC), gen-
erating molecules such as hydrogen peroxide (H2O2) and
lipid peroxidation products (4 hydroxynonenal (4HNE))
that can trigger an inflammatory response [12–16].

Recently, a new protein complex, the inflammasome, has
been shown to be involved in several inflammatory tissue
responses. It can be activated by a wide array of stimuli,
such as pathogen and danger-associated molecular pat-
terns (PAMPs and DAMPs), ionic flux, lysosomal damage,
mitochondrial dysfunction, and the production of reactive
oxygen species (ROS) [17].

Different inflammasomes have been so far identified
(NLRP1, NLRP3, NLRC4, and AIM2); they are all multi-
meric protein complex part of the innate immune system
and which rely on pattern recognition receptors (PPRs) to
sense extracellular stimuli and a variety of stress factors [17,
18]. In particular, stimulation of inflammasomes NLRP1
and NLRP3 leads to the assembly of the components of this
receptor (NOD-like sensor receptor (NLRs), apoptosis-
associated speck-like adaptor protein (ASC), and procas-
pase 1) yielding to caspase 1-mediated activation which
induces the secretion of proinflammatory cytokines such as
IL-18 and IL-1β [17]. Chronic activation of the inflammasome
has been correlated with the development of different condi-
tions: atherosclerosis, autoinflammatory disease, Parkinson’s
and Alzheimer’s disease [19–24], and recently also with skin
diseases such as vitiligo, atopic dermatitis, acne, melanoma,
pigmentation, and psoriasis [25–27].

Previous studies provided evidences that the NLRP1
(rather than the NLRP3) inflammasome is involved in epi-
dermis inflammation [28, 29]. Canonical activation of the
inflammasome requires the oligomerization of 3 different
proteins: sensor receptor NLRP1, the speck-like receptor
ASC, and procaspase 1. Once these interactions are estab-
lished, the autocatalysis of the procaspase 1 in active caspase
1 induces the cleavage of the inactive zymogens pro-IL-18
and pro-IL-1β into their active forms [17]. Our previous
work unveiled the ability of ozone (ranging from 0.4 to
0.5 ppm) to activate cutaneous NLRP1 inflammasome [30].

Cells are able to quench, to a certain extent, the produc-
tion of ROS via endogenous antioxidant enzymes (glutathione
peroxidase, catalase, and superoxide dismutase, including the
thioredoxin and peroxiredoxin systems) [31–33]; nevertheless,
this defensive system can be insufficient when the exposure to
oxidative stimuli is particularly intense or long lasting, as can
be the case when living in polluted environments [31, 34].

The use of topical interventions to improve skin defense
against the outdoor environment has been studied for many
years [15, 16, 35, 36]. Interventional studies indicate that it is
possible to delay extrinsic skin aging and cutaneous damage
and to improve skin conditions through the administration
of specific natural compounds [37, 38] such as vitamin C

and vitamin E (tocopherols) [14–16, 39–41], but more
research needs to be done in providing more efficient com-
pounds or even possibly mixture combining several natural
extracts to be used against pollution-induced skin damage.

In the last few years, research on health benefits associ-
ated with blueberry (BB) dietary intake has risen sharply,
due to evidence supporting blueberry’s beneficial properties
in reducing the risk of cardiovascular disease and type 2 dia-
betes, improving weight maintenance, and neuroprotection
and most of all due to their significant antioxidant and
anti-inflammatory properties thanks to their abundant poly-
phenolic compounds [42–44].

Blueberries are rich in polyphenolic compounds, which
are widely distributed in nature and are important for plant
survival since they attract pollinators and protect the fruit
itself against various abiotic and biotic stress sources [45].
The main phytochemicals present in blueberry fruit are poly-
phenol compounds, including anthocyanins, proanthocyani-
din, flavonols, and phenolic acids. Anthocyanins represent
the major group of polyphenols in BB, including monoglyco-
sides of delphinidin, cyanidin, petunidin, peonidin, and mal-
vidin [46]. For cultivated blueberries, anthocyanins are
mostly concentrated in the blueberry skin, giving the charac-
teristic indigo color; therefore, a small-sized blueberry would
have a relatively higher skin surface (with respect to the berry
volume) and consequently higher anthocyanin content com-
pared to another bigger blueberry [47]. Wild lowbush blue-
berry (Vaccinium angustifolium Aiton), typically smaller
than most cultivated blueberries, contains anthocyanins in
both the skin and the flesh of the berry fruit [48, 49].

The topical application of various blueberries has been
studied to reduce telangiectasias, wrinkle formation, and skin
aging [50–52], and its topical and medicinal use has been
recorded in the Traditional Ecological Knowledge of Native
American pharmacopoeia [53]; but the potential advanta-
geous mechanisms of topical application against pollution-
induced damage have never been evaluated, especially for
Vaccinium species.

Since ozone exposure has already been associated with
the development and exacerbation of inflammatory skin dis-
eases ([2, 54, 55]), we hypothesized that the use of blueberry
(BB) extracts would be able to quench the ozone-induced
activation of cutaneous inflammasome through the preven-
tion of redox imbalance.

In the present study, we have observed that BB extract was
able to prevent ozone-induced inflammasome-related genes
and proteins levels and also the oligomerization of the inflam-
masome components. In addition, BB extract pretreatment
was efficient in improving epithelial wound healing and
decreasing oxidative markers related to ozone exposure.

2. Materials and Methods

2.1. Ozone Generator. O3 was generated via electrical corona
arc discharge from O2 and combined with ambient air to
flow into a plexiglass box (ECO3 model CUV-01, Italy,
Model 306 Ozone Calibration Source, 2B Technologies,
Ozone Solution), as previously described [56] and constantly
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monitored by an ozone detector. The dose was based on our
previous studies [15].

2.2. Plant Material. A uniform composite of ripe wild low-
bush blueberries (V. angustifolium, Aiton) grown in mari-
time provinces of Canada (Quebec, Nova Scotia, Prince
Edward Island, and New Brunswick) and the State of Maine
(USA) was provided by the Wild Blueberry Association of
North America (Old Town, ME, USA). Blueberries (BB) were
individually quick-frozen (IQF) within hours of harvest and
then stored at −70°C until they were shipped to North Caro-
lina on dry ice, where they were then stored at -80°C. Frozen
BB samples were lyophilized before extraction.

2.3. Extraction. Extraction of lyophilized BB was conducted
according to our published procedures with minor modifica-
tions [57]. Ground freeze-dried BB (5 g) were placed in 50ml
centrifuge tubes embedded in ice and homogenized in 30ml
of cold extraction solvent (70% aqueous methanol, 0.5%
acetic acid) using a Pro 250 homogenizer (Pro Scientific
Inc. Oxford, CT, USA) for 4min. The obtained slurry was
centrifuged (Sorvall RC-6 Plus, Asheville, NC, USA) for
10min at 3452 × g force at 4°C. The supernatant was col-
lected in a 100ml volumetric flask. The residue was then
extracted twice with same solvent, and supernatants were
collected all together and brought to a final volume of
100ml with the extraction solvent. An aliquot was evapo-
rated to an aqueous solution and lyophilized [58].

2.4. Blueberry Extract Preparation. BB frozen extract powder
was solubilized in a volume of dimethylsulfoxyde (DMSO)
(Thermo Fisher Scientific, USA, cat no. 20688 99.5%) needed
to reach a primary concentration of 100mg/ml (stock), ali-
quoted, and stored at -80°C. For each experiment, a new
freshly made BB treatment was prepared in complete media
from the stock, via serial dilutions: ranging from 0.1μg/ml
to 100μg/ml based on the skin model utilized. The specific
volumes utilized to prepare the serial dilutions of BB extract
were also utilized to make the negative controls of DMSO
(final concentration 0.01%) in complete media.

2.5. Keratinocytes Culture, BB Pretreatment, and Ozone
Exposure. HaCaT cells (AddexBio, USA) were cultured in
high-glucose (4.5%) Dulbecco’s modified Eagle’s medium
(Corning, USA) supplemented with 10% FBS (Sigma, USA),
100U/ml penicillin, and 100μg/ml streptomycin (Gibco,
USA) (complete media) and grown at 37°C in 5% CO2 and
95% air. For LDH, BrdU, and DCFDH, 10,000 cells were
seeded in 96-well plate dishes (Corning, USA); 250,000 cells
were seeded into 12-well plates (Corning, USA) to perform
the scratch-wound assay; and 1 million cells were instead
seeded in 6 cm2 petri dishes (Corning, USA) for RT-PCRs.
After 8 hours from the seeding, HaCaT were starved with
high-glucose Dulbecco’s modifies Eagle’s medium supple-
mented with 1% FBS (Sigma, USA), 100U/ml penicillin,
and 100μg/ml streptomycin (Gibco, USA). On the second
day, in the morning, the media were removed and either
control medium containing the preestablished volume of
DMSO (0.01%) or BB extracts were added at a dose of
10μg/ml and left for 24h while cells were incubated at

37°C in 5% CO2 and 95% air. In the third morning, the BB
pretreatment media and the control media were discarded
and complete media were added; then, cells were placed in
a plexiglass box connected to the ozone generator and
exposed to ozone for 1h at the dose of 0.5 ppm. After the
ozone exposure, samples were harvested for the biochemical
and immunochemical assays.

2.6. 3D Skin Model Treatment and Ozone Exposure. 3D skin
model “EpiDerm” (reconstructed human epidermis (RHE))
was purchased from MatTek corporation (EpiDerm, EPI-
200). Upon arrival, the 24 inserts containing 3D skin tissues
were transferred into 6-well plates prefilled with 1ml of
MatTek Assay medium (provided by MatTek corporation,
USA), according to the manufacturer’s instructions as pre-
viously described [59]. The plates were placed in the incu-
bator overnight (5% CO2, 37

°C) for recovery. On the day
after, either control medium containing the preestablished
volume of DMSO or BB extracts were added at the dose
100μg/ml and left for 24 h. On day 3, the media were dis-
carded and complete media were added to the tissues and
exposed to O3 for 5 h at the dose 0.5 ppm. Protein and
RNA were collected right after exposure (T0), 6 h (T6),
and 24 h (T24) postexposure.

2.7. Human Skin Explant Treatment and Ozone Exposure.
Healthy human skin was purchased from Hunstad/Korte-
sis/Bharti Cosmetic Surgery clinic. 12mm punch biopsies
were taken from the skin and excised using sterile scissors;
subcutaneous tissue was removed with a scalpel, and the
biopsies were rinsed with Phosphate-Buffered Saline (PBS)
containing antibiotics/antimycotic using a sterile technique
[30]. Then, the skin explants were transferred to 6-well plates
and cultured in complete media, at 37°C in 5% CO2 and 95%
air. The morning after, either control medium containing the
preestablished volume of DMSO or BB extracts were added
at the dose of 100μg/ml and incubated for 24 h. On day 3,
the tissues were placed in a plexiglass box connected to the
ozone generator and exposed for 5 h at the dose of 0.5 ppm.
Skin samples were collected, dehydrated, and embedded in
paraffin to perform immunohistochemistry at 0 h, 6 h, and
24 h upon ozone exposure.

2.8. Lactate Dehydrogenase (LDH) Cytotoxicity Assay. After
24h of BB pretreatment at the doses of 0.1, 0.5, 1, 5, and
10μg/ml for HaCaT and 10, 50, and 100μg/ml for RHE,
supernatants from both the 2D and 3Dmodels were collected,
and cytotoxicity was calculated by measuring the amount of
the enzyme lactate dehydrogenase (LDH) released in the cyto-
sol, according to manufacturer’s instructions (Roche, USA, cat
no. 11644793001). Levels of LDH released into themedia from
keratinocytes and RHE were normalized to the positive con-
trol Triton X100, considered 100% LDH release [60].

2.9. Scratch Wound Healing Assay. After seeding (250,000
HaCaT cells per 12-well plate), BB pretreatment, and ozone
exposure, the adherent monolayer of human keratinocytes
was mechanically scratched with a sterile p200 pipette tip
and cellular debris were washed off with PBS (Corning,
USA). Pictures of the wound area were taken at different time
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points (0 h, 18 h, and 36 h upon ozone exposure) in three dif-
ferent places, using AxioVision software (40x magnification).
Quantification of the wound width was determined by anal-
ysis with ImageJ software (National Institutes of Health,
Bethesda, MD, USA) and compared to the wound area at
0 h, arbitrarily set at 100 [61, 62].

2.10. In Vitro Cell Migration Assay. HaCaT cells were seeded
in 10 cm2 petri dishes and pretreated with BB at the dose
10μg/ml for 24 h; then, the cells were detached and 50,000
cells were resuspended in serum-free media and seeded in
8μm pore size transwells (QCMTM 24-well Colorimetric
Cell Migration Assay kit, Millipore, USA) coated with
0.15mg/ml bovine collagen IV. After 30min, 650μl of com-
plete media was added at the bottom of each well, acting as a
chemoattractant. Following ozone exposure (0.5 ppm for 1 h)
the transwell inserts were fixed for 10min with 70% ethanol,
stained with 0.02% of Coomassie Blue for 15min, and rinsed
with double-distilled water. HaCaT cells left unmigrated in
the upper part of the transwell were gently removed with a
cotton swab, and pictures of 3 randomly selected fields were
captured using AxioVision software (20x magnification).
Automated quantification of the migrated cells was per-
formed using ImageJ program as follows: conversion to gray-
scale of the image, removal of noise, and adjustment of
brightness and contrast (min = 87,max = 167); then, a Phan-
salkar threshold and watershed were applied [62].

2.11. In Vitro Cell Proliferation Assay. Cellular proliferation
in HaCaT cells was evaluated by bromodeoxyuridine (BrdU)
incorporation assay (Roche, USA, cat no. 11647229001).
After seeding (10,000 cells/well in 96-well plate) and upon
BB pretreatment and ozone exposure, 20μl of BrdU labeling
solution/well was added to the cells and incubated for 24 h
(5% CO2, 37

°C); following, the cells were dried and fixed
and the cellular DNA was denatured allowing a better detec-
tion by the antibody of the already incorporated BrdU [63].
Then, as indicated by the manufacturer, the monoclonal
anti-BrdU peroxidase-conjugated antibody was added to
each well and incubated at room temperature for 90min.
The cells were then rinsed with PBS, and the bound peroxi-
dase was photometrically detected after 30min via substrate
reaction and quantified by measuring the absorbance pro-
duced at 370nm (reference wavelength 492nm).

2.12. Dichlorofluorescein (DCF) Assay. 10,000 cells were
seeded in a 96-well plate, starved overnight, and pretreated
with BB 10μg/ml for 24 h. Prior to ozone exposure, the BB
pretreatment was removed and cells were washed with warm
PBS. Then, 2′,7′ acetylated dichlorofluorescein (DCF) (Invi-
trogen, Thermo Fisher Scientific, USA, cat no. C2938) was
resuspended in PBS to reach the concentration 10μM and
incubated with the cells, in the dark, for 30min at 37°C, to
allow the internalization of the fluorescent probe in the cells.
Following, the DCF was removed and 100μl/well of Dulbec-
co’s modified Eagle’s medium without Red Phenol (Corning)
supplemented with 1% of FBS (Sigma), 100U/ml penicillin,
and 100μg/ml streptomycin (Gibco) was added. The cells
were then exposed to ozone (1 h at 0.5 ppm), and the fluores-

cence of oxidized DCF dye was evaluated 1 hour after ozone
exposure as previously described [64].

2.13. ASC Oligomerization Assay. HaCaT cells (1 × 106) were
grown in 6 cm2 petri dishes, starved overnight, and pretreated
with BB 10μg/ml for 24h. Just prior to ozone exposure, the BB
pretreatment was removed, and cells were exposed to ozone
for 1h at 0.5 ppm and collected after 0 h, 1 h, and 3h. Cells
were washed in cold PBS, gently detached with a scraper,
and centrifuged for 5min at 1500× g. The cell pellet was resus-
pended in 500μl of cold lysis buffer (containing Hepes, KOH
20mM (pH7.5), KCl 150mM, NP-40 1%, 1% protease inhib-
itor cocktails (Sigma), and PMSF 0.1mM). Following, cell
lysates were centrifuged at 1800 × g at 4°C for 8min, and
30μl of the lysates was collected as input for Western blot
analysis (later resuspended in 2X Laemmli buffer, 20% beta-
mercaptoethanol), while the remaining volume was centri-
fuged again for 10min at 5000 × g at 4°C. Upon centrifugation,
to induce crosslinking of the oligomers, the lysates were resus-
pended in 500μl of cold PBS containing disuccinimidyl sube-
rate (DSS) (Thermo Fisher Scientific, USA, CAS 68528-80-3
Alfa Aesar) and incubated at RT for 30min on a rotator. Fol-
lowing, the cellular samples were centrifuged for 10min at
2500 rpm at 4°C, and the crosslinked pellets were then resus-
pended in 1X Laemmli buffer and 10% beta-mercaptoethanol.
The input and crosslinked samples were boiled for 10min at
95°C and then analyzed by running samples on a 4–12%
SDS-PAGE gel. Bands were digitized, and densitometric
analysis was performed using ImageJ software.

2.14. Immunocytochemistry.HaCaT cells were grown on cov-
erslips (10,000 cells), starved overnight, and pretreated with
BB 10μg/ml for 24h. Right before ozone exposure, the BB
pretreatment was removed, and cells were exposed to ozone
for 1 h, at 0.5 ppm, collected at the different time points,
and fixed in 4% paraformaldehyde (PFA) in PBS for 30min
at 4°C. Permeabilization was performed with 0.25% Triton
X100 in PBS and then blocked in PBS-BSA (Bovine Serum
Albumin, Sigma) 1% at room temperature for 1 h. ASC and
NLRP1 primary antibodies were then incubated overnight
(ASC, cat NBP1-78977 NovusBio, USA 1 : 100 in 0.25%
BSA/PBS and NLRP1 sc-166368 Santa Cruz, USA 1 : 50 in
0.25% BSA/PBS) at 4°C. The following day, the coverslips
were incubated with the fluorochrome-conjugated secondary
antibodies (A11004 Alexa Fluor 568, A11008 Alexa Fluor
488) for 1 h at room temperature. DAPI (D1306 Invitrogen,
USA) was utilized to stain the nuclei (1min at room temper-
ature). Then, coverslips were mounted onto glass slides using
PermaFluor Ȧqueous Mounting Medium (TA-006-FM
Thermo Fisher Scientific) and examined using a Zeiss Z1
AxioObserver LSM10 confocal microscope equipped at 40x
magnification. ASC specks were analyzed via ImageJ, and
ASC speck number was correlated with the number of nuclei
present in the correspondent picture.

As for the skin explants, 4μm sections were punched and
deparaffinized with the use of xylene and rehydrated in
decreasing alcohol gradients. 10mM sodium citrate buffer
(AP-9003-500, Thermo Fisher Scientific) (pH6.0) was uti-
lized at a subboiling temperature (microwave settings
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500W, 10min) to induce antigen retrieval and then cooled
off for 20min. Following, 2washes × 5 min with PBS were
performed and then sections were blocked with 5% BSA in
PBS at room temperature for 45min, then incubated over-
night at 4°C with primary antibodies for ASC (cat NBP1-
78977 NovusBio, USA) dil. 1 : 100 in PBS with 2% BSA,
NLRP1 (sc-166368 Santa Cruz, USA) at 1 : 50 dilution in
2% BSA in PBS, and 4HNE (AB5605 Millipore Corp., USA)
at 1 : 400 dilution in 2% BSA in PBS. The following day, 3
washes with PBS of 5min each were performed, followed by
the incubation in the dark with fluorochrome-conjugated sec-
ondary antibodies (A11004 Alexa Fluor 568, A11008 Alexa
Fluor 488 and A11055 Alexa Fluor 488) at 1 : 500 dilutions
in PBS with 2% BSA for 1h at room temperature. After 3
washes (5min each) with PBS, the sections were mounted
onto glass slides using PermaFluor mounting media (Thermo
Fisher Scientific) and images were collected by a Zeiss LSM10
microscope equipped with 40x magnification.

2.15. Protein Extraction. Cell lysates were extracted in ice-
cold lysis buffer containing 50mM Tris (pH7.5), 150mM
NaCl, 10% glycerol, 1% Nonidet P-40, 1mM EDTA, 0.1%
SDS, 5mM nethylmaleamide (Sigma), and protease and
phosphatase inhibitor cocktails (Sigma). Lysates were then
centrifuged for 15min at 4°C and 12700 rpm, supernatants
were collected, and soluble protein concentration was mea-
sured via Quick Start Bradford protein method (Bio-Rad,
USA). RHE were collected and harvested in Tissue Protein
Extraction Reagent (T-PERTM) (Thermo Fisher Scientific)
supplemented with 1% of protease and phosphatase inhibitor
cocktails (Sigma, USA). Three cycles of freezing/thawing by
moving from liquid nitrogen to 37°C were performed, and
following, centrifugation at 12700 rpm for 15min at 40°C
was assessed. Protein content was evaluated on the RHE
lysates via Bradford assay (Bio-Rad).

2.16. Western Blot Assay. 4–12% polyacrylamide SDS gels
were loaded with equivalent amounts of protein (previously
denatured for 10min at 95°C), which were then separated
by molecular size. The gel was electroblotted onto nitrocellu-
lose membranes, and blocking was performed with Tris-
buffered saline, pH7.5, containing 0.5% Tween 20 and 5%
nonfat milk, for 1 h at room temperature. After overnight
incubation with the antibody caspase 1 (2225S cell signaling,
USA) diluted 1 : 1000 in TBS-T with 1% nonfat milk (Bio-
Rad, USA), the membranes were incubated for 1 h with the
secondary antibody conjugated with horseradish peroxidase
and the signal was detected by chemiluminescence (Bio-
Rad, USA). Beta-actin (A3854 Sigma, USA) was used for
loading control. Bands were digitalized, and densitometry
analysis was evaluated via ImageJ software.

2.17. RNA Extraction and Quantitative Real-Time PCR (q-
rtPCR). For HaCaT cells and RHE, total RNA extraction
was performed via the Aurum Total RNA Mini Kit with
DNase digestion (Bio-Rad), according to the manufacturer’s
protocol. Specifically, for the RHE, 700μl of lysis buffer pro-
vided by the kit was added and the tissues were homogenized
with Precellys tissue homogenizer (9 cycles of 30 s with a 30 s

break at 8000 rpm at 4°C). The same kit was utilized to
extract total RNA from HaCaT samples. cDNA was then
generated from 1μg of total RNA, using the iScript cDNA
Synthesis Kit (Bio-Rad). Evaluation of the mRNA levels of
ASC, Caspase 1, and IL-18 genes was assessed via quantita-
tive real-time PCR using SYBR® Green Master Mix (Bio-
Rad) on a LightCycler® 480 Real-Time PCR System (Roche),
according to the manufacturer’s protocol. Gene expression
was quantified via the number of cycles obtained to reach
a predetermined threshold value in the intensity of the
PCR signal (CT value). Beta-actin was employed as the ref-
erence gene, and the samples were compared using the rel-
ative cycle threshold (CT). After normalization, the fold
change was determined using the 2-ΔΔCT method. The
primers used are listed here: (β-actin forward ATTGCCGAC
AGGATGCAGA/reverse AGTACTTGCGCTCAGGAGGA,
ASC forward ATGCGCTGGAGAACCTGA/reverse TCT
CCAGGTAGAAGCTGACCA, Caspase 1 forward CCGTTC
CATGGGTGAAGGTA/reverse TGCCCCTTTCGGAATAA
CGG, and IL-18 forward TGCAGTCTACACAGCTTCG/
reverse ACTGGTTCAGCAGCCATCTT).

2.18. Statistical Analysis. Each of the variables tested is
expressed as mean ± standard deviation (SD) of three inde-
pendent experiments.

Statistical analysis was performed via GraphPad Prism 6
software (GraphPad Software Inc., La Jolla, CA, USA). Dif-
ferences between groups were evaluated by analysis of vari-
ance (ANOVA) for single time point or by two-way
ANOVA when different time points were included, followed
by Tukey’s post hoc test. A p value < 0.05 was considered sta-
tistically significant.

3. Results

3.1. Cytotoxic Evaluation of Blueberry (BB) Extract in 2D and
3D Cutaneous Models. The first step of our study was the
evaluation of the cytotoxicity of the BB extracts in our 2D
and 3D cell culture models. Human keratinocytes and skin
3D models (RHE) were pretreated for 24 hours with different
doses of BB extracts (0.1, 0.5, 1, 5, and 10μg/ml for the
HaCaT and 10, 50, and 100μg/ml for the RHE), and cytosolic
LDH released was evaluated in the supernatant. Our results
showed that BB treatment did not affect cellular viability at
all the doses tested in both the models. The average release
of LDH for HaCaT cells was around 20% (Figure 1(a)) and
18% for the RHE (Figure 1(b)) with respect to the 100% cell
death (Triton X100). Based on these results, we have decided
to use the following doses of BB: 10μg/ml for HaCaT and
100μg/ml for RHE models.

3.2. Effect of Blueberry (BB) Extract on Ozone Modulation of
Keratinocyte Migration, Proliferation, and H2O2 Production.
In our previous study, we demonstrated that O3 and other
pollutants are able to impair the skin repair abilities [65,
66]; therefore, next, we wanted to evaluate the potential prop-
erties of BB extract in improving the wound closure impair-
ment induced by O3.
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As shown in Figure 2(a), exposure to O3 (0.5 ppm for 1 h)
significantly impairs the ability of the keratinocytes to
recover the scratch wound. Indeed, after ozone exposure, at
18 h time point, the wound was still 75% open with respect
to the 30% of the control. This difference was still evident
after 36 h of ozone exposure, where the wound was still
35% open while the control was completely recovered. Of
notice, 24 h pretreatment with BB extracts significantly
improved the keratinocyte wound closure ability with 50%
and 15% open wound at 18 h and 36 h, respectively.

Because the scratch-wound assay is not able to discrimi-
nate between a proliferative and migratory effect, we decided
to further evaluate both of these cellular responses in our
experimental conditions.

As depicted in Figure 2(b), O3 exposure decreased by 50%
the migratory property of the cells after 3 h of exposure and
over 50% at 6 h time point. Also, in this case, BB extract pre-
treatment was able to completely abolish the effect of O3
exposure at 3 h time point and to improve the migratory effi-
ciency of about 50% at 6 h.

Similar response was observed also for the proliferative
assay as depicted in Figure 2(c). O3 exposure reduced HaCaT
proliferation by 15%, and BB pretreatment was able to rescue
this effect.

Considering the antioxidant properties of BB, we have
tested whether BB were able to prevent O3-induced H2O2
formation. As shown in Figure 2(d), keratinocyte ROS pro-
duction after 1 h post-O3 exposure was 5-fold higher com-
pared to the control, and the pretreatment with BB extracts
significantly suppressed this increase (circa 25%).

3.3. Blueberry (BB) Extract Prevents O3-Induced Activation of
Inflammasome in 2D Skin Models. Cellular proliferative and
migratory alterations are phenomena that are present in sev-

eral inflammatory skin conditions [67, 68]. We have recently
showed the ability of O3 to induce inflammasome activation
and oligomerization [30]; now, we wanted to assess whether
BB pretreatment could prevent this effect.

As showed in Figures 3, 24 h after O3 exposure, there was
a significant increase in the transcript levels of key players in
the inflammasome activation in HaCaT cells. As depicted in
Figure 3(c), IL-18, which is an end product of the inflamma-
some activation, increased around 5-fold at 24 h time point;
while Caspase 1 (Figure 3(b)) and ASC (Figure 3(a)) were
already induced right after the O3 exposure (T0) and further
increased at the later time point (T24). Of note, pretreat-
ment with BB extracts was able to prevent the induction
of ASC (Figure 3(a)), Caspase 1 (Figure 3(b)), and IL-18
(Figure 3(c)) in keratinocytes.

3.4. Blueberry (BB) Extract Prevents O3-Induced Activation of
Inflammasome in 3D Skin Models. Since Caspase 1 is the car-
dinal player of the inflammasome, which actively cleaved the
cytokine proforms, we evaluated its transcripts and protein
levels also in the 3D model (RHE) [69].

As expected, the RHE confirmed the keratinocyte results.
Indeed, O3 exposure clearly induced a remarkable increase in
Caspase 1 transcripts and protein levels at the different time
points analyzed (6 h for mRNA and 0h, 6 h, and 24h for pro-
teins). Also, in this case, BB extract pretreatment clearly
decreased the O3 effect, especially after 24 h, with a 4.5-fold
decrease in caspase 1 protein levels (Figure 4(a) and 4(b)).

3.5. Blueberry (BB) Extract Prevents O3-Induced
Inflammasome Oligomerization in HaCaT Cells. The activa-
tion of the NLRP1 inflammasome occurs only following the
oligomerization of the scaffold-forming components. To
evaluate the effect of BB extract on the oligomerization and
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Figure 1: Cytotoxic evaluation of blueberry (BB) extract in 2D and 3D cutaneous models. (a) Keratinocytes cells were pretreated with
different doses of BB (0.1, 0.5, 1, 5, and 10μg/ml) for 24 h. (b) 3D models were pretreated with BB doses ranging from 10 to 100μg/ml.
Cytotoxicity was calculated into the supernatant of pretreated 2D and 3D models, by measuring the amount of LDH released from the
cytosol. Data are the average ± SD of three independent experiments.
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inflammasome activation in keratinocytes upon O3 exposure,
we performed immunofluorescence using different dyes
(green for ASC, red for NLRP1).

We observed increased perinuclear colocalization of
ASC and NLRP1 upon O3 exposure at 0 h, 3 h, and 6h,

and the BB extract pretreatment significantly decreased the
oligomerization of the scaffold (Figure 5(a)). Therefore, it
is possible to hypothesize that BB extracts somehow are able
to prevent the formation of ASC oligomers which is the first
step for the inflammasome activation [70].
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Figure 2: Effect of blueberry (BB) extract on ozone modulation of keratinocytes migration, proliferation, and ROS production. (a) Scratch
was performed on confluent monolayer of HaCaT cells, and pictures were taken to measure wound area at different time points (0-18-
36 h). On the left, depiction of the wound after 0, 18, and 36 h. On the right, quantification of the wound area at each time point via
ImageJ. Data are shown as percent of 0 h. (b) Representative depiction of migration experiment performed on HaCaT cells, scale bar
200μm. Cells were seeded in 8μm pore size transwells, exposed to O3, and incubated for 0, 3, and 6 h. After fixation, migrated cells were
stained with 0.02% Coomassie Blue. On the right, ImageJ quantification of the migrated cells after 0, 3, and 6 h from O3 exposure. Data
are shown as average of 6 picture fields (20x magnification). (c) The growth response of HaCaT cells pretreated with BB was assessed after
24 h after O3 exposure by BrdU incorporation. (d) H2O2 production was evaluated via DCF after 1 h upon O3 exposure (1 h at 0.5 ppm) in
HaCaT cells pretreated with BB. Data are the results of three independent experiments. ∗p < 0:05 air vs. O3,

§p < 0:05 O3 vs. BBO3 by one-
way or two-way ANOVA.
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ASC oligomerization assay confirmed these results as
shown in Figure 5, where it is possible to appreciate an
increase in ASC oligomer and dimer formation (15%) after
O3 exposure while this effect was almost completely rescued
by BB extracts (Figure 5(b)).

3.6. Blueberry (BB) Extract Prevents O3-Induced
Inflammasome Activation and Oxidative Stress in Ex Vivo
Human Skin Biopsies. To further validate our previous data
on 2D and 3D skin models, we decided to perform our exper-
iments on a more complete cutaneous model represented by
the ex vivo human skin explants.

The biopsies were pretreated with 100μg/ml of BB extracts
for 24h and exposed to 0.5 ppm of O3 for 5 hours. As depicted
in Figure 6(a); BB extract topical application was able to
quench the increased protein levels of both ASC (green)
and NLRP1 (red) and their nuclear colocalization 6h after
O3 exposure.

Since redox signaling is an important part of the inflam-
matory pathway [71], we also evaluated the level of 4 hydro-
xynonenal (4HNE) as a reliable marker of oxidative damage
and lipid peroxidation. As depicted in Figure 6(b), O3 sig-
nificantly increases the 4HNE levels immediately after the
exposure and this effect was still visible at the later time

points. BB extract pretreatment was able to prevent the
4HNE formation.

4. Discussion

It is now well accepted and documented that exposure to
environmental pollution affects our health and this phe-
nomenon is not localized to few urban centers, but it is a
global emergency that has been estimated to decrease
human life span by 10-15 years [72]. There are several pol-
lutants to which living organisms are daily exposed, and
among them, O3 has been shown to be one of the most
toxic. It should be mentioned that the O3 derived from
the stratospheric–tropospheric exchanges accounts for
20% of its tropospheric level. Nowadays, ozone is mainly
produced by complex photochemical reactions involving
solar radiation and anthropogenic pollutants [73, 74]. Pho-
tochemical ozone is formed by reactions involving solar
radiation and anthropogenic pollutants (methane, non-
methane volatile organic compounds, and carbon monox-
ide) in the presence of nitrogen oxides while in less
polluted environments, ozone is produced in the presence
of sunlight (at wavelengths < 424nm), through the photoly-
sis of NO2 [73].
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Figure 3: Blueberry (BB) extract prevents O3-induced activation of inflammasome in 2D skin models. HaCaT transcript levels for (a) ASC,
(b) Caspase 1, and (c) IL-18 at 0 and 24 h. Data are the results of three independent experiments. ∗p < 0:05 air vs. O3,

§p < 0:05O3 vs BBO3 by
two-way ANOVA.
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In addition, as recently reported, the levels of O3 are still
increasing making the effect of this pollutant to our health a
real concern not only for the present but even more for the
future [75].

Being a gas, the toxicity of O3 has been well docu-
mented in the respiratory tract [76–78] and in the last 2
decades, its effect on cutaneous tissues has been also inves-
tigated since the skin is another organ directly exposed to
this agent [2, 5–8].

O3 is a small molecule with strong oxidizing properties,
with a redox potential of +2.07, able to oxidize a wide range
of compounds including rubber. Indeed, it is too reactive to
penetrate the tissues and as shown first for the lungs and
more recently even for the skin [3], its ability to affect the tis-
sues is mainly due to the generation of bioactive compounds
that are formed by its interaction with the biological systems.
Several studies have confirmed the ability of O3 to oxidize cell
membrane, generating radical species that can damage the
tissues. The generation of redox-mediated molecules in the
stratum corneum can eventually affect the deeper layers of
the skin, modulating important physiopathological skin
pathways [12].

The cutaneous proinflammatory effect of O3 is mainly
driven by its ability to activate nuclear factor kappa-light-
chain enhancer (NF-κB) which is a master regulator of proin-
flammatory responses. In the last few years, different players
of inflammation have been studies and in particular, the
inflammasome machinery has been recognized to play a
key role in inflammatory skin conditions [25–27]. The acti-

vation of the inflammasome occurs in response to different
stimuli including cell damage and pathogen-associated
molecular patterns (DAMPs and PAMPS) as well as prooxi-
dant stimuli such as O3 [17, 18], and also, in this case, NF-κB
activation plays an important role.

In our previous work, we have shown the inflammatory
and oxidative effect of O3 on the skin and its ability to activate
NF-κB and increase oxidative damage [30]. The aim of the
present study was to evaluate the eventual protective effect
of BB extracts against O3-induced skin damage. Indeed, the
exponential increase of pollution levels has aroused the need
to find effective molecules that can be used as defensive
agents against pollution-induced skin damage and premature
cutaneous aging.

The antiaging research has been focused on an enormous
range of products (natural or synthetic) with the aim to pre-
vent, postpone, or reverse cutaneous aging signs. In general,
those molecules can act in 2 ways, either quenching directly
the radicals or by activating the cellular endogenous defen-
sive system nuclear factor (erythroid-derived 2)-like 2
(NRF2) [79–81].

BB has been shown to be able to activate the nuclear fac-
tor erythroid-2-related factor 2 (NRF2) [82] and also quench
radical formation [83] in several tissues, and it is now a gen-
eral belief that BB beneficial effects are not limited to the
“chemical” antioxidant properties, but mainly to its ability
to induce an active cellular defense [84]. Therefore, as a
follow-up of our recent study [30], in the present work, we
were interested in evaluating the ability of BB extracts to
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Figure 4: Blueberry (BB) extract prevents O3-induced activation of inflammasome in 3D skin models. RHE transcript levels for Caspase 1 (a).
Protein levels of Caspase 1 in RHE at 0, 6, and 24 h after O3 exposure (b), on the right, relative quantification via ImageJ analysis. Data are the
results of two independent experiments. ∗p < 0:05 air vs. O3,

§p < 0:05 O3 vs. BBO3 by two-way ANOVA.

9Oxidative Medicine and Cellular Longevity



prevent O3-induced skin inflammasome activation. In addi-
tion, BB topical application has been shown to stimulate col-
lagen synthesis and prevent chronological skin aging [50–52,
85]. Among the wide array of natural antioxidant substances,
we decided to focus our attention on blueberries because of
their complex phytochemical profiles that have already
shown to quench free radicals [42, 43]. The ability of BB to
activate the NRF2 pathway could also indirectly affect the
inflammasome activation as altered redox homeostasis can
be also a trigger for this inflammatory pathway [18, 86].
We should also mention that the crosstalk between NRF2
and NF-κB is crucial for maintaining the cellular responses
and to resolve an inflammatory status. An imbalance
between NRF2 and NF-κB pathways can lead to chronic
inflammation; therefore, the activation of NRF2 by BB

extracts can prevent NF-κB activation and modulate the tis-
sue inflammatory status [87].

We were able to show that BB extracts were not toxic in
the tested in vitro and ex vivo models. We found that BB
extracts improved the recovery of scratch wound closure in
O3-treated cells. The impairment of O3 on cutaneous wound
healing has also been described previously by Lim et al., in
aged mice [66], showing that the combination of aging and
O3 exposure is able to reduce the levels of TGFβ, a key player
in tissue would healing [66, 88]. Considering that in vitro
wound healing is mainly a test to evaluate the proliferative
and migratory properties of the cells, we assessed whether
O3 could affect any of those pathways and the eventual role
of BB extracts. Our data showed that O3 was able to decrease
both proliferation and migration of the cells while the BB
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Figure 5: Blueberry (BB) extract prevents O3-induced inflammasome oligomerization in HaCaT cells. (a) Immunofluorescence staining of
ASC (green), NLRP1 (red), DAPI (blue), and merge in HaCaT cells pretreated with 10 μg/ml of BB for 24 h then exposed to 0.5 ppm of O3
for 1 h at 0, 3, and 6 h postexposure (40x magnification). On the right, ASC speck formation was quantified using ImageJ. (b) ASC
oligomers, dimers, monomers, and input protein levels in keratinocytes at 0, 1, and 3 h after O3 exposure (1 h, 0.5 ppm). On the right,
depiction of ASC oligomers and dimer quantification using ImageJ. Data are the results of three independent experiments. ∗p < 0:05 air
vs. O3,

§p < 0:05 O3 vs. BBO3 by two-way ANOVA.
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pretreatment prevented these effects probably either via the
activation of a cellular defensive system or less probably, by
a direct interaction with the free radicals generated by O3.

It is possible that the inhibition of proliferation is a conse-
quence of their ability to activate NRF2 which has an inhibi-
tory influence on NF-κB that is one of the regulators of cyclin
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Figure 6: Blueberry (BB) extract prevents O3-induced inflammasome activation and oxidative stress in ex vivo human skin biopsies. (a)
Immunofluorescence staining for 4HNE (green), DAPI (blue), and merge in ex vivo human skin biopsies exposed to O3 for 5 hours,
0.5 ppm, directly after exposure, 6 h and 24 h postexposure (40x magnification). Quantification of the fluorescence is depicted in the right
panel. (b) Immunofluorescence staining of ASC (green), NLRP1 (red), DAPI (blue), and merge in ex vivo human skin explants pretreated
with 100 μg/ml of BB for 24 h then exposed to 0.5 ppm of O3 for 5 h at 0, 6, and 24 h postexposure (40x magnification). On the right
panels, semiquantifications of the intensities of the signals of 4HNE (a) and ASC and NLRP1 (b) using ImageJ. Data are the results of
three independent experiments. ∗p < 0:05 air vs. O3,

§p < 0:05 O3 vs. BBO3 by two-way ANOVA.
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D1 expression, a key protein for cellular proliferation [61, 85,
89]. Although we did not evaluate the effect of BB on NFR2
activation, we showed a significant decrease in H2O2 by BB
after O3 exposure, although the use of the probe DCF to mea-
sure H2O2 is controversial [90].

The overproduction of ROS and NF-κB activation has
often been linked to the development of inflammatory
responses related to skin and other tissues. Recently, the
involvement of the inflammasome machinery has been stud-
ied in relation of several skin conditions. The activation of the
inflammasome requires two steps: a “priming” step that
induces transcriptional upregulation of NLRP1, pro-IL-18,
and pro-IL-1β, via NF-κB and AP-1 signaling and post-
translational modifications of NLRP1 (phosphorylation,
ubiquitination), followed by a second signal that yields to
conformational changes in the NOD-like receptor struc-
ture which allows for the binding with the adaptor ASC
and assembly of the whole complex [17].

To better understand the molecular mechanisms respon-
sible for the BB effect on O3-induced inflammasome activa-
tion and oligomerization, we pretreated the keratinocytes
with BB extracts, before exposing them to O3 and then, we
evaluated transcript levels of IL-18, ASC, and Caspase 1 as
well as ASC specks and oligomers. Our data evidenced the
remarkable activity of BB in preventing the increased afore-
mentioned mRNA levels and the oligomerization of the pro-
teins NLRP1 and ASC, upon O3 exposure. These data
confirmed the study by Wang et al. which demonstrated
reduced gene expression levels of NLRP, Caspase 1, ASC,
and proinflammatory cytokines IL-1β, TNF-α, IL-6, and
iNOS in macrophages pretreated with BB extracts and then
challenged with lipopolysaccharide [91].

As keratinocytes grown in monolayer culture do not
undergo terminal differentiation, which results in the forma-
tion of the outermost layer of the skin, the stratum corneum
(SC), and since this layer is the main target of O3 [92], we
have performed our experiments also in RHE (reconstructed
human epidermis). The use of RHE is strongly recommended
to study in vitro cutaneous protection, since is not only rep-
resented by all the living epidermis layers but it also includes
the SC [69], and our data confirmed the ability of BB extracts
to prevent O3-induced Caspase 1 increase at both transcripts
and protein levels. Although, RHE is a very reliable in vitro
model, it still does not present all the SC layers making it
more accessible to outdoor stressors. In addition, the lack of
other skin cells such as melanocytes, immunity cells, might
compromise skin responses [69].

For this reason, we further confirm our data in an
ex vivo human skin explant which presents a normal skin
barrier, functional basal layer, a mature SC, and all the cell
types and cutaneous appendages present in in vivo human
skin [93].

As demonstrated in 2D and 3D models, O3 was able to
activate the inflammasomemachinery also in the human skin
explants, and BB extracts prevented this induction. In the
specific, O3 exposure not only induced the oligomerization
of the inflammasome components but also increased the
levels of lipid peroxidation as detected by 4HNE protein
adduct formation (as previously reported [16]) while the pre-

treatment with BB extract was able to prevent the O3-induced
increase of 4HNE, ASC, and NLRP1 and their oligomeriza-
tion. These data are in line not only with the theory that O3
is able to affect skin via the formation of lipid peroxidation
products but also with the theory that this mechanism is
redox mediated.

In conclusion, we have demonstrated, by the use of
three different skin models, that BB extracts are able to
prevent the inflammatory and oxidative skin damage
induced by O3, making blueberries a possible innovative
natural ingredient for new technologies against cutaneous
pollution-induced damage.
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The cutaneous interaction with tropospheric O3 induced an
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Alopecia areata (AA) and vitiligo are both common skin diseases of autoimmune origin. Both alopecia areata and vitiligo have
shown to be affected by oxidative stress. The present work is aimed at evaluating and comparing the serum proinflammatory
cytokine levels in AA and nonsegmental vitiligo (NSV). A cross-sectional study was conducted of 33 patients with AA, 30
patients with NSV, and 30 healthy controls. Serum levels of interferon γ (IFN-γ), interleukin- (IL-) 1β, and IL-6 were
determined quantitatively by ELISA method. Our analysis identified a signature of oxidative stress associated with AA and NSV,
characterized by elevated levels of IFN-γ (AA: p = 0:007283; NSV: p = 0:038467), IL-1β (AA; NSV: p ≤ 0:001), and IL-6 (AA;
NSV: p ≤ 0:001). IL-6 was also significantly increased in NSV patients in comparison with AA patients (p = 0:004485). Our
results supported the hypothesis that oxidative stress may play a significant role in promoting and amplifying the inflammatory
process both in AA and vitiligo. The complex understanding of both disease etiopathogenesis involves interrelationships
between oxidative stress and autoimmunity. The clinical study registration number is RNN/266/16/KE.

1. Introduction

Alopecia areata (AA) and vitiligo are both autoimmune
diseases, and striking similarities in pathogenesis have been
identified at the level of both the innate and adaptive immune
systems. Increased reactive oxygen species and high cellular
stress levels have been suggested as the initiating trigger of
the innate immune system in both diseases, and genome-
wide association studies have implicated risk alleles that
influence both innate and adaptive immunity [1–3]. Both
conditions are known to carry a considerable impact on
health-related quality of life [4, 5].

AA is a nonscarring hair loss with an unpredictable
course and a wide spectrum of manifestations. It affects both
genders equally with a cumulative lifetime incidence of about
two percent and no significant racial predominance [6]. The

most frequent clinical presentation of AA is in single or
multiple patches. Occasionally, AAmay progress to complete
baldness, which is referred to as alopecia (areata) totalis (AT).
When the entire body suffers from complete hair loss, it is
referred to as alopecia (areata) universalis (AU). Ophiasis is
a form of AA characterized by the loss of hair in the shape
of a wave at the circumference of the head [7].

Vitiligo is an acquired disorder of the skin and mucous
membranes that is characterized by well-circumscribed,
depigmented macules and patches that occur secondary to
selective destruction of melanocytes [8]. Vitiligo itself has
been classified based on clinical grounds into two major
forms, namely, segmental vitiligo (SV) and nonsegmental
vitiligo (NSV), the latter including several variants (general-
ized vitiligo, acrofacial vitiligo, and universal vitiligo) [9].
NSV is the most common form of the disease (accounting

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2020, Article ID 5693572, 5 pages
https://doi.org/10.1155/2020/5693572

https://orcid.org/0000-0001-8328-4245
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5693572


for 85 to 90% of cases overall) and is associated with an
increased risk of autoimmune diseases, especially Hashimo-
to’s thyroiditis [10].

Due to limited knowledge regarding the role of systemic
cytokine profiles associated with oxidative stress in AA and
vitiligo, we aimed to determine and compare the serum levels
of interferon γ (IFN-γ), interleukin- (IL-) 1β, and IL-6 in AA
and NSV patients. Whether the pattern 7of serum cytokines
could be associated with clinical details and disease activity in
patients was also investigated. Previous studies had shown
that both Th1 and Th17 cells are involved in the development
of AA and NSV. Proinflammatory cytokines of innate immu-
nity such as IL-1β and IL-6 with transforming growth factor
β (TGF-β) are essential for Th1 and Th17 differentiation [11,
12]. IFN- γ is crucial for potentiating the activity of CD8+ T
cells and natural killer cells in AA and NSV [13]. IL-15
stimulates the proliferation and activation of T cells, macro-
phages, CD5 memory lymphocytes, and cytotoxic CD8 lym-
phocytes [14]. IFN-γ, IL-1β, and IL-6 are also known as
oxidative stress triggers.

2. Materials and Methods

2.1. Materials/Study Subjects. The study included 33 patients
with AA and 30 patients with NSV. The control group
consisted of 30 healthy individuals. All patients were of cau-
casian ethnicity. The diagnosis of AA and NSV was based on
a detailed medical history and clinical and dermoscopic/tri-
choscopic examination. Clinically ambiguous cases, patients
with a sign of infection, and patients with a history of using
topical treatment within the past 2 weeks or systemic treat-
ment within the past 4 weeks were excluded from the study.
A detailed history and clinical examination were recorded
for each patient. Controls consisted of healthy individuals
of similar age who do not have alopecia areata or vitiligo
and other comorbidities.

The group of patients with AA included 21 females
(63.6%) and 12 males (36.4%), and the group of patients with
vitiligo included 18 females (60%) and 12 males (40%). The
control group contained 23 females (76.7%) and 7 males
(23.3%) subjects. The mean ages of AA patients, NSV patients,
and healthy controls were 18:64 ± 8:56 years, 28:55 ± 19:23
years, and 19:95 ± 13:08 years, respectively. There were no
statistical differences in sex (c2 test) and age (t-test) between
the patients and the normal controls.

To assess the clinical extent of AA and NSV, we calcu-
lated the Severity of Alopecia Tool (SALT) [15] and Vitiligo
Area Severity Index (VASI) [16] scores, respectively. The
activity of both AA and NSV was assessed at the Vitiligo
Disease Activity (VIDA) Score [17].

The study was approved by the Bioethics Committee of
the Medical University of Lodz (RNN/266/16/KE) and was
conducted following the Declaration of Helsinki. All subjects
gave informed consent to participate in the study.

2.2. Methods. Peripheral venous blood samples were collected
from all patients and healthy controls. Sera were isolated by
centrifugation and stored at –70°C before analysis and the
concentrations of cytokines (pg/ml), namely, IFN-γ, IL-1β

(Diaclone, Besancon Cedex, France), and IL-6 (Gen-Probe
Inc., San Diego, California, USA) were determined quantita-
tively in collected serum samples by the enzyme-linked
immunosorbent assay (ELISA) method in both patients and
controls. ELISA tests were performed according to the
manufacturer’s instructions. The serum cytokine levels were
compared between groups. The correlation of serum cyto-
kine levels with sex, extent, activity, and duration of disease
was studied.

2.3. Statistical Analysis. Statistical analysis was carried out
with the Statistica software version 12 (StatSoft, Tulsa, OK,
USA). To determine the distribution of quantitative variables,
the Shapiro-Wilk test was used. The Mann–Whitney test was
used to compare the median serum cytokine levels between
the groups. Correlation analysis was determined using the
Spearman rank correlation test. Data were considered to be
statistically significant at a value of p < 0:05.

3. Results and Discussion

3.1. Results

3.1.1. Demographic and Clinical Characteristics. The demo-
graphic and clinical characteristics of study participants are
described in Table 1. Of the 33 enrolled patients with AA,
26 had patchy AA (SALT: S1 ≥ S4a) and 7 had severe disease
(SALT: S4b ≥ S5). All of the 30 enrolled patients with vitiligo
had NSV.

3.1.2. Serum Concentrations of IFN-γ, IL-1β, and IL-6 among
Patients with AA, NSV, and Healthy Controls. IFN-γ, IL-1β,
and IL-6 serum levels were significantly elevated in AA
patients and in NSV patients compared to healthy controls.
Only IL-6 level was also significantly higher in NSV com-
pared to AA patients (see Table 2). We found no significant
sex difference in cytokines level of female and male patients
with AA and NSV.

3.1.3. Correlations between Serum Levels of IFN-γ, IL-1β, and
IL-6 and Extent, Activity, and Duration of the Disease. The
correlation between increased IL-6 serum levels and duration
of the AA was confirmed in the Spearman test (q = 0:453;
p = 0:010474). In AA patients, there were no correlations
found between serum cytokine levels and extent (SALT)/ac-
tivity of disease (VIDA) (see Table 3).

In NSV patients, the correlations between increased IL-
1β serum levels and extent of vitiligo (VASI) (q = 0:383; p
= 0:040441), duration of disease (q = 0:458; p = 0:012573)
were revealed in the Spearman test. IL-1β serum level was
negatively correlated with the activity of disease (VIDA) in
NSV patients (q = −0:435; p = 0:018387), which may indicate
that IL-1β in the initial stages of the disease has a local
pathogenic effect on melanocytes (see Table 3).

4. Discussion

Oxidative stress and autoimmunity with genetic susceptibil-
ity have been associated with the pathogenesis of AA and vit-
iligo [2, 18–20]. The correlation between those two pathways
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is not fully understood. Heat-shock proteins, including
Hsp60, Hsp70, and gp96, have been shown to exert
cytokine-like effects on antigen-presenting cell (APC) matu-
ration. These activities include the ability to enhance tumor
necrosis factor-α (TNF-α), IL-1β, IL-6, and IL-12 secretion
from monocytes, macrophages, and dendritic cells (DCs), to
enhance surface expression of B7 and major histocompatibility
complex (MHC) class II on DCs, to stimulate maturation and
migration of DCs to draining lymph nodes, and to induce che-
mokine secretion by macrophages and DCs [21]. Enhanced
Hsp70 is upregulated by IFN-γ from perilesional cytotoxic T
lymphocytes (CTLs). Additionally, Hsp70 enhances IFN-γ
release from CTLs through a positive feedback mechanism.

The loop amplifies the process and exacerbates the destruction
of vitiligo melanocytes [22]. Human genetic studies and
functional studies have identified pathways critical for AA
development, implicating a role for CD8+ T cells and IFN-γ
in mediating hair follicle (HF) damage [23]. The study by
Jacquemin et al. revealed that Hsp70 potentiated DNA-
induced IFN-α production by plasmacytoid dendritic cells
(pDCs) and subsequently IFN-α-induced expression of s and
CXCL10 by keratinocytes [24]. Damaged cells upregulate stress
ligands and IFN production. IFNs induce CXCL10 secretion
from keratinocytes, which then attracts CXCR3-positive T cells
[25]. Besides, TNF-α, IL-1β, and IFN-γ can induce another
cytotoxic effector molecule, inducible nitric oxide synthase

Table 1: Demographic and clinical characteristics of patients with alopecia areata (AA), patients with nonsegmental vitiligo (NSV), and
healthy controls.

AA patients NSV patients Controls

Total 33 30 30

Female/male, n (%) 21/12, 63.6/36.4 18/12, 60/40 23/7, 76.7/23.3

Average age ± SD (years) 18:64 ± 8:56 28:55 ± 19:23 19:95 ± 13:08
Female 18:76 ± 6:33 28:65 ± 19:58 18:40 ± 10:72
Male 18:44 ± 11:85 28:41 ± 19:54 15:05 ± 19:13

Mean SALT (AA)/VASI (NSV)± SD 42:09% ± 33:81% 7:49 ± 8:28 n/a

Mean VIDA ± SD 3:06 ± 0:65 2:96 ± 0:33 n/a

Duration of disease ± SD 4:33 ± 5:075 7:63 ± 12:036 n/a

Age of onset 7:97 ± 8:17 14:59 ± 8:25 n/a

Data are expressed in n, percentage (%) or mean and standard deviation (SD). SALT: Severity of Alopecia Tool; VASI: Vitiligo Area Scoring Index; VIDA:
Vitiligo Disease Activity Score; n/a: not applicable.

Table 2: Serum concentrations of IFN-γ, IL-1β, and IL-6 (pg/ml) among patients with alopecia areata (AA), patients with nonsegmental
vitiligo (NSV), and healthy controls and a comparison of p values in the Mann–Whitney test among AA patients, NSV patients, and
healthy controls. Data were considered to be statistically significant at a value of p < 0:05.

AA patients
(n = 33)

NSV patients
(n = 30)

Controls
(n = 30)

p value (AA patients
vs. control)

p value (NSV patients
vs. control)

p value (AA patients
vs. NSV patients)

IFN-γ, mean ±
SD (pg/ml)

237:68 ± 55:05 226:10 ± 50:18 199:59 ± 41:27 p = 0:007283 p = 0:038467 p > 0:05

IL-1β, mean ±
SD (pg/ml)

300:09 ± 87:97 329:72 ± 85:24 219:61 ± 60:89 p ≤ 0:001 p ≤ 0:001 p > 0:05

IL-6, mean ± SD
(pg/ml)

121:38 ± 31:01 144:95 ± 33:46 75:26 ± 21:15 p ≤ 0:001 p ≤ 0:001 p = 0:004485

Data are expressed in n, mean and standard deviation (SD). IL: interleukin; IFN: interferon.

Table 3: The correlation between serum levels of interferon γ (IFN-γ), interleukin- (IL-) 1β, and IL-6 (pg/ml) and extent, activity, and
duration of the disease among patients with alopecia areata (AA) and patients with nonsegmental vitiligo (NSV).

Correlation between serum
cytokine levels and

Alopecia areata (AA) Nonsegmental vitiligo (NSV)
Extent of AA

(SALT)
Activity of AA

(VIDA)
Duration of AA

Extent of NSV
(VASI)

Activity of NSV
(VIDA)

Duration of
NSV

IFN-γ (q in the Spearman
test/p value)

-0.055/0.759218 -0.206/0.250208 -0.150/0.421353 -0.055/0.778851 -0.148/0.444011 -0.137/0.478715

IL-1β (q in the Spearman
test/p value)

0.038/0.833562 0.181/0.314325 -0.073/0.694889 0.383/0.040441 -0.435/0.018387 0.458/0.012573

IL-6 (q in trhe Spearman
test/p value)

0.116/0.520565 -0.050/0.784260 0.453/0.010474 -0.054/0.779845 -0,190/0.323085 0,222/0,247687

SALT: Severity of Alopecia Tool score; VIDA: Vitiligo Disease Activity Score; VASI: Vitiligo Area Severity Index; IL: interleukin; IFN: interferon.
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(iNOS) [26]. The inflammatory nature of AA/vitiligo and
significant psychological stress associated with those diseases
may further increase the levels of oxidative parameters.

In this study, we showed that the levels of IFN-γ, IL-1β,
and IL-6 were higher in sera of AA and NSV patients com-
pared to healthy controls. This may imply the role of these
cytokines in both disease development and biology. The
study has demonstrated the correlations between increased
IL-1β serum levels and the extent of vitiligo (VASI) and also
the duration of disease in NSV patients. IL-1β serum level
was negatively correlated with the activity of disease (VIDA).
These data may indicate that IL-1β at the initial stages of
development of vitiligo is expressed mainly in the tissue.

We also demonstrated significantly increased IL-6 levels
in NSV patients compared to AA patients. As established in
previous studies serum IL-6 level increases in chronic
diseases depending on the disease severity and location
[27]. In our study, IL-6 levels were also positively correlated
with the duration of the AA. Singh et al. have revealed similar
findings, but in patients with vitiligo in whom the duration of
disease was more than 15 years [28].

The studies show that IFN-γ is the key player in xanthine
oxidase- (XO-) mediated oxidative stress. The role of
xanthine oxidase (XO) in oxidative stress and its association
with nitric oxide (NO)/NO synthase (NOS) have been widely
reported [29]. Proinflammatory IL-1β can also induce rapid
expression of iNOS and generate a large amount of NO in
tissues [30]. Moreover, oxidative stress increases intercellular
adhesion molecule-1 (ICAM-1) expression in epithelial cells
through the IL-6/AKT/STAT3/NF-κB-dependent pathway.
Several studies indicate that the upregulation of ICAM-1
expression on epithelial cells is closely associated with
proinflammatory cytokines, such as IL-6, IL-1β, and tumor
necrosis factor-α (TNF-α) [31]. All those facts suggest an
interesting link between oxidative stress and the serum cyto-
kine profile in patients with AA and NSV. It indicates similar
pathogenesis of both diseases.

As for the limitations of the study, we would like to
mention that the number of subjects in the respective groups
is quite small, but we employed suitable statistic methods for
such groups. Furthermore, we did not measure direct stress
markers such as superoxide dismutase, catalase, glutathione
peroxidase, malondialdehyde, superoxide dismutase, cata-
lase, hydrogen peroxide, nitric oxide, or total antioxidant
capacity but could be the next step of our further studies in
the future.

5. Conclusions

Our results supported the hypothesis that the elevated
cytokines identified in this study could be the cause of oxida-
tive stress observed in patents with AA and vitiligo, which
can contribute to the onset of autoimmunity in genetically
predisposed individuals. It suggests new perspectives in the
advances in the understanding of both disease etiopathogen-
eses which involve interrelationships between oxidative stress
and autoimmunity. Further studies exploring the effect of
different oxidative stress markers and triggers in AA and
vitiligo may be required to develop potential therapeutic

strategies for those diseases. The JAK inhibitors that also
suppress the response to oxidative stress have demon-
strated promising results in promoting hair regrowth and
repigmentation.
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Oxidative stress is a state of excess of prooxidative species relative to the antioxidant defenses (enzymatic and nonenzymatic) in a
living organism. The consequence of this imbalance is damage of the major cellular macromolecules (carbohydrates, lipids,
proteins, and DNA), which further leads to a gradual loss of tissue and organ function. It has been shown that oxidative stress
plays an important role in the pathogenesis of many chronic diseases (cardiovascular, metabolic, and neurodegenerative diseases
and cancer) and in the process of aging. Thus, many strategies to combat oxidative stress have been proposed and tested. In this
context, food rich in antioxidants has received great attention. Pomegranate, berries, and walnuts have been recognized as
“superfood” particularly for their cardioprotective effects. The common characteristic of these foods is the high content of
ellagitannins. Since tannins are not bioavailable, they have been neglected in nutrition science and even considered antinutrients
for a long time. However, this view has changed dramatically once it was recognized that ellagic acid, released from ellagitannins
in the gastrointestinal system, is further metabolized by colonic microbiota to bioavailable compounds—known as urolithins.
Thus, urolithins (3,4-benzocoumarin derivatives) have emerged as novel natural bioactive compounds and are now the focus of
extensive investigations. So far, urolithins were shown to be powerful modulators of oxidative stress and agents with potential
anti-inflammatory, antiproliferative, and antiaging properties. Furthermore, a few synthetic derivatives of urolithins were
recognized as lead compounds for new drug development. Available data on urolithin synthesis, physicochemical and
pharmacokinetic characteristics, biological activity, and safety will be presented in this review.

1. Introduction

Urolithins are a subgroup of dibenzo[b,d]pyran-6-ones (also
named 3,4-benzocoumarins or dibenzo-α-pyrones) which
were first isolated from natural sources (beaver scent glands)
in 1949 [1]. Thereafter, their presence has been confirmed in
many microorganisms, plants, human feces, and animal
waste [2, 3]. Dibenzo[b,d]pyran-6-ones are biosynthesized
by microorganisms, mostly by fungi through the polyketide
pathway. Their presence in plants and animal and human
intestines is probably a result of bacterial metabolism of ella-
gic acid [3]. Various dibenzo[b,d]pyran-6-ones detected in
extracts of medicinal plants were described by Y. L. Garazd
and M. M. Garazd [4], while those produced by fungi were

described by Mao et al. [3]. Some of these compounds are
toxic to humans and animals (mycotoxins), while the others
show a number of beneficial health effects (antioxidant, anti-
allergic, antimicrobial, anti-inflammatory, antiproliferative,
etc.) [3, 4].

In contrast to their structural homolog coumarin, the
research on urolithins (and their natural precursor ellagic
acid) has only started in the previous decade (Figure 1).
Yet, the data collected so far are promising and support fur-
ther research in this field. The focus of this review is ellagic
acid-derived urolithins as bioactive compounds. Urolithins
are attractive both as nutraceuticals and as intermediates in
the development of novel pharmacological compounds
(drugs). Data on their (bio) synthesis, pharmacokinetics,
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biological activity in the modulation of oxidative stress, and
safety will be presented in the present review.

2. Urolithin Production by the Gut Microbiome

Ellagic acid, mainly in the form of ellagitannins, is present in
various medicinal and edible plants. High concentrations
found in berries, pomegranate, and nuts make these foods
good dietary sources [5]. During digestion, ellagitannins
are converted to ellagic acid which is further metabolized
by the gut microbiota to various dibenzo[b,d]pyran-6-one
derivatives, named urolithins [6]. After cleavage and decar-
boxylation of one lactone ring in the molecule of ellagic acid,
further metabolism occurs through a series of dehydroxyl-
ation reactions (Figure 2).

Contrary to poorly bioavailable ellagic acid, urolithins are
more easily absorbed and have been detected in the circula-
tion (mainly as glucuronide, sulfate, or methyl derivatives)
at high nM to low μM concentrations [7]. It is believed that
urolithins are responsible for the many health effects of ella-
gic acid, ellagitannins, and food rich in these compounds.
Urolithin presence in plasma and urine persists for a couple
of days after oral intake, probably due to enterohepatic recir-
culation [8, 9]. The main isomers found in human biological
fluids and tissues after ingestion of ellagitannin-rich food are
urolithin A and urolithin B. A novel metabolite was recently
identified in human feces, although the study was conducted
on a limited number of participants [10].

Urolithin production in the intestine is dependent on the
host microbiome, and three distinct metabotypes have been
identified: A (producing only urolithin A), B (producing uro-
lithin A, urolithin B, and isourolithin A), and 0 (only negligi-
ble urolithin production). These metabotypes seem to be
quite stable and independent of food source, age, and health
status [11]. The recognition of metabotype is essential in die-
tary intervention studies, but it also suggests that the exact

amount of urolithins produced and absorbed from various
dietary sources might be hardly estimated, especially when
considering the effect of a dietary matrix, ellagitannin struc-
tures, and its variable food concentrations. In this regard,
direct urolithin consumption as a dietary supplement might
be a promising approach.

3. Urolithin Synthesis and
Physicochemical Characteristics

Besides their biological activities, urolithins are also impor-
tant intermediates in the synthesis of various dibenzopyra-
none derivatives with potential pharmaceutical use. For
example, 4-bromo urolithin A was recently shown to be a
very potent casein kinase 2 inhibitor [12]. On the other hand,
urolithin B derivatives showed remarkable cholinesterase
inhibitory activity which was comparable to that of galanta-
mine and higher than that of rivastigmine [13]. Therefore,
methods for efficient synthesis of these compounds are inten-
sively developing.

Different strategies for urolithin synthesis were reported
in the literature (e.g., copper-catalyzed Hurtley reaction, ella-
gic acid decarboxylative hydrolysis, inverse electron demand
Diels–Alder reaction, and 2-bromobenzoic acid esterification
followed by the Heck coupling) [14, 15]. Examples of uro-
lithin synthesis are shown in Figure 3.

Urolithins have a molecular mass of less than 300 g/mol
(e.g., 276.2 g/mol for urolithin M5 and 212.2 for urolithin
B). The log p value is 2.7 for monohydroxy urolithin B, 1.1
for urolithin B glucuronide, and 1.3 for pentahydroxy
urolithin M5. The number of hydrogen bond acceptors is
typically less than 10 (e.g., 3 in urolithin B and 9 in its glucu-
ronide), and the number of hydrogen bond donors is ≤5 (1 in
urolithin B, 4 in urolithin B glucuronide, and 5 in urolithin
M). Thus, these molecules do not show violations of Lipins-
ki’s “rule of five” [22, 23]. Furthermore, urolithins have 0
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rotatable bonds (up to 3 when glucuronidated), and the polar
surface area is typically <130Å2 (143Å2 for urolithin B glu-
curonide). Veber’s rule states that a compound with ≤10
rotatable bonds and polar surface area ≤ 140Å2

(or 12 or
fewer hydrogen bond donors and acceptors) most likely will
have a good oral bioavailability [24]. Another set of rules to
be used in assessing “drug-likeness” of a certain compound
were described by Ghose and coworkers and thus are com-
monly known as the Ghose filter. This filter defines the
following “drug-likeness” constraints: log p is between -0.4
and 5.6, molecular weight ranges from 160 to 480, molar
refractivity ranges from 40 to 130, and the total number of
atoms is 20 to 70 [25]. The molar refractivity values of uro-
lithin B, urolithin B glucuronide, and urolithin M5 are 58.3,
94.75, and 64.9, respectively. The total number of atoms in
a molecule is between 20 and 70 for both urolithins and their
glucuronides. Urolithins were recently assessed through the
SwissADME web tool which provides researchers with a pool
of predictive models for physicochemical properties, as well
as pharmacokinetics, and drug-likeness [26]. The analysis
showed high gastrointestinal absorption for urolithin B, but
low absorption for urolithin M and urolithin B glucuronide.
The software also predicted that urolithin B can cross the
blood-brain barrier and act as the CYP1A2 inhibitor, in con-
trast with the urolithin B glucuronide or the highly hydroxyl-
ated urolithin M5. Moreover, none of these three substances
appeared to be a substrate for P-glycoprotein (P-gp) which is
normally responsible for the extrusion of the intracellular
xenobiotics and thereby a factor limiting the efficacy of some
drugs and other bioactive compounds. Still, it must be noted

that some in vitro results suggest that P-gp and other ABC
transporters (MRP, ABCG2/BCRP) might play a role in the
urolithin transport and metabolism in certain cell lines
(HT-29, MDCKII) [27]. In a quite recent study, urolithin B
was detected in the brain of rats upon intravenous adminis-
tration, confirming that this compound can cross the blood
brain barrier, consistently with the software prediction [28].

4. Urolithin Pharmacokinetic Characteristics
and Safety

Considering direct urolithin consumption, the first issue that
has to be addressed is their stability in the gastrointestinal
system. Using an in vitro digestion model (a sequence of oral,
gastric, and pancreatic digestion, followed by a 24 h fecal fer-
mentation), Mena et al. showed that urolithin B was more
stable than urolithin B glucuronide and urolithin A. The
recovery (% of the initial quantity) at the end of the last
(colonic) step was 47 ± 8% for urolithin B, 30 ± 4% for uro-
lithin B glucuronide (recovered as urolithin B, indicating a
complete deglucuronidation during colonic fermentation),
and 16 ± 5% for urolithin A [29]. However, this study proved
the bioaccessibility of orally administered urolithin isomers.
Bioavailability (i.e., the actual absorption in the circulation)
after direct urolithin administration was tested only for uro-
lithin A in healthy elderly subjects. Dose-dependent increase
in maximum plasma concentration (Cmax) and total expo-
sure (AUC) was observed (dose range of 250-1000mg). The
highest plasma concentration was found for urolithin A
glucuronide, followed by urolithin A sulfate, and the parent
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Figure 2: (a) Structure of ellagic acid, (b) diagram of its metabolism by the gut microbiota, and (c) structures of various urolithins.
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compound with the dose-dependent corresponding Cmax in
ranges 1500-3000 nM, 200-400 nM, and 4-7 nM, respectively.
The time to maximum concentration (Tmax) was 6 hours for
all three compounds after administration of two lower doses
(250 and 500mg), while it was somewhat longer for the high-
est dose (1000mg). The biphasic kinetics was shown for
metabolites, probably due to enterohepatic circulation. The
half-life (t1/2) ranged from 17 to 22 hours for the parent com-
pound and urolithin glucuronide, while it was slightly longer
(25-58 hours) for urolithin A sulfate. All the three com-
pounds were eliminated from circulation in 72-96 hours.
During 4 weeks of administration, a dose-dependent increase
was also observed in total urolithin A (parent compound +
metabolites) steady-state concentrations ranging from about
400ng/mL for the lowest dose to about 600ng/mL for the

highest dose. The authors reported no accumulation in
plasma after multiple-dose as compared to single-dose phar-
macokinetics. Urolithin A was detected in muscle tissue in a
concentration of about 6 ng/g tissue 8 hours after an oral dose
of 2000mg, mostly as a parent compound with only traces of
urolithin A glucuronide found in two out of six participants
[30]. This is an important finding since tissue distribution
and cell availability of many natural compounds are often
an issue. As already mentioned, urolithin glucuronides (the
main form in the circulation) are quite large molecules with
a lot of polar groups and their transmembrane transport is
expected to be low. Moreover, according to some authors, it
is possible that phase II metabolism could hamper urolithin
activity. However, novel findings indicate that tissue avail-
ability of urolithins could actually be higher than expected
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Figure 3: Strategies in urolithin synthesis: (a) from References [16, 17], (b) from Reference [18], (c) from Reference [19], (d) from Reference
[20], and (e) from Reference [21].
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due to the in situ deglucuronidation process. Ávila-Gálvez
et al. described tissue deglucuronidation of urolithin A glucu-
ronide in response to lipopolysaccharide-induced systemic
inflammation in male Sprague-Dawley rats [31]. The authors
observed a dramatic and statistically significant decrease in
the urolithin A glucuronide/urolithin A ratio in all the tested
organs of treated rats vs. controls, including the small intes-
tine, liver, kidney, bladder, spleen, and lung as well as the
urine. However, further research is needed to elucidate the
precise mechanisms underlying this process. Piwowarski
et al. also tested the effect of the inflammation on urolithin
glucuronides. Here, the glucuronides of urolithin A, isouro-
lithin A, and urolithin B isolated from the urine of a volun-
teer after ingestion of ellagitannin-rich food were shown to
be cleaved by β-glucuronidase released from human neutro-
phils (upon N-formylmethionine-leucyl-phenylalanine stim-
ulation), Escherichia coli standard strains, and clinical
samples from patients with urinary tract infections [32].
Since β-glucuronidase is present at high concentrations in
the sites of inflammation as well as in a tumor microenviron-
ment, this could be one of the biologically relevant mecha-
nisms underlying the protective effects of urolithins
reported from many in vitro tests and suggested by epidemi-
ological studies. Of note, some of the protective effects were
also shown for glucuronide metabolites and not only for uro-
lithin aglycone forms [14, 33]. On the other hand, it appears
that urolithin metabolism could be cell-specific. A remark-
able difference was reported from a study on the effects of
urolithin aglycones (urolithin A, urolithin B, and isourolithin
A) and their metabolites (sulfates and glucuronides) in two
types of human breast carcinoma, MDA-MB-231 and
MCF-7. In contrast to MDA-MB-231 cells, in MCF-7 cells,
urolithins were metabolized much faster and mainly to sul-
fate, which did not exert any antiproliferative or estrogen-
ic/antiestrogenic activity [34].

Regarding urolithins’ safety upon direct consumption,
we were able to identify only one toxicological study for
urolithin A and none for the other isomers. The battery of
genotoxicity assays (Ames test and in vivo and in vitro
micronucleus assay, both with and without S9 metabolic
activation) demonstrated that urolithin A is not genotoxic.
After both oral and intravenous administrations to Wistar
rats, the predominant metabolites were glucuronide and sul-
fate. After oral administration (1000mg/kg bw), wide tissue
distribution was found, although with the highest recovery
in the gastrointestinal tract. The authors reported negative
results for overall and organ toxicity after 28- and 90-day
studies. The NOAEL was the highest dose applied
(3451mg/kg bw/day in males and 3826mg/kg bw/day in
females), corresponding to a human equivalent dose of
approximately 557mg/kg bw/day in males and 617mg/kg
bw/day in females [35].

In the urolithin A study in the elderly healthy volunteers,
six adverse events were recorded in a single dose testing (2 in
a placebo group of 6 participants and 4 in a test group of 18
participants). In a 28-day multiple ascending dose trial, 31
adverse effects were recorded in total (7 in a placebo group
of 9 participants and 24 in a treatment group of 27 partici-
pants). All the adverse effects were mild to moderate and with

one single exception were assessed to be unrelated or unlikely
to be related to the product tested. There were no dropouts
during the study and no reports of any clinical or laboratory
abnormalities up to a dose of 2000mg of urolithin A (the
highest dose tested) [30].

Based mostly on the above presented findings, urolithin
A already received a favorable review by the US FDA (Food
and Drug Administration) under their generally recognized
as safe (GRAS) notification program and can be used as a
food ingredient at levels up to 1000mg/serving, which is esti-
mated to result in (applicant-reported) mean dietary expo-
sure to urolithin A of 1183mg/day in the consumers [36].
For comparison, the mean estimated dietary exposure to
urolithin A (from ellagic acid in food) based on food con-
sumption data from the 2013–2014 National Health and
Nutrition Examination Survey reported by an applicant was
3.0 to 15.9mg/day. The application for approval of urolithin
A as a novel food was also submitted to EFSA (European
Food Safety Authority) and is currently being processed.
Although it is clear that urolithins are produced from ellagic
acid in the human intestine, they are not known to be present
in food and need to get approval before being used as nutri-
tive additives or dietary supplements.

5. Urolithin Activity in the Modulation of
Oxidative Stress

Oxidative stress is a state of excess of prooxidative species
(primarily reactive oxygen species (ROS) and reactive nitro-
gen species (NOS)) relative to the antioxidant defenses (enzy-
matic and nonenzymatic) in a living cell or an organism. The
consequence of this imbalance is damage to a variable extent
to the major cellular macromolecules (carbohydrates, lipids,
proteins, and DNA), which further leads to a gradual loss
of tissue and organ function. It has been shown that oxidative
stress plays an important role in the pathogenesis of many
chronic diseases (cardiovascular, metabolic, and neurode-
generative diseases and cancer) and in the process of aging
[37, 38]. Thus, various natural sources (food and medicinal
plants) are tested for their ability to combat oxidative stress.
In that respect, the identification of bioactive compounds
and their mechanism of action is crucially important. Besides
a direct antioxidative effect via radical scavenging, which can
be easily measured in vitro but often fails to be clinically rel-
evant, oxidative stress modulators can also modulate the
activity of different cellular pathways that control the redox
homeostasis in vivo [39, 40]. Of note, ellagic acid-derived
urolithins were recently recognized as emerging oxidative
stress modulators.

In order to comprehensively evaluate the antioxidative
potency of seven different urolithins, Bialonska et al. applied
a cellular assay which allows estimation of the cellular bio-
availability of the test compounds and enables the detection
of their antioxidative activity. Antioxidant activity in myelo-
monocytic HL-60 cells treated with phorbol-12-myristate-13
acetate (PMA) was determined by the DCFH-DA (2′,7′
-dichlorodihydrofluorescein diacetate) method. The test mea-
sures the ability of the investigated compounds (urolithin A;
urolithin B; urolithin C; urolithin D; 8-O-methylurolithin A;
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8,9-di-O-methylurolithin C; and 8,9-di-O-methylurolithin D)
to inhibit the DCFH oxidation by the generated ROS. The
results of this study revealed that the antioxidative activity of
urolithins was correlated with the number of OH groups and
lipophilicity of the molecules. The highest antioxidant activity
was detected for urolithin C (IC50 = 0:16μM) and urolithin D
(IC50 = 0:33μM). Urolithin A showed less significant antioxi-
dant activity (IC50 = 13:6 μM), while urolithin B and all the
methylated urolithins did not show antioxidant activity at
all. The overall conclusion of this study was that urolithins
may account for systemic antioxidant effects [17].

So far, dual redox nature of plant-derived polyphenols is
widely known, making it necessary to investigate not only the
antioxidant but also the prooxidant capacities of these com-
pounds, since their physiological actions may depend upon
their behavior as either an antioxidant or a prooxidant. Kallio
et al. conducted for the first time a study to investigate the
prooxidant properties of urolithins. Besides that, the aim
was also to characterize the antioxidant properties of uro-
lithins A and B using the in vitro ORAC assay, cell-based
assays, and electrochemistry. In addition to redox properties,
potential antiproliferative effects on HepG2 cells were also
investigated. The ORAC values for ellagic acid (4.35 Trolox
equivalent), urolithin A (6.67 Trolox equivalent), and uro-
lithin B (5.77 Trolox equivalent) were two times lower than
ORAC values for quercetin. The ratios between the ORAC
values for urolithins and ellagic acid were 1.53 for urolithin
A and 1.33 for urolithin B, so these ellagic acid metabolites
can be described as relatively strong antioxidants. In a cell-
based antioxidant activity assay on the promyelocytic cell line
HL-60, wherein a reporter dye is oxidized by peroxyl radicals,
urolithin A showed antioxidative action, while urolithin B
did not show any obvious concentration-dependent antioxi-
dant or prooxidant activity in the cell cultured medium.
However, when the intracellular antioxidant activity was
assessed, urolithins A and B showed no antioxidant proper-
ties, while instead they acted as prooxidants. In a copper-
initiated prooxidant activity (CIPA) assay, both urolithins
A and B were prooxidants, whereas urolithin A showed a
stronger prooxidant activity. The authors further investi-
gated the electrochemical oxidation of urolithins with cyclic
voltammetry (CV) employing screen-printed carbon elec-
trodes. The cyclic voltammograms of urolithin A showed
both anodic and cathodic peaks at each scan rate. The cyclic
voltammogram of urolithin B revealed an irreversible redox
reaction as no cathodic peak was observed. Moreover, uro-
lithins A and B caused significant decrease in the prolifera-
tion of HepG2 cells after 48 h incubation, while ellagic acid
did not induce any changes in cell proliferation [41].

Mazumder et al. made an in silico investigation on the
inhibitory potential of the constituents of pomegranate juice
on the antioxidant defense mechanism. They hypothesized
that although polyphenols present in pomegranate juice
may scavenge free radicals and exert antioxidant activity, dif-
ferent compounds may interfere with enzymes involved in
the antioxidant defense mechanisms and thereby paradoxi-
cally contribute to oxidative stress. This study was conducted
to elucidate the potential of different constituents of pome-
granate juice and their metabolites in affecting the cellular

antioxidant defense system, using computational modeling
analysis. Results showed that among others, urolithin A, uro-
lithin A glucuronide, and urolithin B have the potential to
inhibit catalase, SOD (superoxide dismutase), GR (glutathi-
one reductase), GPx (glutathione peroxidase), and GST (glu-
tathione-S-transferase), by interfering with their active
catalytic sites. These findings suggest that these compounds
can act both as prooxidants and as antioxidants [42].

The phosphatidylinositol-3-kinase (PI3K)/Akt pathway
is responsible for many important cellular processes, includ-
ing protein synthesis, proliferation, apoptosis, autophagy,
glucose uptake, and metabolism. This pathway, among the
other functions, mediates the metabolic effects of insulin at
the cellular level. ROS at the same time activate PI3K and
inactivate phosphatase and tensin homolog (PTEN), which
is a negative regulator of Akt. Akt is activated through the
phosphorylation at serine (Ser473) or threonine (Thr308)
sites. Previously, it was reported that this activation is depen-
dent on oxidative stress levels. Endothelial Akt-kinase plays a
key role in the pathogenesis of cardiovascular complications
in type 2 diabetes mellitus (T2DM), and therefore, the mod-
ulation of its activity would be of great physiopathological
importance. Dirimanov and Högger conducted a study to
identify subclasses of polyphenols, including urolithins, that
can modulate the PI3K/Akt signaling pathway and thus be
effective in the prevention and management of late T2DM
complications. Here, the quantitative effects of the investi-
gated compounds in endothelial cells in vitro were deter-
mined by ELISA and confirmed by Western blot analysis.
Urolithin A showed significant and reproducible inhibition
of Akt phosphorylation (35 ± 12%, n = 6, p = 0:001). Other
urolithins (urolithins B, C, and D) did not show statistically
significant inhibitory effects. Among urolithins, differences
in inhibitory effects were recorded, most likely related to
the different structures. Indeed, the presence of two OH
groups at the C3 and C8 positions in urolithin A appeared
to be important for the inhibitory effects [43]. Similar results
were reported in two other studies of Komatsu et al. [44] and
Piwowarski et al. [45] that were aimed at evaluating the anti-
inflammatory potential of urolithins and their underlying
mechanisms in lipopolysaccharide- (LPS-) stimulated
murine RAW264 macrophages.

ROS are known proinflammatory mediators which can
activate microglia and cause chronic neuroinflammation
resulting in the onset of neurodegenerative diseases. Lee
et al. investigated the antioxidant and anti-inflammatory
effects of urolithin B in activated microglia. According to
the results of Western blot analyses, urolithin B increased
AMPK phosphorylation and decreased Akt, JNK, and ERK
phosphorylation without affecting phospho-p38. These find-
ings suggest a possible mechanism of anti-inflammatory
activity. Urolithin B also showed antioxidant effects by inhi-
biting intracellular ROS production in LPS- (lipopolysaccha-
rides from Escherichia coli serotype 055:B5) stimulated BV2
microglial cells. The probable mechanism of antioxidative
action appears to be the inhibition of NADPH oxidase sub-
units along with the upregulation of heme oxygenase-1
(HO-1) [46]. Similarly, Xu et al. in their study concluded that
urolithins A and B inhibit LPS-induced inflammation of
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microglia through the inhibition of the NF-κB, MAPK, and
PI3K/Akt signaling pathways [47].

At both cellular and molecular levels, inflammation has
an important role in initiating and accelerating osteoarthritis
development. Ding et al. conducted a study to investigate the
possible anti-inflammatory action of urolithin A related to
the attenuation of IL-1β-induced degradation of collagen II
and aggrecan and the decreased production of inflammatory
mediators via the ERK, JNK, p38, and NF-κB pathways in rat
chondrocytes. Results showed that the MAPK and NF-κB
pathways were involved in the protective effects of urolithin
A since this metabolite inhibited the phosphorylation of
MAPK pathway members thus protecting chondrocytes
against IL-β-induced inflammation injury. The overall con-
clusion of this study was that urolithin A is a promising pos-
sible therapeutic agent for the treatment of osteoarthritis
[48]. Importantly, the results of this study confirmed those
previously reported by Fu et al. [49].

In another study, González-Sarrías et al. showed that
urolithins (Uro-A, Uro-B, Uro-C, and Uro-D) and urolithin
glucuronide conjugates in blood exerted potent protection
against H2O2-induced cell injury. Results of the study revealed
that neither the different hydroxylation patterns of urolithins
nor the phase II metabolism was critical for their neuroprotec-
tive effects. No differences were observed among all the uro-
lithins’ aglycone and glucuronide conjugates, except for the
Uro-B. Pretreatment with Uro-A significantly decreased the
percentage of late apoptosis (12%, p < 0:05) in human neuro-
blastoma SH-SY5Y cells, compared to H2O2 treatment alone.
Urolithins reduced intracellular ROS levels, increased mito-
chondrial oxidation-reduction activity, and decreased apopto-
sis induced by oxidative stress, by preventing the caspase-3
activation. The authors also noted that these neuroprotective
effects of urolithins were less pronounced than those obtained
with ellagic acid under the same conditions [50]. However, in
consideration of the already discussed issues regarding ellagic
acid metabolism and absorption, it seems to be at least ques-
tionable that ellagic acid might reach the effective concentra-
tion in the brain tissue.

Similar findings on LPS-BV-2 microglial cells and human
neuroblastoma SH-SY5Y cells were reported in another
study by DaSilva et al. [51].

It is well known that redox status has a great impact on
the development of neurodegenerative diseases. Therefore,
Cásedas et al. investigated whether urolithin A could have
antioxidative and neuroprotective effects on the murine
Neuro-2a neuroblastoma cell line. Results showed that uro-
lithin A had a great antioxidant capacity, as measured in
the ORAC test (13.1μmol TE/mg) and exerted a number of
cytoprotective effects. Indeed, this metabolite improved
mitochondrial activity in cells exposed to H2O2, decreased
lipid peroxidation in cells subjected to oxidative stress,
enhanced the activity of superoxide dismutase (SOD), cata-
lase (CAT), glutathione reductase (GR), and glutathione
peroxidase (GPx), and dose-dependently increased the
expression of peroxiredoxins 1 and 3 (Prx1 and Prx3) com-
pared to control [52].

A study of Chen et al. tested the neuroprotective effect
of urolithin A on H2O2-induced oxidative injury in PC12

(pheochromocytoma) cells. Results showed that urolithin
A effectively prevented H2O2-induced apoptosis in PC12
cells by markedly regulating in the opposite ways the pro-
tein levels of caspase-3 and Bcl-2 (both p < 0:01). The
in vivo D-galactose-induced brain aging model showed
that urolithin A significantly suppressed the upregulation
of miR-34a induced by D-galactose. The overall conclusion
was that urolithin A may have neuroprotective effects,
especially in preventing D-gal-induced brain aging through
the activation of the miR-34a-mediated SIRT1/mTOR sig-
naling pathway [53].

Later on, Zheng et al. conducted a study on possible pro-
tective effects and molecular mechanisms of urolithin B on
myocardial ischemia/reperfusion (IR) injury. Here, treat-
ment with urolithin B significantly decreased the levels of
superoxide anion radicals and lipid peroxidation products
in H9c2 cells, restoring also the SOD expression. To examine
the potential role of autophagy in the protective effects of
urolithin B, levels of LC3 and p62 were determined. IR
increased the ratio of LC3II/I and conversely decreased p62
levels, which were significantly reversed by urolithin B treat-
ment. Accumulation of p62 and its interaction with KEAP1
had an important role in the antioxidative effects mediated
by urolithin B, promoting Nrf2 nuclear translocation and
subsequent expression of antioxidant enzymes such as HO-
1, GSTP1, and NQO1. Results suggested that protective
effects of urolithin B could be partially due to the modulation
of autophagy [54]. Additionally, Tang et al. revealed that uro-
lithin A could reduce myocardial apoptosis following ische-
mia/reperfusion. The authors concluded that the protective
effect of urolithin on cardiomyocyte apoptosis during hypox-
ia/reoxygenation injury was at least partially mediated by the
activation of the PI3K/Akt signaling pathway [55].

Nonenzymatic protein glycation reactions are usually
observed in conditions related to oxidative stress. As a result,
advanced glycation end products (AGEs) are formed and
can be accumulated mainly in proteins with a long half-life,
altering their structural and functional properties. It seems
that AGEs have a significant role in the progression of car-
diovascular complications associated with diabetes and also
Alzheimer’s disease and neuropathy. In this regard, Verzel-
loni et al. investigated the inhibitory activity of urolithins
A and B against AGE formation, using concentrations that
can be reached in vivo and assessing their ability to counter-
act mild oxidative stress in cultured human neuron cells.
They also evaluated iron chelation ability with a ferrozine
assay and radical scavenging activity, which was measured
with the ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid)) assay. The results showed that urolithins A and
B at the lowest concentrations of 0.5μmol/L had weak anti-
glycative activity, while their activity was much stronger
when higher concentrations (1μmol/L) were used. Urolithin
A had substantial antiglycative activity at the highest con-
centration (10μmol/L). The antiglycative activity of uro-
lithin B at the highest concentration (10μmol/L) was only
slightly higher than that observed at 1μmol/L. Both uro-
lithins showed much higher activity than all the other
colonic polyphenol metabolites tested, including pyrogallol
(raspberry/pomegranate “ellagitannin group”), colonic
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metabolites of “coffee group” polyphenols (dihydrocaffeic
acid, dihydroferulic acid, and feruloylglycine), and “berry/red
wine anthocyanin group” polyphenols (3-hydroxyphenylace-
tic acid, 3,4-dihydroxyphenylacetic acid, and 3-methoxy-4-
hydroxyphenylacetic acid). In the ABTS assay, both of uro-
lithins showed low activity, therefore suggesting that the
antiglycative effect was not exclusively related to their anti-
oxidative capacity. Neither of the urolithins was able to bind
iron at 50μmol/L. Urolithin B showed stronger neuropro-
tective effects compared to urolithin A and all the other
tested metabolites in vitro. Both urolithins showed protective
effects with an increase in cellular viability after induction of
oxidative stress with 2,3-dimethoxy-1,4-naphthoquinone
(DMNQ) [56]. Kim et al. examined possible mechanisms
of neuroprotective action of urolithin A against H2O2-
induced oxidative stress in vitro. Here, after treatment with
urolithin A, the expressions of cytochrome c, cleaved cas-
pase-9, cleaved caspase-3, and cleaved poly (ADP-ribose)
polymerase (PARP) were suppressed, confirming that uro-
lithin A attenuated apoptotic cell death in H2O2-exposed
SK-N-MC cells. In brief, urolithin A decreased ROS produc-
tion in cells, inhibited the mitochondrial-related apoptosis
pathway, and modulated the p-38 MAPK pathway [57].

Both of these studies were conducted in human neuro-
blastoma SK-N-MC cells, as reported by the authors.
Although the SK-N-MC cell line is often used as a model
for testing neuroprotective effects [58–61], it must be noted
that this cell line is now widely regarded as having originated
from Askin’s tumor related to Ewing’s sarcoma and not neu-
roblastoma as originally described [62].

Apart from reducing sugars, advanced glycation end
products (AGEs) can also be formed in the reaction of nucle-
ophilic groups of macromolecules with reactive carbonyl spe-
cies (RCS). RCS such as glyoxal (GO), methylglyoxal (MGO),
and 3-deoxyglucosone (3-DG) can be formed as side prod-
ucts of several enzymatic pathways involving carbohydrates.
Biological effects caused by RCS seem somewhat similar to
those induced by ROS. Methylglyoxal is one of the most reac-
tive glycation agents, so it is a relevant target so its inhibition
might be useful to prevent or at least attenuate the formation
of AGEs. Liu et al. investigated the in vitro antiglycation
effects of a standardized pomegranate fruit extract (PE) along
with its major phenolic constituents, punicalagin (PA), ella-
gic acid (EA), and gallic acid (GA) as minor phenolic constit-
uents as well as urolithins A and B. Inhibitory effects of the
tested samples were evaluated with BSA-fructose and G.K.
peptide-ribose assays, MALDI-TOF mass spectrometry, and
circular dichroism (CD). Additionally, the dicarbonyl-
scavenging properties of the samples were also examined by
HPLC-DAD methods. Results showed that PA and EA were
the major contributors to the antiglycation effects of PE, but
urolithins A and B also showed promising antiglycation
activity which was similar to that of the positive control. All
the tested compounds showed dicarbonyl-scavenging capac-
ity, but in the case of urolithins, it was weaker than that of the
positive control [63].

Enhanced production of ROS is connected with periph-
eral inflammatory responses. In the study conducted by Ishi-
moto et al., in vivo anti-inflammatory and antioxidant

activities of urolithin A were evaluated in the carrageenan-
induced paw edema mouse model with an ORAC assay.
The association between plasma ORAC scores and levels of
urolithin A in plasma after oral administration in mice was
investigated. Results indicated a strong correlation of plasma
urolithin A levels and the plasma ORAC scores after oral
administration of urolithin A. These findings can explain
the profound anti-inflammatory effects exerted by urolithin
A [64].

Subsequently, the study conducted by Saha et al. revealed
that urolithin A potently inhibits heme peroxidases, namely,
myeloperoxidase (MPO) and lactoperoxidase (LPO), com-
pared to ellagic acid. Urolithin A significantly reduced the
MPO and LPO activities in both dose- and time-dependent
manners. Also, inhibition of MPO and LPO by urolithin A
could be prevented by neutrophil gelatinase-associated lipo-
calin (NGAL), which is expressed in neutrophils and is
involved in innate immunity by sequestrating iron, thus lim-
iting bacterial growth. The Chrome Azurol S assay suggested
that ellagic acid was capable of binding iron, whereas uro-
lithin A failed to chelate iron. However, this allows urolithin
A to retain its ability to inhibit peroxidase in the presence of
ferric ion. As a consequence, urolithin A significantly
reduced superoxide generation induced by phorbol myristate
acetate (PMA) in neutrophils. These findings pointed out
that urolithin A does inhibit not only MPO and LPO but also
other prooxidant enzymes. To confirm these findings
in vitro, urolithin A and ellagic acid were tested for their effi-
cacy against PMA-induced ear edema in mice. Here, treat-
ment with urolithin A was almost comparable to a positive
control (indomethacin), which markedly reduced ear edema
by 47.5%. Urolithin A also inhibited MPO activity, which
suggests the potential role of urolithin A as an anti-
inflammatory agent [16].

Singh et al. showed that urolithin A not only exerts the
anti-inflammatory activity but also upregulates epithelial
tight junction proteins through activation of AhR-Nrf2-
dependent pathways. The anti-inflammatory activity was evi-
denced by a significant decrease in LPS-induced IL-6 and
TNF-α both in vitro (mouse bone marrow-derived macro-
phages) and in vivo (LPS-induced peritonitis mouse model).
While the anti-inflammatory effect was partially preserved in
Nrf2-/- cells, it seems to be strongly AhR-dependent. AhR-
Nrf2 pathways are essential for urolithin A-induced upregu-
lation of tight junction proteins. Urolithin A was shown to
attenuate colitis in preclinical models as both prophylactic
and therapeutic agents and could be an even better therapeu-
tic option than anti-TNF-α antibodies currently used in the
treatment of irritable bowel disease [65].

Endothelium-derived NO has a critical role in regulating
vascular homeostasis, and its bioactivity is impaired in ath-
erosclerosis and related diseases. Loss of bioactivity under
these conditions is related to increased oxidative stress, espe-
cially caused by enhanced production of superoxide anion
and accumulation of lipid peroxidation products. Therefore,
antioxidant supplementation can restore endothelial vaso-
motor function. In this respect, Spigoni et al. assessed
in vitro effects of urolithin A, urolithin B, and urolithin B glu-
curonide on endothelial function in primary human aortic
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endothelial cells (HAECs). The study was aimed at investi-
gating effects of urolithins on the activation of endothelial
nitric oxide synthase (eNOS) and the release of NO. Uro-
lithins were tested both individually and as a mixture. This
study was the first in assessing the effects of a mixture of uro-
lithins at physiologically attainable concentrations on endo-
thelial cell function. Results revealed that the mixture was
more potent in releasing NO compared to individual uro-
lithins. These findings suggest that benefits related to the
ellagitannin-rich diet could be due to the combined activity
of different metabolites [66].

Oxidized low-density lipoprotein (ox-LDL) can cause
changes in various endothelial functions, impairing NO
synthesis and stimulating endothelial cell expression of proin-
flammatory cytokines. This can lead to further inflammation,
endothelial dysfunction, and atherogenesis. Han et al. investi-
gated the effects of urolithin A on ox-LDL-induced endothelial
dysfunction. Results showed that urolithin A in probable
physiological concentrations could dose-dependently attenu-
ate the ox-LDL-induced increase in LDH levels in human
artery endothelial cells (HAECs). Moreover, urolithin A
increased also the production of NO in a dose-dependent
manner, suggesting that it might promote the NO synthesis
by modulating the expression of endothelial nitric oxide syn-
thase (eNOS) [67]. This is in agreement with the results
obtained by Rosenblat et al. showing that both urolithins A
and B significantly and dose-dependently inhibited copper
ion-induced LDL oxidation, as measured by the TBARS or
by the lipid peroxide assays [68].

Also, Larrosa et al. conducted a study to evaluate the
effects of diet supplementation with a pomegranate extract
(PE) and urolithin A on a dextran sodium sulfate- (DSS-)
induced colon inflammation rat model to also assess
whether the effects might be related to urolithins. Here, the
antioxidant status of plasma was assessed with the ferric-
reducing antioxidant power (FRAP) assay, while lipid perox-
idation levels in colon tissue were evaluated by thiobarbitu-
ric acid-reactive substances (TBARS) measurement. Results
showed that only the administration of PE ameliorated the
antioxidant status in plasma, while urolithin A showed low
antioxidative capacity in the FRAP assay. Peroxidation levels
in rats supplemented with PE were significantly lower com-
pared to control, while urolithin A administration did not
produce any effect. Results also showed that both PE and
urolithin A supplementations were able to abrogate the
NO production by suppressing iNOS induction triggered
by DSS treatment in rats. Overall, supplementation with
urolithin A was more effective than that with PE in amelio-
rating the inflammation. The authors also noted that
colonic inflammation could lower ellagic acid conversion
to urolithins [69], while other work from Zhao et al. also
suggested protective effects of urolithin A in high-fat diet-
induced metabolic inflammation, based on the recovery of
tissue damage in the colon and the regulation of the gut
microbiota [70].

Olennikov et al. analyzed the commercial formulation
known as Padma Liver regulator, which contains chebulic
ellagitannins indicated for weak liver function and also rec-
ommended for preventing liver damage. One aim of the

study was to estimate the hepatoprotective potentials of uro-
lithins against tert-butyl hydroperoxide-induced experimen-
tal hepatocyte injury. The results suggested that urolithins in
the presence of t-BHP protected the hepatocytes against the
oxidative injury in a dose-dependent manner, acting as anti-
oxidants. Indeed, the level of malondialdehyde (MDA) pro-
duction in urolithin C-treated cells was lower than those in
urolithin A and B groups demonstrating its good antioxidant
properties. This is explained by the fact that urolithin C has
the highest number of hydroxyl groups, while the least active
was urolithin B having only one monohydroxy-substituted
phenolic ring [71].

An early key step in the development of hepatocellular
carcinoma is characterized by overexpression of proinflam-
matory molecules and the release of different growth factors.
This is a result of ROS overproduction and metabolic alter-
ations in the liver cancer cells. By using HepG2 cells as a
model, Wang et al. explored the effects of urolithin A on
the expression of NF-κB-related inflammatory factor and
ROS formation in H2O2-induced oxidative stress. The effects
of urolithin A on ROS production and superoxide dismutase
(SOD), malondialdehyde (MDA), and glutathione peroxi-
dase (GSH-Px) levels were evaluated in response to H2O2
treatment. Here, the incubation of HepG2 cells with urolithin
A led to the inhibition of ROS generation by nearly 50%,
reinforcing the levels of SOD and GSH-Px, while in untreated
cells, a significant increase in MDA was observed. The
authors proposed that one potential mechanism of urolithin
A action in HepG2 cells might derive from the decreased
release of proinflammatory mediators caused by the suppres-
sion of the NF-κB signaling pathway, followed by inhibition
of oxidative stress [72].

ROS have the potential to cause cellular damage, espe-
cially to DNA, RNA, lipids, and proteins, that can eventually
promote carcinogenesis. Kojadinovic et al. tried to charac-
terize the intracellular response to oxidative stress after
treatment of the human adenocarcinoma Caco-2 cell line
with physiological amounts of urolithins mixture (urolithins
A, B, C, and D). To determine the protective effect of uro-
lithins, two types of treatments were used: a long-term
preincubation condition and a short-term incubation treat-
ment. For all the measurements in tested cells, oxidative
stress was induced with H2O2 and cells were pretreated with
urolithin mixture in a concentration of 30μM. The mixture
of urolithins reduced the generation of ROS in both the
experimental conditions (short term and long term), despite
that a more pronounced effect was observed in the short
term. Effects of urolithins were also evaluated by measuring
the activity of specific antioxidant enzymes, such as super-
oxide dismutase (SOD), catalase (CAT), and glutathione
peroxidase (GSH-Px) in Caco-2 cells. The addition of uro-
lithins in growth medium significantly decreased the activity
of CAT (p < 0:05), while SOD and GSH-Px activity was unaf-
fected. These data indicate that the mixture of urolithins can
attenuate the induced oxidative stress in the Caco-2 cells.
Even short-term treatment can cause a decrease in ROS for-
mation in cells, preventing the oxidative damage. Addition-
ally, urolithins can modulate the activity of antioxidative
enzymes [73].
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The mitogen-activated protein kinase (MAPK) cascades,
consisting of the extracellular signal-related kinases
(ERK1/2), the c-Jun N-terminal kinases (JNK), the p38
kinase (p38), and the big MAP kinase 1 (BMK1/ERK5) path-
way, play an important role in various cellular processes such
as cell growth, differentiation, development, cell cycle, sur-
vival, and cell death. The p38 kinase is involved in malignant
invasion and metastasis of bladder cancer. Qiu et al. con-
ducted a study aimed at investigating the antiproliferative
properties of urolithin A, urolithin B, 8-OMe-urolithin A,
and ellagic acid in T24 human bladder cancer cells. They also
evaluated the antioxidative activity of these compounds and
their effects on caspase-3 activation and mRNA and/or pro-
tein of p38-MAPK (mRNA, phosphorylated protein),
MEKK1 (mRNA, protein), c-Jun (mRNA, phosphorylated
and nonphosphorylated protein), p53 (mRNA), cleaved
caspase-3 (protein), and peroxisome proliferator-activated
receptors gamma (PPAR-γ, protein). Oxidative stress
induced by H2O2 in T24 human bladder cancer cells was esti-
mated by measuring the intracellular content of ROS and
MDA as well as the SOD activity. After incubation with dif-
ferent urolithins and ellagic acid, both the ROS and MDA
levels were significantly decreased, whereas SOD activity
markedly increased compared to the negative control.
Results also suggested that urolithins and ellagic acid modu-
lated both the transcription and protein content of p38-
MAPK, MEKK1, and c-Jun in T24 cells, confirming possible
antiproliferative effects on T24 cells [74].

One of the most widely diffused alterations across several
types of malignant cancers is related to the functional inacti-
vation of the oncosuppressor p53 that largely contributes to
the acquirement of a chemoresistant phenotype [75, 76].
Thus, the reactivation of p53 represents an attractive thera-
peutic option in oncology that has been shown to promote
tumor regression due to the induction of senescence in sarco-
mas and carcinomas or the activation of apoptosis in lym-
phomas [75, 77]. In case of p53 mutation or deletion
(present in more than 50% of cancers), this reactivation could
be achieved through gene therapy or targeted therapy aimed
at substituting the p53 mutant form with the corresponding
wild-type form. Of note, in tumors expressing the p53 wild-
type form, its activity is often diminished by the overexpres-
sion of p53 inhibitors, namely, the E3 ubiquitin-protein
ligase MDM2 (or MDM4) [75, 78]. In such tumors, the ther-
apeutic strategy is aimed at disrupting the binding of p53
inhibitors to its target. Although still in its early phase,
research on p53 reactivation in the context of cancer therapy
is rapidly emerging. Besides some small molecules acting as
MDM2 inhibitors already in the clinical trials, many natural
compounds are currently tested for their p53 restoration
activity in cancer cells. Several studies demonstrated such
activity for urolithins. For instance, Giménez-Bastida et al.
[79] reported that urolithin A applied in physiologically rel-
evant noncytotoxic concentrations (0.5, 1, and/or 10μM)
dose-dependently induced cellular senescence in p53 wild-
type human colon cancer HCT-116 cells. This effect was
not observed in two other cancer cell lines, namely, Caco-2
(p53-null) and HT-29 (mutant p53), as well as nontumori-
genic CCD18-Co (wild-type p53) cells. On the other hand,

urolithin B, urolithin C, isourolithin A, and ellagic acid did
not exert this effect in the tested cell lines. In contrast to apo-
ptosis, which can be induced at much higher concentrations,
the induction of cellular senescence suggests the potential
chemopreventive role of a regular dietary intake of urolithin
precursors, at least for urolithin A-producing metabotypes.
Another important point is the lack of effect resulting from
testing with urolithin A metabolites (glucuronide or sulfate).
This can also explain the absence of effect in Caco-2 and HT-
29 cells, which metabolize urolithins at a much higher rate in
comparison to HCT-116 cells.

Norden and Heiss also reported that urolithin A-induced
p53 stabilization in HCT-116 cells not only exerted antipro-
liferative effects (IC50 = 19μM) but also synergized with the
anticancer drug oxaliplatin. In the absence of p53, a signifi-
cant decrease in urolithin A antiproliferative activity was
however noted (IC50 = 38μM) [80].

Both p53-dependent and p53-independent antiprolifera-
tive effects of urolithin A were demonstrated in the three
human prostate cancer lines with different p53 activities,
namely, LNCaP (p53+/+), 22RV1 (p53−/+), and PC3
(p53−/−) cells. Here, an increased expression in both p53
andMDM2was observed in LNCaP and 22RV1 cells, but this
was paralleled by a strong inhibition of their reciprocal inter-
action. In contrast, in PC3 cells, urolithin A downregulated
MDM2 and upregulated p21 and p14ARF expression in a
p53-independent manner [78].

The role of p53 in cancer formation and progression
involves the regulation of oxidative stress by controlling
the expression of various antioxidant and metabolic genes.
The final effect can be either antioxidant or prooxidant,
depending on the extent of stress signals. Under the physio-
logical conditions of low stress, p53 lowers ROS levels via
induction of antioxidant genes (sestrins, TIGAR, GPX1,
ALDH4, GLS2, and Parkin) and the stabilization of Nrf2.
This antioxidant activity protects cells from oxidative
stress-induced DNA damage and promotes cell survival.
Under the conditions of severe stress, p53 induces prooxi-
dant genes (PIG3, PIG6, FDRX, Bax, and Puma) thus
increasing ROS levels in the cells. This increase in ROS
levels further activates p53, leading to a high accumulation
of ROS. The resulting state of oxidative stress leads to apo-
ptosis and senescence, preventing the propagation of
mutated cells. In p53-null cells, the elevation of intracellular
ROS levels increases DNA oxidation and the rate of muta-
genesis, and the use of antioxidants can reverse this effect
[81]. In contrast to the wild-type p53, mutant p53 isoforms
are not functional and support tumor progression. ROS for-
mation is also enhanced by the Warburg effect, which was
shown to be sustained in cells with mutant p53 proteins.
However, mutant p53-driven ROS accumulation was also
shown to enhance cell sensitivity to H2O2 treatment. It
was then speculated that mutant p53-bearing cancer cells
could be significantly more sensitive to prooxidant drugs
[82]. In conclusion, the final effect of p53 activation seems
to be dependent on the cell type, p53 isoform, level of p53
activity, and its location within the cell and can promote cell
proliferation, migration, further genotoxic damage, senes-
cence, or cell death.
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Urolithin A was also shown to regulate mitochondrial
function. The decline in mitochondrial function, character-
ized by changes in organelle morphology, insufficient ATP
production, accumulation of mitochondrial DNA muta-
tions, increased production of mitochondrial ROS, and oxi-
dative damage to macromolecules, is one of the hallmarks of
aging and age-related diseases. Since mitophagy enables the
degradation of damaged mitochondria and it is significantly
impaired in several human pathologies (neurodegenerative
disorders, cardiovascular pathologies, and cancer), there is
a rising interest in therapeutic interventions aimed at the
induction of mitophagy. Ryu et al. found that urolithin A
potently induces mitophagy and through this mechanism it
extended lifespan and improved fitness during aging in Cae-
norhabditis elegans as well as muscle function and exercise
capacity in rodents [83]. This corroborates the finding of
Boakye et al. who demonstrated that urolithin A increased
autophagic flux in murine J774.1 macrophages in a
concentration-dependent manner, thereby contributing to
anti-inflammatory action. An elevated autophagic flux could
be attributed to suppression of LPS-induced phosphoryla-
tion of AKT and its downstream targets TSC2, mTOR, and
p70S6K. The increased autophagic flux further contributed
to the alleviation of LPS-stimulated proinflammatory M1
polarization in J774.1 macrophages (inhibition of iNOS/-
Cox2/pro-IL-1β expression and NO and ROS release).
Finally, the urolithin A-induced increase in autophagic flux
contributed to the reduced nuclear abundance of NF-κB,
presumably by interfering between the NF-κB release from
its complex with the inhibitor and its transport into the
nucleus [84].

Elevated autophagy, augmented mitochondrial biogene-
sis, and attenuated NF-κB activation were also recorded in
the livers of C57BL/6 male mice fed a high-fat diet after
intraperitoneal application of urolithin A in physiologically
relevant concentrations (20μg/mice). Augmented mito-
chondrial mass and activity were demonstrated to contribute
to the triglyceride- (TG-) lowering effect of urolithin A. This
effect was probably due to a significant increase in the
expression of mitochondrial genes related to beta-oxidation,
namely, carnitine palmitoyltransferase 1 (Cpt1) and sirtuin 1
(Sirt1). Simultaneously, levels of the lipogenic gene and pro-
tein expression (e.g., fatty acid synthase and stearoyl-CoA
desaturase 1) were decreased. Moreover, livers from uro-
lithin A-treated mice had augmented expression of ROS-
scavenging enzymes, such as SOD1 and SOD2. Furthermore,
urolithin A decreases macrophage infiltration into adipose
tissue and favors M2 over M1 polarization of macrophages.
The overall observed systemic effects were reduced hepatic
and adipose inflammation and improved insulin sensitivity
in the dietary challenge with a high-fat diet [85].

The beneficial effects of urolithin A on mitochondrial
health were also reported in the first human randomized,
double-blind, placebo-controlled clinical study in sedentary
elderly subjects. Although the study duration (4 weeks) did
not allow the assessment of physiological effects (muscle
function), it showed a global impact on the biomarkers of
mitochondrial health following urolithin A oral administra-
tion at doses of 500 and 1000mg. A dose-dependent decrease

in acylcarnitine levels (C8 to C14 and >C20) was observed in
plasma, without change in free carnitine levels, indicating
that UA improves fatty acid oxidation at the level of the
whole body. Mitochondrial abundance was evaluated by
measuring the ratio of mitochondrial DNA to nuclear
DNA, which tended to increase, albeit not significantly.
Treatment with UA was seen to upregulate the transcription
of mitochondrial genes. Taken together, these data demon-
strate that urolithin A stimulated mitochondrial biogenesis
in the skeletal muscle of the participants. Further studies of
longer duration are needed to evaluate urolithin A effects
on muscle strength as well as possible variations in a dose-
effect relationship from chronic exposure [30].

6. Conclusions

Ellagic acid-derived urolithins are produced by the gut
microbiome, absorbed, and regarded to be responsible for
the systemic beneficial health effects associated with the con-
sumption of ellagitannin-rich food. The research interest in
urolithins has considerably grown in the past decade. Effi-
cient methods for urolithin synthesis have been developed,
many tests on their activity were performed, their bioaccessi-
bility was proven in an in vitro digestive simulation test, and
toxicological studies have shown a good safety profile for
urolithin A. The results obtained so far confirm that uro-
lithins can potentially be used to modulate oxidative stress
and ameliorate tissue damage through different mechanisms.
The first functional food containing urolithin A is already on
the horizon. The evidence also indicates that urolithin
metabolism could be cell-specific, which in turn alters their
activity in vitro, a phenomenon that warrants further investi-
gation. On the other hand, a couple of synthetic urolithin
derivatives were shown to be potent and selective inhibitors
of certain enzymes (CK, cholinesterase) which makes them
novel drug candidates. In conclusion, urolithins are promis-
ing molecules with many potential therapeutic activities that
are yet to be validated in clinical trials. It is anticipated that
these compounds will be the focus of extensive research in
the near future, hopefully providing new and exciting results
in different physiopathological settings.
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Sitagliptin, an inhibitor of the dipeptidyl peptidase IV (DPP4), has been implicated in the regulation of type 2 diabetes. However,
the role and mechanism of sitagliptin administration in total body irradiation (TBI)- induced hematopoietic cells injury are
unclear. In this study, we demonstrated that sitagliptin had therapeutic effects on hematopoietic damage, which protected
mice from 7.5Gy TBI-induced death, increased the numbers and colony formation ability of hematopoietic cells. These
therapeutic effects might be attributed to the inhibition of NOX4-mediated oxidative stress in hematopoietic cells, and the
alleviation of inflammation was also helpful. Therefore, sitagliptin has potential as an effective radiotherapeutic agent for
ameliorating TBI-induced hematopoietic injury.

1. Introduction

Ionizing radiation (IR) has been widely used in industry,
agriculture, and medical therapy, such as nuclear power gen-
eration, agricultural breeding, cancer treatment, and so on [1,
2]. However, the risks of accidental nuclear accidents, radio-
therapy sequelae, and even nuclear war and nuclear terrorism
are gradually rising, which makes the demand for radiation
protection and treatment increasing. Exposure to a high dose
of IR within a relatively short period of time may induce
acute radiation syndromes (ARS), including effects experi-
enced in the hematopoietic system, gastrointestinal system
and brain [2–4], and hematopoietic radiation injury is the
most common ARS.

The hematopoietic system has a hierarchical structure, in
which hematopoietic stem cells (HSCs) is located at the top,
which can proliferate downwards into multipotential pro-
genitor cells (MPPs) and hematopoietic progenitor cells
(HPCs), and further differentiate into mature blood cells

[5, 6]. HPCs show high sensitivity to radiation due to their
fast proliferation rate. Middle or high doses of IR can
deplete MPPs and HPCs and lead to acute myelosuppres-
sion. Then, HSCs proliferate and differentiate to supple-
ment MPPs and HPCs, but persistent myelosuppression
occurs with HSCs injury [7, 8]. Radiation-induced myelo-
suppression is one of the important pathological basis of
clinical manifestations of ARS, including infection, hemor-
rhage, and anemia, so recovery of the hematopoietic sys-
tem plays an important role in the treatment of radiation
damage. The hematopoietic growth factors (HGFs) such
as granulocyte colony-stimulating factor (G-CSF) filgras-
tim and pegfilgrastim and the granulocyte-macrophage
colony-stimulating factor (GM-CSF) sargramostim have
currently been approved by the US Food and Drug
Administration to mitigate hematopoietic abnormalities
in ARS in order to improve patients survival [9]. However,
the application of HGFs not only may lead to fever, pain,
vomiting, and so on, but also destroys the self-renewal
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ability of HSCs, which accelerates the depletion of HSCs
and further affects the long-term recovery of hematopoi-
etic system [10–13]. Therefore, studying the mechanism
of regulation of the hematopoietic system and exploring
strategies to mitigate hematopoietic radiation damage are
urgent problems to be solved.

As an oral hypoglycemic agent approved by FDA, sita-
gliptin increases the activity of glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypeptide
by highly selective inactivation of DPP4, thereby promoting
insulin secretion from β-cells and inhibiting glucagon secre-
tion from α-cells, so sitagliptin is widely used in the treatment
of type 2 diabetes [14–17]. Studies have shown that sitagliptin
can suppress oxidative stress in severe acute pancreatitis-
associated intestinal inflammation, diabetic cardiomyopathy,
chronic cerebral hypoperfusion, heart failure, liver ischemia-
reperfusion, and so on [18–22]. Broxmeyer et al. [23] found
that radiation increased the activity of DPP4 in bone marrow
(BM) cells, and DPP4 knockout or inhibition before IR pre-
vented the hematopoietic radiation injury. Sitagliptin’s target
DPP4 exists on the surfaces of a variety of cells including
HSCs and HPCs, and partially presents in the circulating
blood in soluble form [24, 25]. DPP4 is able to combine with
chemokines, colony-stimulating factors (CSFs), and interleu-
kins involved in the regulation of hematopoietic system [26],
inhibiting its activity is beneficial to homing and implanta-
tion of hematopoietic cells [27]. However, the therapeutic
effects and the mechanism of sitagliptin in the treatment of
hematopoietic radiation damage remain to be studied.

In this article, we investigated the therapeutic role of sita-
gliptin in hematopoietic radiation injury and its underlying
mechanisms. Our results demonstrated that the administra-
tion of sitagliptin had therapeutic effects on TBI-induced
hematopoietic damage, which protected mice from TBI-
induced death, increased the numbers of hematopoietic cells
and the proliferation ability of HPCs. In addition, sitagliptin
not only inhibited NOX4-mediated oxidative stress response
in hematopoietic cells, but also might mitigate inflammation.

2. Materials and Methods

2.1. Reagents. Biotin conjugated anti-mouse-CD4 (clone 34
GK1.5), anti-mouse-CD8 (clone 53-6.7), anti-mouse-
CD11b (clone M1/70), anti-mouse-CD45R/B220 (clone
RA3-6B2), anti-mouse-Ly6G/Gr-1 (clone RB68C5), anti-
mouse-Ter119 (clone Ter119), anti-mouse-CD117 (c-kit)-
APC (clone 2B8), anti-mouse -Ly-6A/EA (Sca-1)-PE (clone
D7), and PERCP-conjugated streptavidin were purchased
from eBioscience (San Diego, CA, USA). In addition,
2,7-dichlorodihydrofluorescein diacetate (DCFDA) was
purchased from Sigma (St. Louis, MO, USA). MethoCult
GF M3534 medium was purchased from Stem Cell Tech-
nologies (Vancouver, Canada). MitSox red mitochondrial
superoxide indicator was obtained from Life Technologies
(Grand Island, NY, USA). Rabbit anti-γH2AX was
obtained from Cell Signaling Technology (Danvers, MA,
USA). Rabbit anti-NOX4 was obtained from Proteintech
(Wuhan, China). FITC-conjugated goat anti-rabbit antibod-
ies were obtained from Abcam Biotechnology (Cambridge,

MA, USA). Cytofix/Cytoperm buffer (554722), Perm/Wash
buffer (554723), and Cytoperm Permeabilization Buffer Plus
(561651) were obtained from BD Pharmingen (San Diego,
CA, USA). Sitagliptin was obtained from Merck Sharp &
Dohme (South Granville, NSW, Australia).

2.2. Animals. Male C57BL/6J mice weighing 20-22 g were
purchased from Beijing HFK Bioscience Co, Ltd. (Beijing,
China) and housed in the certified animal facility at the
Institute of Radiation Medicine of the Chinese Academy of
Medical Sciences (CAMS). All mice were randomly divided
into different groups one week prior to the study to allow
for acclimatization. All procedures involving animal
experiments were conducted in accordance with a proto-
col approved by the Institutional Animal Care and Use
Committee of CAMS.

2.3. Irradiation and Treatment. Mice were randomly
assigned to 4 groups: control, sitagliptin, TBI, and TBI+
sitagliptin in survival experiment and assigned to 3 groups:
control, TBI, and TBI+sitagliptin in other experiments.
Mice were exposed to a LD50 dose (7.5Gy) TBI for the
survival study or sublethal dose (4Gy) TBI for experiments
using a 137Cs source housed in an Exposure Instrument
Gammacell-40 (Atomic Energy of Canada Lim) at a dose rate
of 1.0Gy per min. For sitagliptin treatment, mice were treated
with 10mg/kg sitagliptin via oral administration once daily
for 7 d; the first dose was administered 2 hours after TBI.
The determination of the dose for mice was based on the con-
version of the recommended dose for humans (100mg/kg).
Mice in the control and TBI groups were given PBS in the
same protocol. In the 7.5Gy irradiation experiment, 10 mice
were used in each group, while in the 4Gy irradiation experi-
ment, 5 mice per group. 10 days after 4Gy TBI, the mice were
sacrificed and samples were collected [13].

2.4. Analysis of the Numbers of Bone Marrow Mononuclear
Cells (BMMNCs), HPCs, and HSCs. BM cells were flushed
frommouse femurs with PBS, and the numbers of BMMNCs
were counted using a MEK-7222k hemocytometer (NIHON
KOHDEN, Tokyo, Japan) and expressed as ×106/femur. BM
cells were incubated with biotin-conjugated lineage antibodies
specific for murine CD4, CD8, Ter119, CD11b, CD45R/B220,
and Gr-1, and stained with streptavidin-PerCp, Sca1-PE, and
c-kit-APC. The numbers of HPCs (lin- c-kit+ Sca-1-) and
HSCs (lin- c-kit+ Sca-1+, LSK) were calculated using the fol-
lowing equation: percentage × BMMNCs/femur [13].

2.5. Colony Forming Unit-Granulocyte Macrophages (CFU-
GM) Assay. The CFU-GM assays were conducted by cultur-
ing BM cells in MethoCult GF M3534 methylcellulose
medium (Stemcell Technologies, Vancouver, BC). The colo-
nies of CFU-GM were counted on day 7 according to the
manufacturer’s protocol. The results were presented as the
numbers of CFU-GMs per 2 × 104 cells [28].

2.6. Competitive Repopulation Assay (CRA). In the present
study, donor cells (1 × 106 BMMNCs) were collected from
C57BL/6-Ly-5.1 (CD45.1) mice after they received various
treatments and mixed with 1 × 106 competitive BMMNCs
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from C57BL/6J (CD45.2) mice. The mixed cells were trans-
planted into lethally irradiated (9.0Gy TBI) C57BL/6J
(CD45.2) recipient mice through lateral canthus vein injec-
tion. The percentage of donor-derived (CD45.1 positive) cells
in the recipients’ peripheral blood was examined 2 months
after transplantation. The red blood cells (RBCs) were lysed
using RBC lysis solution (eBioscience), and then the blood
samples were stained with the following antibodies: anti-
CD45.1-FITC, anti-CD45.2-PE. The cells were analyzed with
an Accuri C6 flow cytometer (BD Bioscience) [28, 29].

2.7. Analysis of the Levels of Intracellular Reactive Oxygen
Species (ROS). After the BM cells were stained with the LSK
antibodies as described above, the cells were incubated with
10μM DCFDA or 5μM MitSox for 20min at 37°C. The
intracellular ROS levels in hematopoietic cells were analyzed
by measuring the mean fluorescence intensity (MFI) of DCF
and MitSox by flow cytometry. For each sample, a minimum
of 100,000 Lin- cells were acquired [30].

2.8. Analysis of γH2AX Phosphorylation and NOX4
Expression. After the BM cells were stained with the LSK
antibodies as described above, the cells were fixed and perme-
abilized by BD Cytofix/Cytoperm buffer according to the
manufacturer’s protocol and then stained with antibodies
against γH2AX phosphorylation or NOX4 and FITC-
conjugated secondary antibodies. The expression of γH2AX
and NOX4 in the hematopoietic cells was determined by ana-
lyzing the MFI of FITC by flow cytometry [30].

2.9. Measurement of Inflammatory Cytokines in Serum. 10
days after irradiation, the peripheral blood of mice was col-
lected, and the serum was taken after standing overnight.
Then, the serum was analyzed using the BD Cytometric Bead
Array Mouse Inflammation Kit (San Diego, CA, USA) as the
manufactures’ protocol. In brief, the samples were incubated

with mixed capture beads and detection antibodies. After
incubation for two hours at room temperature, the samples
were washed and detected by flow cytometry. The results
were analyzed by the company.

2.10. Statistical Analysis. Data were presented as the mean
± standard error of the mean. Significant differences between
experimental groups were evaluated by using a one-way anal-
ysis of variance (ANOVA) with repeated measures followed
by post hoc comparisons with Tukey’s multiple paired com-
parison test except result 2. Significant differences between
groups of the numbers of hematopoietic cells were evaluated
by unpaired two-tailed Student’s t test. Mice survival curves
were analyzed by the Kaplan-Meier method and log-rank
tests. Differences were considered significant at p < 0:05. Sta-
tistical analyses were performed using GraphPad Prism 8
software (SanDiego, CA, USA).

3. Results

3.1. Sitagliptin Increased the Survival Rate of Mice after TBI.
In order to test whether sitagliptin affected the survival of
mice after TBI, we treated mice with 10mg/kg sitagliptin
daily for 7 days after 7.5Gy TBI and observed their 30-day
survival rate. As shown in Figure 1, the Kaplan-Meier analy-
sis of survival indicated that the survival rate of irradiated
mice treated with sitagliptin was significantly higher than
that of 7.5Gy irradiated mice.

3.2. Sitagliptin Increased the Numbers of Hematopoietic Cells
after TBI. The survival of mice exposed to sublethal dose
radiation can partly attribute to the recovery of the hemato-
poietic system [13, 28]. In the present study, the numbers
of BMMNCs and HSPCs in BM were also analyzed. 4Gy
TBI caused a decrease in the numbers of BMMNCs and
HSPCs compared with that from control mice. However,

0 10 20 30
0

50

100

Days a�er 7.5Gy TBI

Su
rv

iv
al

 ra
te

 (%
)

⁎⁎

⁎

Ctr
Sitagliptin
7.5Gy
7.5Gy + sitagliptin

Figure 1: Effects of sitagliptin on the survival of mice exposed to 7.5Gy TBI. Mice were divided into 4 groups: the control group and 7.5Gy
group were intragastrically administrated with PBS, and the sitagliptin group and 7.5Gy+sitagliptin group were intragastrically administrated
with sitagliptin. The drugs were given for the first time 2 hours after the 7.5Gy TBI, followed by continuous administration for 7 days, and the
survival of the mice was observed for 30 days. Kaplan-Meier survival analysis of mice after TBI, n = 10, ∗p < 0:05, ∗∗p < 0:01.
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sitagliptin mitigated the impaired BMMNCs and HSPCs in
BM (Figure 2). These data suggested that sitagliptin effec-
tively relieved 4Gy TBI-induced hematopoietic cell injury.

3.3. Sitagliptin Influenced the Functions of HSPCs after TBI.
BM exposed to moderate or high-dose TBI may have long-
term hematopoietic residual damage, mainly due to defects
in the self-renewal and differentiation ability of HSCs [7].
Thus, we analyzed the effects of sitagliptin on the clonogenic
function of HPCs in mice exposed to 4Gy via CFU assays
and the engraftment capability via CRA. As shown in
Figure 3(a), 4Gy TBI caused a significant suppression of
HPCs clonogenic function, and sitagliptin increased the
formation of CFU-GMs. Since long-term and repeated
transplantation are the gold standard for measuring HSCs
functions [31], we performed a CRA to determine whether
sitagliptin improved HSC self-renewal function. Our results
showed that the engraftment capability of irradiated HSCs

did not improve after sitagliptin treatment (Figures 3(b)
and 3(c)). These results suggested that sitagliptin had no
obvious protective effect on the self-renewal of HSCs.

3.4. Sitagliptin Reduced TBI-Induced DNA Double-Strand
Breaks (DSBs). As reported previously, TBI caused sustained
DNA damage and oxidative DNA damage [32]. To evaluate
whether sitagliptin regulated DNA damage of hematopoietic
cells, we used flow cytometry to analyze histone H2AX
phosphorylation. As shown in Figure 4, compared with
the control group, the expression of histone H2AX phos-
phorylation was higher in BMMNCs, HPCs, and HSCs
when the mice exposed 4Gy TBI, consistent with our pre-
vious finding [13, 33]. These data suggested that sitagliptin
effectively decreased TBI-induced persistent DNA damage.

3.5. Sitagliptin Decreased TBI-Induced Oxidative Stress Levels
in Hematopoietic Cells. In our previous studies, we have
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Figure 2: Effects of sitagliptin on the numbers of hematopoietic cells. Mice were divided into 3 groups: sham irradiation, 4Gy group, and
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Figure 3: Effects of sitagliptin on the functions of HSPCs. The grouping and administration methods are the same as above. BM cells were
collected from mice 10 days after TBI. (a) BM cells were cultured in MethoCult GF M3534 methyl ligand medium, and the numbers of
CFU-GMs were counted after 7 days. The proportion of donor cells in the recipient mice was measured 2 months after the donor cells
were transplanted to the recipient mice; (b) Representative FACS analysis of the CRA; (c) The percentage of donor-derived cells in
peripheral blood cells. Data were expressed as the mean ± SEM (n = 5), ∗∗p < 0:01.
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demonstrated that the mice exposed to sublethal doses
develop long-term myelosuppression through chronic oxida-
tive stress [34, 35], thus we examined whether sitagliptin
ameliorated TBI-induced BM suppression via decreasing
ROS levels. In our study, we detected ROS and mitochondrial
superoxide radicals by using DCFH-DA and MitSox, respec-
tively. As shown in Figures 5(a)–5(c), compared with those in
the control mice, the levels of ROS in mice receiving 4Gy TBI
elevated significantly. When treated with sitagliptin, the ROS
levels in BMMNCs and HSPCs decreased obviously. In addi-
tion, sitagliptin also decreased the levels of MitSox in hema-
topoietic cells especially in HPCs (Figures 5(d)–5(f)). These
results indicated that sitagliptin decreased oxidative stress
in hematopoietic cells.

3.6. Sitagliptin Reduced the Expression of NOX4 after TBI.
NOX4 is a prooxidase that has been shown to mediate IR-
induced increases in ROS production in HSCs [28]. There-
fore, we examined the effects of DPP4’s inhibition on the
expression of NOX4. As shown in Figure 6, an increase in
NOX4 expression was detected in BMMNCs, HPCs, and
HSCs in the irradiation group compared with the control
group, respectively. Sitagliptin decreased the expression of
NOX4 in hematopoietic cells. These findings suggested that
sitagliptin decreased the levels of ROS in hematopoietic cells
in part via a downregulation of NOX4 expression.

3.7. Sitagliptin Relieved TBI-Induced Inflammatory Response.
DPP4 cleaves the N-terminus of GM-CSF, G-CSF, IL-3, and
erythropoietin, and the inhibition of DPP4 enhances their
activity [23], so we examined the effect of sitagliptin on the
expression of inflammatory cytokines in serum. In our study,
we found that sublethal dose irradiation increased the
expression of IL-6, IL-12, and γ-IFN in mice, while sitagliptin
significantly reduced the expression of cytokines (Figure 7).

These results suggested that sitagliptin might influence the
level of inflammation in the BM microenvironment.

4. Discussion

Sitagliptin is a type 2 diabetes treatment drug, which acts by
inhibiting the activity of DPP4. In recent years, sitagliptin
was found to have antioxidant and anti-inflammatory effects,
which plays a role in atherosclerosis, inflammatory bowel
disease, heart failure, vascular inflammation, and other dis-
eases [18, 36, 37]. Metformin as another kind of type 2 diabe-
tes drug approved by FDA, our previous study has shown
that it alleviates HSCs aging by inhibiting NOX4-mediated
oxidative stress, thus improving long-term HSCs injury
induced by IR in mice [13]. In addition, metformin improves
ARS symptoms such as pulmonary fibrosis and skin collagen
deposition [37, 38]. Therefore, we speculate that sitagliptin
may also have therapeutic effects on IR-induced tissue dam-
age. In this study, we observed the effect of sitagliptin on the
survival rate of irradiated mice and showed that sitagliptin
significantly increased the 30-day survival rate, which indi-
cated that sitagliptin had a therapeutic effect on radiation
injury in mice.

Then, the therapeutic effects of sitagliptin on hematopoi-
etic radiation injury were explored. Firstly, the changes in the
numbers of hematopoietic cells were observed. The results
showed that the numbers of BMMNCs, HPCs, and HSCs in
mice exposed to IR increased after the administration of
sitagliptin, which indicated that sitagliptin could decrease
hematopoietic radiation damage. Secondly, the effects of sita-
gliptin on the function of HPCs and HSCs were evaluated by
CFU-GM and CRA experiments. The CFU-GM results
showed that sitagliptin could restore the proliferation ability
of HPCs, but the CRA results suggested that sitagliptin had
no obvious direct effect on the self-renewal of HSCs. It may
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Figure 4: Effects of sitagliptin on the IR induced DNA injury of the hematopoietic cells. Grouping and administration methods as described
above. Fixed and permeabilized BM cells after LSK antibodies incubation, then stained with γH2AX phosphorylation antibody. (a) γH2AX
formation in BMMNCs; (b) γH2AX formation in HPCs; (c) γH2AX formation in HSCs. Data were expressed as the mean ± SEM (n = 5),
∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001.
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be due to part of DPP4 is soluble and exists in the microenvi-
ronment [25, 39]. Sitagliptin may play a protective role in the
hematopoietic injury by direct regulation of hematopoietic
cells and indirect action on the hematopoietic microenviron-
ment, which is partly proved by our following serum cyto-
kines results (Figure 7). The oxidative stress induced by IR
is an important reason of hematopoietic injury. At the instant
of irradiation, IR will cause radiation decomposition of intra-
cellular water and stimulate nitrogen oxide synthase to pro-
duce ROS and reactive nitrogen species (RNS), respectively
[39]. Radiation also leads to electron leakage of mitochon-
dria, increases expression of cyclooxygenase and lipoxygen-
ase, and changes in NOXs expression [40, 41], resulting in
the production of a large numbers of cell-derived free radi-
cals, giving rise to long-term damage to cells. Radiation-
induced DNA damage and oxidative stress lead to an increase
in the numbers of apoptotic, necrotic, autophagic, and senes-
cent cells [42]. The products of dead cells can trigger inflam-

mation of immune cells and activate the expression of TGF-β
[43], which in turn lead to the upregulation of NOXs expres-
sion; NOXs further amplifies reactions such as oxidative
stress in the positive feedback loop and aggravates radiation
damage. There are several isoforms of NOXs in nonphagocy-
tic cells, including NOX1, NOX2, NOX3, NOX4, NOX5,
DUOX1, and DUOX2 [44]. Previous studies have shown that
NOXs, especially NOX4, might be the main reason for TBI-
induced ROS production in HSCs [45]. In our previous stud-
ies, we have demonstrated that many compounds such as
metformin, resveratrol, and 3,3′-diindolylmethane protect
hematopoietic radiation injury by inhibiting NOX4 [13, 35,
45]. Recent studies also showed that melatonin alleviated
the injury of the radiation-induced hematopoietic system
by inhibiting the expression of NOX2 and NOX4 [46]. In this
study, we observed that sitagliptin significantly decreased the
oxidation level in BMMNCs, HPCs, and HSCs by inhibiting
the expression of NOX4. Therefore, NOX4 is a promising
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Figure 5: Effects of sitagliptin on the oxidative stress levels of hematopoietic cells. Grouping and administration methods as described above.
After 10 days of TBI, BM cells were collected and labeled with LSK antibodies, then incubated with DCFDA or MitSox. (a) ROS of BMMNCs;
(b) ROS of HPCs; (c) ROS of HSCs; (d) MitSox of BMMNCs; (e) MitSox of HPCs; (f) MitSox of HSCs. Data were expressed as the
mean ± SEM (n = 3), ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, ∗∗∗∗p < 0:0001.
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target for the treatment of IR-induced hematopoietic injury,
and targeting the promotion or inhibition of this enzyme
family may mitigate radiation damage to certain organs, such
as hematopoietic system, gastrointestinal system, central ner-
vous system, and skin system.

IR not only induces DNA structural damage directly
through the ionizing photons, but also destroys DNA struc-
ture caused by the increase of ROS [47]. The destruction of
DNA structure will lead to metabolic and functional changes
and eventually lead to cell damage or death. In this study, we
observed the relationship between sitagliptin and DNA dam-
age and found that sitagliptin decreased the expression of
γH2AX, consistent with the research in chronic cerebral

hypoperfusion mice [48]. These results indicated that sita-
gliptin alleviated cellular DNA damage and exerted hemato-
poietic radiation therapy.

Medium or high doses of IR not only damages the hema-
topoietic system, but also causes injury to the gastrointestinal
tract, resulting in intestinal microorganisms to enter the sys-
temic circulation through penetrating mucous membrane
[49]. Endotoxins in bacteria will directly interact with cells
including endothelial cells in the bone marrow microenvi-
ronment, changing the release ability of inflammatory fac-
tors, thus inducing myelosuppression and HSCs failure
[50]. Studies have shown that rBPI21 reduces the injury
and death of HSCs by reducing the level of inflammation
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Figure 6: Effects of sitagliptin on the NOX4 expression of hematopoietic cells. Grouping and administration methods as described above.
Fixed and permeabilized BM cells after LSK antibodies incubation as mentioned above, then, stained with NOX4 antibody. (a) NOX4
expression in BMMNCs; (b) NOX4 expression in HPCs; (c) NOX4 expression in HSCs. Data were expressed as the mean ± SEM
(n = 3), ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001.
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Figure 7: Effects of sitagliptin on the expression of cytokines in the serum. The peripheral blood of mice was collected 10 days after TBI, then
left to stand overnight to separate serum and detected by an inflammatory factor kit. (a) IL-6 cytokine; (b) IL-12 cytokine; (c) γ-IFN cytokine.
Data were expressed as the mean ± SEM (n = 3 − 5), ∗p < 0:05, ∗∗∗p < 0:001.
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and promoting the expression of CSFs in plasma and bone
marrow [51]. Sitagliptin exerts a comprehensive and effective
anti-inflammatory action on humans, which reduces the
concentrations of CRP and IL-6 in plasma [17]. In addition,
previous studies have shown that DPP4 may be involved in
the expression of IL-6 and other cytokines in the JAK-
STAT signaling pathway, while the JAK-STAT signaling
pathway is involved in the differentiation, activation, and
proliferation of Th cells, and the expression of Th1 cytokines
(γ-IFN, IL-2, TNF-α, etc.) or Th2 cytokines (IL-4, IL-6,
IL-10, etc.) is decreased after blocking the JAK-STAT
pathway; therefore, the inflammatory response is alleviated
[52, 53]. In our study, we observed the relationship
between sitagliptin and the expression of inflammatory
cytokines IL-6, IL-12, and γ-IFN in serum. It was found
that sublethal dose irradiation increased the expression of
IL-6, IL-12, and γ-IFN in mice, while sitagliptin signifi-
cantly reduced the expression of cytokines (Figure 7).
These suggested that sitagliptin might treat hematopoietic
injury from IR by influencing cytokines in the BM
microenvironment.

5. Conclusions

In conclusion, our study showed that the administration of
sitagliptin had therapeutic effects on hematopoietic injury.
The therapeutic effect might be mainly achieved by reducing
the level of NOX4-mediated oxidative stress in hematopoi-
etic cells, and the alleviation of inflammatory was also help-
ful. Therefore, sitagliptin might be a potential therapeutic
agent for the treatment of radiation-induced hematopoietic
injury.
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Hexachloronaphthalene (PCN67) is one of the most toxic among polychlorinated naphthalenes. Despite the known high
bioaccumulation and persistence of PCN67 in the environment, it is still unclear to what extent exposure to these substances
may interfere with normal neuronal physiology and lead to neurotoxicity. Therefore, the primary goal of this study was to assess
the effect of PCN67 in neuronal in vitro models. Neuronal death was assessed upon PCN67 treatment using differentiated PC12
cells and primary hippocampal neurons. At 72 h postexposure, cell viability assays showed an IC50 value of 0.35μg/ml and dose-
dependent damage of neurites and concomitant downregulation of neurofilaments L and M. Moreover, we found that younger
primary neurons (DIV4) were much more sensitive to PCN67 toxicity than mature cultures (DIV14). Our comprehensive
analysis indicated that the application of PCN67 at the IC50 concentration caused necrosis, which was reflected by an increase in
LDH release, HMGB1 protein export to the cytosol, nuclear swelling, and loss of homeostatic control of energy balance. The
blockage of mitochondrial calcium uniporter partially rescued the cell viability, loss of mitochondrial membrane potential
(ΔΨm), and the overproduction of reactive oxygen species, suggesting that the underlying mechanism of neurotoxicity involved
mitochondrial calcium accumulation. Increased lipid peroxidation as a consequence of oxidative stress was additionally seen for
0.1 μg/ml of PCN67, while this concentration did not affect ΔΨm and plasma membrane permeability. Our results show for the
first time that neuronal mitochondria act as a target for PCN67 and indicate that exposure to this drug may result in neuron
loss via mitochondrial-dependent mechanisms.

1. Introduction

Polychlorinated naphthalenes (PCNs) were included in 2015
into the Stockholm Convention on Persistent Organic Pollut-
ants to protect human health and the environment from
highly dangerous, long-lasting chemicals by the elimination
of their production and reduction of their unintentional
release [1]. Despite these restrictions and no commercial
use for over 30 years, the general population is constantly

exposed to PCNs due to their main accumulation in foods
of animal origin, especially those rich in fat (oil from fish,
meat, and milk) [2–5]. Currently, the main sources of PCNs
are not old technical formulations used previously (e.g.,
Halowax) but high-temperature industrial processes that
contribute to global environmental contamination [6–10].
The evidence of their ubiquity in the environment is their
detection in sediments, soil, water, and air [11–18]. In addi-
tion, high lipophilicity and resistance to degradation have
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led to their bioconcentration and bioaccumulation in the
food chain [19]. This is confirmed by their persistent pres-
ence in various biological materials collected from the general
population such as serum [20, 21], liver [22], adipose tissue
[23], human milk [24, 25], and umbilical cord blood [26].

PCNs are often labelled as dioxin-like compounds
(DLCs) not only because their mechanism of action (through
the aryl hydrocarbon receptor (AhR)) is similar to poly-
chlorinated dibenzo-p-dioxins (PCDDs), polychlorinated
dibenzo-p-furans (PCDFs), and polychlorinated biphenyls
(PCBs) [27, 28] but also primarily because of the toxic effects
observed in occupationally exposed humans and experimen-
tal animals [29, 30]. Primarily, chloracne and hepatotoxic
effects have been demonstrated in workers exposed by inha-
lation and dermal route to PCNs [31, 32]. In animal studies,
orally administered PCNs have also shown hepatotoxicity
[33, 34] and additionally hematological disorders [35, 36],
thyroid and sex hormone disturbances [37], and prenatal
toxicity [38–41]. Some nonspecific symptoms such as weight
loss due to reduced appetite (anorexia), headaches, vertigo,
and insomnia [42] have also been reported suggesting a
potential neurotoxic effect of PCNs and the mechanism of
action similar to DLCs. The hypothesis that PCNs can also
target the central nervous system (CNS) is further supported
by several studies showing their affinity for sciatic nerve as
well as a spectrum of anorectic and behavioral effects in
response to in vivo drug administration [34, 43–45]. While
the mechanism by which PCNs can modify the behavioral
pattern of animals is not known, studies performed both
in vivo and in vitro suggest the action through GABAergic
and/or glutamatergic systems [37, 46].

It has been estimated that one of the most toxic
among all 75 known PCNs are hexachloronaphthalenes,
mainly congeners 1,2,3,4,6,7-hexachloronaphthalene
(PCN66), 1,2,3,5,6,7-hexachloronaphthalene (PCN67), and
1,2,3,6,7,8-hexachloronaphthalene (PCN70) [47, 48].
Besides, pentachloronaphthalenes, PCN66/67, are consid-
ered to be characteristic for combustion processes [12,
49, 50] and are most frequently detected in food [4, 51].
Hexachloronaphthalenes are also characterized by their
highest bioaccumulation (especially in the liver, adipose
tissue, and milk during lactation) as revealed in both
humans and experimental animals [25, 52].

Despite widely documented harmful and adverse effects of
PCN67, it is still unknown whether it may disturb neuronal
function and produce subsequent neurotoxicity. To investi-
gate the role of this substance in neurological processes, we
employed in vitro models of primary hippocampal neurons
and differentiated PC12. Here, we demonstrate that PCN67
disrupts neuronal sprouting and the formation of neurites.
Moreover, our studies show the induction of mitochondrial-
related necrotic death in a dose- and time-dependent manner.
Our report is the first study, showing that mitochondria may
be a primary intracellular target for PCN67 in neuronal cells.

2. Materials and Methods

2.1. Reagents. All reagents, if not separately mentioned, were
purchased from Sigma-Aldrich. The PC12 rat pheochromo-

cytoma cell line was obtained from the American Type
Culture Collection (ATCC). Maxima SYBR Green Master
Mix, M-MLV Reverse Transcriptase, Trizol®, Alexa Fluor
488, Lipofectamine LTX reagent, B27, and Neurobasal
were from Thermo Fisher Scientific. Protein Assay Kit
was from Bio-Rad. Anti-GAPDH (Cat. No. sc-32233)
and anti-histone H3 (Cat. No. sc-517576) were from Santa
Cruz Biotechnology. HMGB1 antibody (Cat. No. 3935)
was from Cell Signaling Technology. LDH Cytotoxicity
Assay Kit was from Cayman Chemical. GcAMP3 calcium
sensor was a gift from Loren Looger (Addgene plasmid
#22692). Primers were synthesized in the Institute of Bio-
chemistry and Biophysics (Poland).

2.2. The Compound. The mixture of hexachloronaphthalene
congeners (94.14% purity) used in this study contained
81.17% of PCN67 as a dominant congener and additionally
congeners 1,2,3,4,6,7-; 2,3,4,5,6,7-; and 1,2,4,5,6,7-hexachlor-
onaphthalene comprising together up to 12.98% and 5.85%
of 1,2,3,4,5,6,7-heptachloronaphtalene. The synthesis, char-
acteristic, and purity were described previously [33, 36, 37,
40, 45]. The analysis using the HRGC/HRMS method
showed that the content of PCDDs and PCDFs was below
0.1 pg/mg.

2.3. PC12 Cell Culture, Differentiation, and PCN67
Treatment. PC12 cells derived from pheochromocytoma
were routinely grown in collagen-coated (type I from rat tail)
plastic dishes in RPMI 1640medium supplemented with 10%
horse serum, 5% fetal bovine serum, 25mM HEPES, pH7.4,
2mM L-glutamine, 1mM sodium pyruvate, and the mix of
penicillin/streptomycin in a humidified incubator at 37°C
with 5% CO2. Cells were plated at the density of 1‐2 × 105
/ml and cultured for 2 days before PCN67 administration.
PCN67 was dissolved in DMSO and was added together with
1mM dibutyryl-cAMP (differentiating agent). Cells were cul-
tured with both agents for up to 72 h. No more than 20 cell
passages were used for all experiments. Cells simultaneously
cultured in the presence of 0.1% DMSO were used as a con-
trol. The black/white pictures of cell morphology were taken
using an Olympus CK-40 inverted microscope equipped with
a CCD camera.

2.4. Quantification of PC12 Cell Differentiation.We used two
parameters to score the potency of PC12 cell to differentiate
into neuronal phenotype: the length of the longest neurite
(any protrusion longer than the diameter of the cell body)
and the number of cells possessing at least one neurite. Cells
were chosen randomly. The images were captured at 400x
magnification, and the neurites were measured using Image
J software (NIH, USA).

2.5. Viability Assays. 5 × 103 cells were plated in each well of a
96-well plate. For WST-1 assay, plates were incubated with
WST-1 solution in a 1 : 10 ratio for 4 h at 37°C. The absor-
bance was measured at 450 nm using a Victor X3 multiwell
plate reader (PerkinElmer). The IC50 value was determined
by nonlinear regression analysis in Prism 8.0 software
(GraphPad Software, San Diego, CA). When indicated, cells
were pretreated for 4 h with 5μM BAPTA A/M added 48h
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following PCN67 administration and the viability was
assessed on the next day. Membrane permeability was deter-
mined in the presence of 7.5μM propidium iodide. Ru360 or
cyclosporine A (CsA) was added 30min before PCN67 treat-
ment, and the viability was measured after 72 h. For experi-
ments with 0mM extracellular Ca2+, following 48 h of
incubation with PCN67, the growing medium was changed
to Hank’s balanced salt solution with or without calcium
for 4 h and cells were imaged 24h after using a Leica
DM4000 microscope. For some experiments, cells were cul-
tures in the presence of galactose (10mM) in RPMI medium
for 5 days following treatment with PCN67 for another 24 h.

2.6. Primary Hippocampal Neurons. Hippocampal cultures
were prepared from Sprague Dawley rat embryonic day 18
embryos. Briefly, the rat hippocampal CA1-CA3 region was
dissected in PBS medium with 10mM D-glucose and
digested with 0.05% trypsin-EDTA in PBS for 20min at
37°C. The dissociated tissues were centrifuged at 200g for
2min and then triturated in the presence of DNase
(100U/ml) with a fire-polished glass pipet in Hank’s bal-
anced salt solution (HBSS) containing calcium and magne-
sium. Dissociated neurons were plated on nitric acid-
treated 25mm cover glass coated with poly-L-lysine in a plat-
ing medium. Four hours after plating, the medium was
replaced with Neurobasal medium supplemented with 2%
B27, 1mM sodium pyruvate, and 2mM L-glutamine. After
four days, 4μM cytosine arabinoside was added to inhibit
glial proliferation, and the neurons were transfected with
the pEGFP-N3 vector using Lipofectamine LTX.

2.7. Axon Outgrowth Assay. The primary hippocampal neu-
rons were grown until they reached either DIV4 or DIV14,
and they were next treated with indicated PCN67 concentra-
tion. These stages were chosen because they correspond to
distinct neuronal developmental processes such as axon for-
mation and dendrite outgrowth in immature neurons
(DIV4) or synaptogenesis associated with maturation
(DIV14) as described previously [53]. 40mM KCl was added
to some cultures together with PCN67 as indicated. After two
days, the neurons were imaged with Zeiss inverted scope and
the photographs were processed using Corel Draw 11. The
length of the longest neuron for approximately 20 neurons
average per condition was measured for each experiment
with Image J Simple Neurite Tracker plugin (NIH, USA).

2.8. Total RNA Isolation and Real-Time PCR. Total cellular
RNA was isolated from PC12 cells using Trizol reagent based
on the protocol provided by the manufacturer. Single-
stranded cDNA was synthesized using M-MLV reverse tran-
scriptase and oligo(dT) primers using 1μg of RNA. The gene
expression was quantified using Maxima SYBR GreenMaster
Mix in the conditions: 15min at 95°C followed by 40 cycles at
95°C for 15 s, 60°C for 30 s, and 72°C for 30 s using the Abi
Prism 7000 sequence detection system (Applied Biosciences).
The specificity of primers was checked by running a melting
curve. Each time, the expression level of the gene of interest
was normalized to the endogenous expression of Gapdh
and the relative fold change was calculated using the 2-ΔΔCt

method [54]. Either the primers were designed using the
GenScript Primer Design Tool (USA) or their sequence was
previously published elsewhere, as specified in Table 1.

2.9. Visualization of Necrotic Death with Flow Cytometry. 1
× 106 PC12 cells were double stained with Annexin V (to
visualize apoptotic cells) and propidium iodide (sensitive to
necrotic cells) for 15min at 25°C in the dark using the
Annexin V-FITC Apoptosis Detection Kit based on the
information provided by the manufacturer and analyzed
using the FACScan Becton Dickinson flow cytometer. The
fluorescence was collected from 104 cells, and the data were
plotted with CellQuest Becton Dickinson software.

2.10. Lactate Dehydrogenase Release Assay. Lactate dehydro-
genase (LDH) release from PC12 cells after drug treatment
was measured with the LDH Cytotoxicity Assay Kit per man-
ufacturer’s protocol.

2.11. Cell Fractionation and Western Blot. PC12 cells were
lysed on ice with RIPA buffer supplemented with 1mM
PMSF, 2mM Na3VO4, and protein inhibitor cocktail for
30min. The lysates were next centrifuged at 800 x g for
15min at 4°C; the supernatant was boiled for 5min in the
Laemmli buffer and stored at -80°C for further use. Protein
concentration was measured using Bradford reagent accord-
ing to the manufacturer’s instruction. Postnuclear fraction
referred here as cytosolic was obtained based on the method
of Blobel and Potter [57]. The purity was checked by using
glyceraldehyde3-phosphate dehydrogenase (GAPDH) as a
marker of cytosolic fraction and histone H3 for nuclear frac-
tion. For Western blot, approximately 40μg of cytosolic pro-
teins were separated using 10% SDS-PAGE and transferred
to a nitrocellulose membrane with a semidry method. Mem-
branes were blocked with 5% bovine serum albumin in TBS-
T buffer (10mM Tris-HCl, pH7.4, 150mMNaCl, and 0.05%
Tween-20) for 1 h at room temperature and then incubated
overnight at 4°C with primary antibodies: anti-HMGB1
(1 : 1000), anti-GAPDH (1 : 2500), or antihistone H3
(1 : 1000), followed by 4h incubation with secondary anti-
bodies (1 : 10000) coupled with alkaline phosphatase.
BCIP/NBT, an artificial alkaline phosphatase substrate, was
used to visualize immunoreactive bands. Membranes were
densitometrically quantified using Image J software (NIH,
USA). The results are presented as arbitrary units obtained
after normalization of the marker protein.

2.12. Cellular ATP Content Measurement. ATP concentra-
tion in PC12 cells was determined using adenosine 5′-tri-
phosphate (ATP) Bioluminescent Assay Kit on GloMax
20/20 luminometer and normalized to the protein content.
For each set of measurements, a second negative control
(no cells) was included, and background fluorescence was
further subtracted from all other values. The results are pre-
sented as nmoles ATP/mg protein.

2.13. Live Cell Imaging. Simultaneous Ca2+ and membrane
permeability live cell images were acquired using an inverted
Zeiss Axio Observer 7 Marianas™Microscope equipped with
a X-Cite 120LED Boost White Light LED System and a high-
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resolution Prime™ Scientific CMOS digital camera that is
controlled by a workstation loaded with SlideBook imaging
and microscope control software (Intelligent Imaging Inno-
vations, USA). Differentiated PC12 cells were transfected
with a GcAMP3 calcium sensor using Lipofectamine LTX
and treated with PCN67 as described inDrug Treatment sub-
section in the presence of 7.5μM propidium iodide. The
images were acquired at 63x with the excitation time of
100ms and one-hour interval time using the following filter
set: GFP Exciter FF01-474/27, GFP Emitter FF01-525/45,
and for propidium iodide: Exciter FF01-578/21 and Emitter
FF02-641/75. The environmental control system (Okolab,
USA) was used to keep constant experimental conditions
(37°C, 5% CO2). The focus was automatically controlled by
Definite Focus.2 (Zeiss, Germany). Regions of interest (ROIs)
after background subtraction were normalized as ΔF/F0 and
processed using Microsoft Excel software. ROIs were aver-
aged over each condition. At least 10 cells were imaged per
experimental condition, and all experiments were performed
in triplicate.

2.14. Measurement of Mitochondrial and Plasma Membrane
Potential. Mitochondrial membrane potential (ΔΨm) was
measured with TMRE (tetra-methyl-rhodamine-ethyl ester)
whereas plasma membrane potential (ΔΨp) was measured
with DiSBAC2 (Bis-(1,3-diethylthiobarbituric acid) tri-
methine oxonol). Following 72 h of incubation with PCN67,
PC12 cells were loaded with 25 nM TMRE or 1μMDiSBAC2
for 30min at 25°C in the dark in a buffer containing 20mM
HEPES, pH7.4, 2mM CaCl2, 150mM NaCl, 5mM KCl,
1mM MgCl2, and 10mM glucose and the fluorescence of
104 cells was recorded by a FACScan Becton Dickinson flow
cytometer. The accompanying software analyzed the data.
Cells incubated with 0.1% DMSO, used as a solvent for
TMRE and PCN67, were monitored to record background
fluorescence, which was later subtracted from the recordings.

2.15. Detection of ROS Level. The ROS level was measured
with DCFH-DA (2′,7′-dichlorofluorescin diacetate) follow-
ing 72h treatment with PCN67. Briefly, at the end of the
treatment, PC12 cells were washed with PBS and incubated
with DCFH-DA at a final concentration of 10μM for
30min at 37°C in the dark. After three washes with PBS to
remove the excess of the dye, the fluorescence intensity was
measured with a flow cytometer (Becton Dickinson) with
488nm excitation wavelength and emission at 525nm. Dur-

ing each experiment, 104 cells were recorded. The back-
ground fluorescence was obtained with 0.1% DMSO.

2.16. Quantification of Lipid Peroxidation. The level of thio-
barbituric acid reactive substances (TBARS) in PC12 cells
was determined according to the method described previ-
ously [58]. The results were normalized to the protein con-
tent and are expressed as OD/mg.

2.17. Nitric Oxide Assay. Nitric oxide generation in PC12
cells following 72h of PCN67 treatment was determined
in phenol red-free media according to the method
described previously [59]. Briefly, at the end of 72h treat-
ment, 100μl of culturing medium was transferred into a
96-well plate and mixed in a 1 : 1 ratio with Griess reagent
(1% sulfanilamide/0.1% NED in 5% phosphoric acid)
followed by 10min incubation in the dark. The absorbance
at 540nm was measured using a Victor X3 multiwell plate
reader (PerkinElmer). DMSO-treated cells were used as
control.

2.18. Statistical Analysis. All data are expressed as mean ± S:
E:M from at least 3 experiments unless otherwise stated.
One-way or two-way ANOVA was performed with matching
as appropriate. P values for experiments involving multiple
comparisons were obtained by the Tukey post hoc testing,
albeit P values for not all comparisons are indicated on
the graphs. P < 0:05 was considered statistically significant.
∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.

3. Results

3.1. The Dose-Dependent Effect of PCN67 on Differentiated
PC12 Cell Survival. To assess in vitro neurotoxicity of
PCN67, differentiated PC12 cells were exposed to a concen-
tration ranging from 0.001μg/ml to 25μg/ml (Figures 1(a)–
1(c)). A significant rise in cell mortality was visible after
72 h of incubation. The lowest tested concentration that
caused a reduction in the number of viable cells was
0.5μg/ml (F(3,24), P < 0:05). Increasing PCN67 concentra-
tion only potentiated the prodeath effect. Based on the
dose-response curve presented in Figure 1(d), the calculated
IC50 value was 0.35μg/ml while the IC10 was 0.039μg/ml.
In this context, we decided to employ the IC50 concentration
and the highest concentration that did not produce signifi-
cant cell death (0.1μg/ml) for the following experiments
done 72 h after PCN67 treatment.

Table 1: The list of primers used for gene expression quantification. The sequence for Nefl and Gapdh was taken from [55, 56], respectively.
The primers for Nefm were designed as described in Section 2.8.

Gene name Sequence 5′-3′ NCBI number

Nefm (neurofilament M, NF-M)
F: ATCACTTGGAGGAAGACATCCACCGG

R: TTCCTCTGCAATGACTGTAGGGC
NM_017029

Nefl (neurofilament L, NF-L)
F: AGACATCAGCGCCATGCA
R: TTCGTGCTTCGCAGCTCAT

NM_031783.1

Gapdh
F: GGTTACCAGGGCTGCCTTCT

R: CTTCCCATTCTCAGCCTTGACT
NG_028301.1
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3.2. PCN67 Interferes with the Differentiation of PC12 Cells.
PC12 cells exposed to 1mM dibutyryl-cAMP showed de
novo outgrowth of bi- or tripolar neurites, which appeared
mostly straight, occasionally forming branches in some areas.
The body of the cell was mostly polygonal. We scored two
parameters: the length of the neurites and the percentage of
the cell bearing neurites, to evaluate the effect of PCN67 on
the differentiation potential of PC12 cells. As shown in
Figure 2(a), treatment with 0.1μg/ml of PCN67 for 72 h did
not affect the general morphology, in contrast to the IC50
concentration, which led to some cell detachment, floating
and losing the characteristic neuronal-like shape. Moreover,
treatment with this concentration resulted in the formation
of neurites shorter by 15% (77.1μm vs. 90.7μm in control,
F(2,145), P < 0:05) but did not affect the number of cells
bearing neuronal protrusions (Figures 2(b) and 2(c)). We
subsequently analyzed the expression of neurofilament M
(NF-M) and neurofilament L (NF-L) which are major com-
ponents of the neuronal cytoskeleton and are frequently used
as differentiation markers. No emphasis was given to neuro-
filament H, as it is expressed later during PC12 and sympa-
thetic neuron differentiation, and its role in the early stages
of this process is not defined [60]. Real-time PCR analysis
showed a 77% reduction of the NF-M mRNA level (F(2,6),
P < 0:001) after treatment with IC50 concentration of
PCN67 when compared to the vehicle-treated control

(Figure 2(d)). The expression level of NF-L measured at the
same time point (Figure 2(e)) was reduced by 72% (F(2,6),
P < 0:01). These results demonstrate that PCN67 in a dose-
dependent manner may interfere with the gene expression
of NF-L and NF-M associated with the differentiation of
PC12 cells into neuronal phenotype.

3.3. Susceptibility of Primary Neurons to PCN67 Depends on
the Maturation Stage. Because differentiated PC12 cells
acquire and retain several core features of primary neurons,
we next checked whether the PCN67 effect observed in
PC12 cells could be reproduced in hippocampal neurons
in vitro. To search for any developmental-dependent effect,
we used neurons at DIV4 and DIV14 that were susceptible
to chronic KCl stimulation. It has been shown that KCl
protects neurons from death resulting from overinhibition
and from neurotrophic factor deprivation [61, 62]. Mor-
phological observation showed significant disintegration
on the neuronal network of DIV4 neurons treated with
PCN67 at the IC50 concentration (Figure 3(a)). Moreover,
measurement of the longest neurite at DIV4 showed a
43% reduction of the baseline length (F(5,94), P < 0:01)
and no prosurvival effect of KCl (Figures 3(b) and 3(c)).
Such effect was not observed for 0.1μg/ml PCN67 suggest-
ing a dose-dependent action. The reduction of neurite out-
growth by 20% (F(5,102), P < 0:05) upon treatment with IC50
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Figure 1: Dose- and time-dependent effect of PCN67 on differentiated PC12 cells. The cells were treated with PCN67 concentration ranging
from 0.001μg/ml to 25μg/ml for 24 h (a), 48 h (b), and 72 h (c). The half-maximal inhibitory concentration (IC50) was determined based on
viability data obtained following 72 h treatment using nonlinear regression analysis (d). Cell viability in vehicle-treated cells was taken as
100%. ∗P < 0:05 and ∗∗∗P < 0:001.
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concentration of PCN67 was also demonstrated at DIV14;
however, KCl was able to abolish the prodeath effect of
PCN67 and rescue the axonal length (Figure 3(d)).

3.4. Induction of Necrosis by PCN67 Is Dose-Dependent. To
investigate the nature of cell death, we next quantified
Annexin V/propidium iodide (Ax-V/PI) staining
(Figure 4(a)). The percentage of necrotic cells (Ax-V-/PI+)
in the total cell population was increased to 45% (F(2,9),
P < 0:001) only in PC12 cells treated with PCN67 at the
concentration of IC50 (Figure 4(b)). In addition, virtually
no early apoptotic cells (Ax-V+/PI-) were detected and
the population of late apoptotic cells (Ax-V+/PI+) was of
minor importance (less than 3%). To study this further,
we measured the necrosis-associated membrane changes
by detecting the release of lactate dehydrogenase (LDH)
[63]. After treatment with the concentration corresponding
to IC50 (Figure 4(c)), LDH presence in the extracellular

media was significantly increased (F(2,36), P < 0:001). In
parallel, we observed the accumulation of HMGB1 protein
(high-mobility group protein B1) in the cytosol
(Figure 4(d)), which is normally sequestered in the nucleus
but upon induction of necrosis, it is exported to the cyto-
sol to induce an inflammatory response [64]. Another feature
of necrosis is nuclear swelling. The nuclear diameter following
PCN67 treatment was significantly increased (Figure 4(e))
compared to vehicle-treated control (F(2,79), P < 0:001). In
contrast to apoptosis, which is an ATP-dependent process,
necrosis is energy-independent but results in ATP depletion
[65]. In this context, upon treatment with PCN67 at IC50,
we detected a cellular ATP level decrease by 55% (F(2,6),
P < 0:05) (Figure 4(f)). Interestingly, exposure to 0.1μg/ml
of PCN67 did not induce any necrotic features, pointing
to a dose-dependent effect. Apoptotic markers were subse-
quently evaluated to eliminate the possibility of apoptotic
death. However, neither PARP cleavage nor caspase 3/7
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Figure 2: The effect of PCN67 on PC12 cell differentiation. (a) Morphology of control and PCN67-treated differentiated PC12 cells
photographed under an inverted phase microscope with a CCD camera. Scale bar 10 μm. (b) Quantification of an average length of
neurites. The cell protrusion was counted as neurite when its length was at least twice of cell diameter. (c) Quantification of an average
number of neurite-forming cells. Cells with at least one visible neurite were considered. (d) The expression of neurofilament M (NF-M)
and (e) neurofilament L (NF-L) was assessed by real-time PCR 72 h after PCN67 treatment. The expression level in vehicle-treated cells
was taken as 1. ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001.
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activation was observed (not shown). Collectively, our data
suggests that PCN67 dose equivalent to IC50 induces the
necrotic death of differentiated PC12 cells.

3.5. Increased [Ca2+]c Does Not Contribute to PCN67-Induced
Cell Death. Another hallmark of necrosis is increased intra-
cellular calcium concentration [65]. To verify whether the
PCN67 mechanism of cell death involves disruption of cal-
cium homeostasis, we used genetically encoded sensor
GcAMP3 for a long-lasting recording of intracellular calcium
changes. As shown in Figure 5(a), PCN67 applied at the con-
centration of IC50 but not 0.1μg/ml, resulted in a gradual
increase in calcium level starting within the first 24 h and
reaching significance at approximately 48h and onward.
After 2 days of treatment, a significant increase in propidium
iodide uptake was visible, indicating plasma membrane
hyperpermeability (Figure 5(b)). Further accumulation of
propidium iodide was almost parallel to increasing GcAMP3
fluorescence. Next, we checked the requirement of extracellu-
lar calcium for PCN67-induced necrotic death. Replacing the
regular calcium-containing growth media with Hank’s bal-
anced salt solution (calcium-free media) did not protect from
compromised membrane permeability (Figure 5(c)), suggest-
ing that extracellular calcium does not play a significant role.

Pretreatment with intracellular calcium chelator—BAPTA
A/M—after 48 h of PCN67 incubation, when a significant
increase in calcium and membrane permeability started to
be detectable, significantly, but only slightly preserved cell
viability (Figure 5(d)). However, this effect was observed only
at a higher dose of PCN67. These data illustrate that,
although time-dependent calcium rise is noticeable after
continuous treatment with IC50 concentration of PCN67,
it does not have a noticeable effect on PCN67-induced
necrotic death.

3.6. PCN67 Induces Necrosis-Associated Plasma Membrane
Depolarization. Changes in plasma membrane potential can
be monitored by using fluorescent dye—DiBAC4(3). Its
uptake to the cell is driven by electrochemical gradient which
results in increased fluorescence [66]. The measurements
following 72 h of exposure showed elevated DiBAC4(3) fluo-
rescence in cells treated with PCN67 concertation corre-
sponding to IC50 value (2.5 times higher than that of
control, F(2,9), P < 0:001) indicating plasma membrane
depolarization (Figure 5(e)). This correlates closely with the
increased membrane permeability to propidium iodide
(Figure 5(b), 72 h). Lower doses of PCN67 did not provoke
depolarization events or increased propidium iodide uptake.
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Figure 3: Toxicity of PCN67 depends on the maturation stage of primary hippocampal neurons. (a) The grayscale images of neuronal
network photographed using an inverted phase microscope with a CCD camera. Scale bar 10μm. (b) Neurons transfected with GFP
plasmid cultured in defined media in the presence or absence of KCl (40mM). KCl was added together with PCN67, and the images were
taken 2 days later. (c) Quantification of axon length at DIV4 and (d) at DIV14. The longest neurite was measured. ∗P < 0:05, ∗∗P < 0:01,
and ∗∗∗P < 0:001.
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Figure 4: Continued.
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These data indicate that PCN67 may perturb the plasma
membrane in a dose-dependent manner leading to mem-
brane hyperpermeability, calcium overload, and necrotic
death.

3.7. PCN67 Promotes Mitochondrial Dysfunction. To evaluate
the contribution of mitochondria to cell death, the fluctua-
tions in mitochondrial membrane potential (ΔΨm) were
monitored using TMRE (tetra-methyl-rhodamine-ethyl
ester), which accumulates in the mitochondrial matrix
according to the Nernst equation [67]. Treatment with IC50
concentration resulted in massive mitochondrial depolariza-
tion after 72 h (F(2,15), P < 0:05) which was reflected by a
decrease in TMRE fluorescence (Figure 6(a)). To further elu-
cidate the role of mitochondria in PCN67-induced cell death,
an inhibitor of mitochondrial calcium uniporter—Ru360—-
was used. Pretreatment with Ru360 increased cell survival
in a concentration-dependent manner (F(4,20), P < 0:05)
when measured 72 h after exposure to PCN67 (Figure 6(b)).
The presence of galactose in the medium, which is expected
to upregulate mitochondrial oxidative phosphorylation and
produce drug-induced mitochondrial failure [68, 69], sensi-
tized cells to PCN67 (Figure 6(c)) as indicated by reduced
viability detected already after 24 h. Interestingly, the same
effect was also observed at a dose of 0.1μg/ml (F(1,24), P <
0:05). We next tested whether observed necrotic death
involved mitochondrial permeability transition pore (mPTP)
opening. Pretreatment with cyclosporin A, a potent mPTP
inhibitor, failed to protect from PCN67-induced cell death
(Figure 6(d)). These results collectively suggest that mito-
chondrial calcium may drive the PCN67-mediated necrotic
process, which is however independent from mPTP.

3.8. The Role of Cellular Stress in HxCN-Induced Cell Death.
Based on the above results, we speculated that an increased
ROS level could underlie compromised cell viability due to
its interaction with mitochondria. Therefore, following 72 h
of incubation with PCN67, cells were stained with DCFH-

DA (2′,7′-dichlorofluorescin diacetate) to measure ROS. Sig-
nificantly elevated ROS level (F(2,15), P < 0:001) was
detected at IC50 concertation (Figure 7(a)). This corresponds
to compromised membrane integrity measured by the release
of LDH to the media (compare with Figure 5(c)). Interest-
ingly, the average increase in ROS by (±SEM) 309 ± 10%
was also noticeable at the lower concentration used when
compared to vehicle-treated cells (100%). Because ROS can
react with the polyunsaturated lipids, we next measured mal-
ondialdehyde levels to quantify membrane lipid peroxidation
using TBARS assay. Exposure of PC12 cells to PCN67
resulted in marked increases in TBARS fluorescence for both
concentrations (Figure 7(b)).

In order to dissect whether reactive nitrogen species
could also contribute to observed necrotic death, we treated
cells with PCN67 for 72 h and assessed the formation of a
nitrile as a stable product of NO reaction with air using
Greiss reagent. During the treatment, the cells were not chal-
lenged with lipopolysaccharide or γ interferon as differenti-
ated PC12 cells have nNOS [70, 71]. Here, our aim was to
assess if PCN67 is able to induce excessive NO generation.
The data clearly indicate that neither PCN67 concentration
stimulated or inhibited NO generation in relation to the
vehicle-treated cells (Figure 7(c)).

4. Discussion

Neurons are a highly specialized type of cells required for
cell-to-cell communication through axons and dendrites
and information processing in the brain and spinal cord of
the central nervous system. Under in vitro conditions, PC12
cells are a widely used model system to study neuronal pro-
cesses, such as sprouting, excitability, and neurotransmitter
release [72–74]. The PC12 line was originally derived from
pheochromocytoma [73], a tumor arising from chromaffin
cells of the adrenal medulla. Because chromaffin cells and
sympathetic neurons originate from the neural crest, differ-
entiated PC12 cells acquire both neuronal phenotype and
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Figure 4: PCN67 treatment induces characteristics of necrotic death in differentiated PC12 cells. (a) Representative dot plots of
necrotic/apoptotic cell distribution following 72 h of PCN67 treatment. Cells were stained with Annexin V and propidium iodide and
analyzed with flow cytometry. (b) Quantification of viable (V), early apoptotic (EA), late apoptotic (LA), and necrotic (N) cells in a
population. (c) Determination of plasma membrane integrity measured by the release of lactate dehydrogenase (LDH) 72 h following
PCN67 treatment. (d) Western blot-based quantification of HMGB1 protein in cytosolic fraction collected from 72 h-treated cells. The
results are presented as arbitrary units following normalization to the GAPDH level used as a marker of a cytosolic fraction. Histone H3, a
protein marker of a nuclear fraction, was used to determine the purity of fractionation. (e) Average measurement of the nuclear diameter
of differentiated PC12 cells after 72 h of PCN67 treatment. (f) The changes in the ATP level following 72 h of PCN67 treatment. The
results were normalized to the protein level and are expressed as nmoles/mg. ∗P < 0:05 and ∗∗∗P < 0:001.
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Figure 5: PCN67 induces intracellular calcium rise and plasma membrane depolarization. (a) Differentiated PC12 cells were treated with
PCN67 for 72 h in the presence of intracellular calcium indicator—GcAMP3 and (b) propidium iodide (7.5 μM). The cells were placed
into an environmental chamber with controlled temperature and CO2 concentration, and the fluorescence changes were recorded every
4 h using an Axio Observer 7 Marianas™ Microscope equipped with 63x objective. The fluorescence of single cells was processed as ΔF/F0
after background subtraction. (c) Representative images of cells stained with propidium iodide (7.5μM) following treatment with PCN67
(IC50) for 72 h in the presence or absence of calcium in the culture media. Scale bar 10μm. (d) Chelation of intracellular calcium partially
protected from cell death. BAPTA-AM (5μM) was added to the culture 48 h after PCN67 treatment, and the viability was determined the day
after. Vehicle-treated cells were taken as 100%. (e) Plasma membrane potential was measured 72h following PCN67 treatment using DiSBAC2
(1μM). Cells were loaded with a dye for 30min, and the fluorescence was analyzed using flow cytometry. ∗P < 0:05 and ∗∗∗P < 0:001.
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several key features of functional neurons. These cells have
also been employed to determine neuronal toxicity of a wide
variety of environmental pollutants [75–78].

Polychlorinated naphthalenes, a group of substances
widely used up to the 1980s, are still considered as a serious
environmental threat as they have been found in practically
all ecosystems, and their accumulation has also been con-
firmed in humans [22]. Despite some reports suggesting an
interaction of these compounds with the neuronal physiol-
ogy [45, 46], the underlying mechanisms and potential neu-
rotoxic effects have not been studied so far. Therefore, in
order to establish the model for PCN67 neurotoxicity and
calculate the IC50, we performed a dose-dependent analysis
(concentration ranging from 1ng/ml to 25μg/ml) based on
viability assay. The IC50 (0.35μg/ml) was additionally used
to evaluate the nature of cell death. We employed the lowest
PCN67 concentration (0.1μg/ml) that did not alter the via-
bility of PC12 cells as compared to the control. Surprisingly,
we found that already low PCN67 concentration of 0.1μg/ml

which did not alter the viability of PC12 cells as compared to
control induced cellular stress. Previous studies have shown
that higher chlorinated polychlorinated naphthalenes,
including PCN67, did not affect the viability of MCF-7 cells,
when treated with the concentration of 100-10.000 pg/ml for
72 h [79]. However, at 1000 pg/ml, they increased caspase-8
activity and PCN67 additionally stimulated caspase-9, sug-
gesting that the early molecular stages of death cascades
may be initiated at much lower doses. Furthermore, it was
demonstrated that the mixture of polychlorinated naphtha-
lenes commercially available as Halowax 1051 downregu-
lated aryl hydrocarbon receptor (AhR) when applied at
1 ng/ml and 10ng/ml [80]. The disruption in AhR signaling
has been shown to impair neuronal growth and development
in C. elegans [81], affect arborization of sensory neurons in
Drosophila [82], and diminish neuronal differentiation in
dentate gyrus of the hippocampus [83]. Polychlorinated
naphthalenes are potent agonists of AhR [84]; therefore, we
cannot exclude that the effect of PCN67 on in vitro
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Figure 6: The role of mitochondria in PCN67-induced toxicity. (a) For measuring mitochondrial membrane potential, differentiated PC12
cells were cultured in the presence of PCN67 for 72 h and then loaded with TMRE (25 nM) for 30min. TMRE-loaded cells were analyzed for
fluorescence intensity using flow cytometry. Individual data points are shown. (b) Partial prevention of PCN67-induced death by Ru360.
Ru360 was added 30min before PCN67 treatment, and the viability was measured 72 h after. (c) Viability assessment of cells cultured in
the presence of glucose (25mM) or galactose (10mM) supplemented RPMI for 5 days and then treated with PCN67 for 24 h. (d) PCN67-
induced cell death is not inhibited by cyclosporine A (CsA). Differentiated PC12 cells were cotreated with PCN67 and CsA, and the
viability was assessed 72 h later. ∗P < 0:05 and ∗∗∗P < 0:001.
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differentiation observed in our study can be, at least in part,
mediated by AhR signaling. We demonstrated here that
PCN67 treatment at IC50 concentration significantly
decreased the number of neurite-forming cells and the aver-
age length of neurite in PC12 cells. A similar effect on axon
length was also observed in primary hippocampal neurons,
although more advanced culture stages (DIV14) seemed to
be more resistant to PCN67 toxicity than the younger one
(DIV4). Although no in vitro studies explored the effect of
PCN67 on primary neurons so far, the finding of
developmental-dependent sensitivity appears to be in line
with our earlier work, showing the fetotoxic and embryotoxic
effect of PCN67 at the doses that did not cause maternal tox-
icity [33]. Moreover, our results are supported by earlier
reports, showing the effect of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) on viability and neuronal outgrowth in dif-
ferent in vitro models [85–87]. However, some studies also
showed enhanced binding of nerve growth factor to its recep-
tor in PC12 cells in the presence of PCBs [88]. Thus, the neu-
rotoxic effect of PCNs, which may be expected in analogy to
TCDD and PCBs, would be determined by the biochemical
and neurochemical properties of individual congeners.

One of the main characteristics of PCNs is high lipophi-
licity which allows to anticipate high penetration through
biological membranes and rapid modification of membrane
homeostasis and permeability. In our study, the earliest

molecular change observed following PCN67 treatment at
the IC50 concertation was mitochondrial membrane depolar-
ization and significant depletion of ATP. In parallel to
increased permeability of the plasma membrane to small
molecules (e.g., propidium iodide), that started to be detect-
able 2 days following the treatment, we observed a gradual
increase in cytosolic calcium concertation. Calcium is imme-
diately taken up by mitochondrial calcium uniporter (MCU)
which has been linked to H2O2 production, electron trans-
port chain alteration, and disruption of ΔΨm homeostasis
[89]. A significant drop in the ATP level and thus the increase
in AMP to ATP ratio observed for instance in Caco-2 cells
treated with environmental pollutant TCDD [90], may acti-
vate AMP kinase that regulates mitochondrial homeostasis
through the PGC1α pathway. AMP kinase-PGC1α-depen-
dent control of mitochondrial metabolism is expected to
limit ROS production [91], which in concert with mitochon-
drial calcium overload could promote mPTP-driven cell
death. Although we excluded the contribution of mPTP,
our findings that (1) PCN67 is more effective in glucose-
free media and (2) inhibition of MCU partially reversed the
neurotoxic effect of PCN67, suggest a key functional role of
mitochondria in PCN67-induced necrotic death.

Compounds that target mitochondrial metabolism usu-
ally induce cellular stress [92, 93]. Since PCN67 interfere with
mitochondria and affect energy metabolism, its neurotoxicity
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Figure 7: The effect of PCN67 on oxidative and nitrative stress. (a) Differentiated PC12 cells were treated with vehicle and PCN67 for 72 h.
ROS generation was assessed with DCFH-DA (10 μM) using the excitation and emission filters set at 488 nm and 525 nm. Individual data
points are shown. (b) The oxidative damage of lipids by reactive oxygen species was assessed by measuring thiobarbituric acid reactive
substances (TBARS), and the results are normalized to the protein level. Individual data points are shown. (c) The level of NO was
determined using Griess reagent, and the absorbance readings at 540 nm were measured by a microplate reader. ∗P < 0:05, ∗∗P < 0:01, and
∗∗∗P < 0:001.
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could be associated with the production of free radical spe-
cies. A dose-dependent elevation in ROS production revealed
in this study not only confirmed PCN67 action on mitochon-
dria but also suggested its detrimental effect on plasma mem-
brane integrity as determined by increased lipid peroxidation
and permeability to LDH. Generation of ROS and associated
peroxidation of lipids were reported earlier in rat hepatocytes
following PCN67 [33, 40] and PCN mixture treatment [43,
44] or neuronal cells exposed TCDD and PCBs [94, 95] sug-
gesting a common mechanism. Interestingly, the cellular
effects of oxidative stress were also detected for PCN67 con-
centration of 0.1μg/ml, which did not affect ΔΨm and plasma
membrane permeability. We hypothesize that the observed
dose-dependent effect can be attributed to the potency of
PCN67 to influence cellular antioxidant defense, in particular
GSH/GSSG redox potential. Indeed, it has been demon-
strated that prolonged administration of PCNs in vivo
decreased GSH concentration [43]. Therefore, lack of mor-
phological and biochemical symptoms of cell death in the
presence of increased ROS level at the concentration of
0.1μg/ml may imply that cellular defense systems are still
sufficiently enough, to counteract oxidative damage. More-
over, the lack of damage to neurites could suggest that neuro-
nal viability and function are preserved during short time
exposure (72 h in this study) to lower PCN67 concentrations.
However, since PCNs are highly bioaccumulative, it is plausi-
ble that exposure to even lower doses during a long-time
period and concomitant gradual accumulation may ulti-
mately lead to neurophysiological dysfunction. To support
that, a variety of neurobehavioral tests performed on rats
exposed to PCN67 showed dose-dependent impaired long-
term memory, reduced pain threshold, and stress-induced
analgesia [45]. However, the molecular targets for PCN67
in the brain have not been revealed so far.

Neuronal injury may activate other nonneuronal cells in
the CNS-like astrocytes and microglia to trigger a neuroin-
flammatory response. Therefore, we investigated whether
PCN67-induced damage and necrotic death could also
involve excessive production of NO, one of the main media-
tors of inflammation. We found no significant changes
between vehicle- and PCN67-treated groups. Although no
studies demonstrated the effect of PCNs on NO production,
data derived from persistent organic pollutants with a similar
mechanism of action indicated no evidence of nitrative stress
in cerebellar neurons and in rat hypothalamus [96, 97]. Since
excessive production of NO and consecutive active inflam-
matory processes are usually associated with cytotoxicity,
lack of enhanced NO production in response to PCN67 indi-
cates that NO did not contribute to PCN67-induced
neurotoxicity.

5. Conclusion

It has been documented that dysfunctional mitochondria or
altered synaptic transmission due to changes in the neuronal
network could be associated with several neurobehavioral
disorders such as anorexia [98], depression [99], or memory
loss [100]. The findings of neurite damage and impaired
physiological function of mitochondria revealed in our study

suggest that these phenomena may be one of the contributing
factors for cognitive defects during long-term exposure to
PCN67. On the other hand, since profoundly altered homeo-
static control of energy balance and neuronal loss is fre-
quently observed in schizophrenia [101] and Alzheimer’s
disease [102], the dose-dependent neurotoxicity and changes
in the ATP level and lactate production could highlight a
potential higher susceptibility for specific individuals
exposed to PCNs to some neurodegenerative disorders. In
this regard, further studies are vital to shed light on the pos-
sible implication of PCN in neurological disorders.
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Background. Both antioxidant and prooxidant activities have been previously reported for cerium oxide (CeO2). The aim of this
study was to investigate the effects of CeO2 at different doses on changes in kidney tissues and markers in neonatal mice.
Methods. We randomly divided 30 pregnant NMRI mice into five groups (n = 6 per group)—a control group and four groups
treated with intraperitoneal (i.p.) administration of different doses of CeO2 (10, 25, 80, or 250mg/kg body weight (bw)) on
gestation days (GD) 7 and GD14. At the end of the treatment period, we analyzed the kidney tissues and serum samples. The
levels of two serum redox markers, malondialdehyde (MDA) and ferric reducing/antioxidant power (FRAP), were determined.
Data were analyzed using one-way ANOVA and Tukey’s test, and a P value of <0.05 was considered significant. Results. The
mean total volumes of the renal corpuscle, glomeruli, and Bowman’s capsule membranes significantly increased, and there was a
significant decrease in the mean total volume of Bowman’s space in the high-dose CeO2 group compared to that in the control
group. No statistically significant differences existed in the serum levels of MDA and FRAP in the treated and control groups.
Conclusion. Our results suggest that high doses of CeO2 impair fetal renal development in pregnant mice, which results in
kidney damage. Therefore, CeO2 administration during pregnancy could have dose-dependent adverse effects on the developing
kidneys in neonates.

1. Introduction

Cerium is the most abundant rare-earth metal and most
active element in the lanthanide group. Cerium is a soft, duc-
tile, and malleable metal with a color that ranges from iron-
gray (commercial grade) to silver (pure form). Cerium com-
pounds have the highest environmental activity compared to
other members of the lanthanide group [1].

Cerium oxide (CeO2) is the most commonly used
commercial compound of cerium [2]. Cerium oxide lan-
thanides are widely used as catalysts, oxygen sensors, in
the manufacture of solar/fuel cells, and polishing agents

in various fields [3–6]. The unique properties of CeO2,
especially its low toxicity and high reducibility, have
increased the use of micro- and nanosized CeO2 in various
medical fields and led to significant advances in these
fields [1]. The medical applications of CeO2 are due to
its antioxidant, anti-inflammatory, and antibacterial prop-
erties and its high angiogenic potential. Cerium oxide is
used to assist with the healing of various tissues such as
the bones, skin, cardiac, and nerves. Recently, the transfer
of drugs and genes by CeO2 nanoparticles and the use of
CeO2 as treatments for cancer and other diseases has
received much attention [7, 8].
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Cerium, itself, has no properties and is not physiologi-
cally important for living organisms; however, soluble Ce3+

salts (sulfate, nitrate, chloride, phosphate, and hydroxide)
contain various properties that are of medical importance.
Cerium oxide is a pale yellow-white powder with the chemi-
cal formula CeO2 [9]. The autoregenerative cycle nature of
CeO2 is due to the presence of an enormous number of sur-
face defects and its ability to switch between Ce3+ and Ce4+

oxidation states. The formation of an oxygen vacancy in
CeO2 is associated with reduced Ce4+ and Ce3+ oxidation.
This property allows Ce to absorb or give off an electron from
the active oxygen species, making them inactive and neutral,
and indicates a key role in the ratio of the Ce3+/Ce4+ oxide in
the antioxidant activity of CeO2 [9–11]. Cerium oxide is
believed to function as a superoxide dismutase (SOD)/cata-
lase mimetic [9, 12–15]. In an experiment on mice, the anti-
oxidant properties of CeO2 nanoparticles inhibited active
oxygen species and its potential for the treatment of oxidative
stress was reported [16]. Oxidative stress is an imbalance
between reactive oxygen species (ROS) and antioxidants in
the body [17]. Researchers propose that CeO2 could be used
to treat diseases associated with oxidative stress and inflam-
mation [9, 10, 18, 19]. This ability of the nanoscale to neutral-
ize ROS from a pool of high concentration polymer ligands
suggests that nanoscale activity may not decrease in the phys-
iological environment, even when coated with a protein
corona. A study on the distribution of inhaled CeO2 nano-
particles in mice showed that the cells phagocytosed the
nanoparticles [20, 21].

Previous studies on the effects of CeO2 in living organ-
isms reported contradictory results. Some researchers
reported that CeO2 caused oxidative stress in mitochondria
and hepatocellular damage [22], inflammation in tissues such
as the kidneys and liver [23], and DNA damage in peripheral
blood leukocytes (PBL) and liver cells [24]. Cerium oxide can
also cause lung fibrosis [25] and angiogenesis [26].

In contrast, other researchers reported that CeO2 could act
as an antioxidant and be used for cancer prevention and treat-
ment [27, 28]. In another study, the optimum concentration
(10-3–10-9M) of CeO2 increased cell division of primary fetal
fibroblasts in vitro [29]. The results of a study showed that
CeO2 nanoparticles reduced oxidative stress and inflammation
in mice treated with diethylnitrosamine [30]. The protective
effect of CeO2 nanoparticles in preventing tissue damage and
oxidative stress induced by diabetes in pregnant mice has been
reported [31]. Existing synthetic protocols have the ability to
obtain CeO2 nanoparticles with different physical and chemical
properties (shape, size, zeta potential, and cerium valence
state). The synthesis method directly affects their biological
activity [32]. The impact of these characteristics on toxicity,
especially fetal toxicity, has not been elucidated.

The impact of a wide range of cerium nanoparticles stabi-
lized by citrate on the growth of two-cell embryos was investi-
gated. The results showed that the cerium nanoparticle
concentrations had no toxic effects on fetal development [33].

Cerium oxide can cross the placenta and make its way to
the liver, spleen, and lung tissues of adult, neonatal, and fetal
mice, inducing tissue destruction and necrosis [34]. In addi-
tion, the results from our previous study have shown that

high-dose CeO2 can have a devastating effect on testicular tis-
sue development in neonatal mice [35].

The kidneys play a key role in regulating the body’s
homeostasis and excreting waste products [36]. Metanephric
development begins in humans during week five of gestation
and in mice at embryonic day (E) 10.5 [37]. There is an
enhanced chance for exposure to CeO2 because of the increase
in its various uses in daily life. Pregnant women are exposed to
CeO2 via the skin, inhalation, foods, and medicines.

Congenital anomalies of the kidneys are among the most
important anomalies [38]. When pregnant mice are exposed
to CeO2, these particles can cross the placenta and accumu-
late in the fetal organs [22–24, 34]. CeO2 may hinder embry-
onic development and may have possible demographic
impacts [34]. Given the importance of kidney development
during pregnancy and the postpartum period, the present
study is aimed at comparing histological changes in neonatal
kidneys after their mothers were exposed to different doses of
a CeO2 suspension during the gestational day (GD) 7 and
GD14 of pregnancy.

2. Materials and Methods

2.1. Materials. Cerium (IV) oxide (CeO2) powder that had a
diameter < 5 μm, assay of 99.9% trace metal basis, and den-
sity of 7.13 g/ml at 25°C (lit.) was purchased from Sigma-
Aldrich Corporation (St. Louis, MO, USA). We prepared
the different doses of CeO2 in double-distilled (dd) water.
Ultrasonic vibration (100W, 30 kHz) was performed for
15min before administration.

In this study, the selected doses were based on previous
studies and doses lower than the lethal dose; 50% (LD50)
were used for the animals [34, 39]. Based on the contradic-
tory results of previous studies, we selected various doses that
ranged from low to high to detect dose-dependent effects in
the laboratory animals. We performed our experiment based
on the characteristics reported by the manufacturer of CeO2
and previous experiments [1, 34, 40–42].

The different doses of CeO2 were prepared in double-
distilled (dd) water. Ultrasonic vibration (100W, 30 kHz)
was performed for 15min before administration.

Trichloroacetic acid ACS reagent, ≥99.0% (TCA); 2,4,6-
tripyridyl-s-triazine (TPTZ); 2-thiobarbituric acid ≥ 98%
(TBA); ferric chloride (FeCl3); sodium acetate; and hydro-
chloric acid-ACS reagent, 37% (HCl), were also purchased
from Sigma-Aldrich Corporation.

2.2. Animals and Experimental Groups. We obtained adult
NMRI mice (male : female ratio of 1 : 2) that had an average
weight of 25–30 g from Pasteur Institute of Iran (Tehran,
Iran). The animals were allowed to acclimate for one week
under standard conditions that included a 12 : 12 h light/dark
cycle with ad libitum access to food and water. Once accli-
mated to their new environment, the male and female mice
were kept in a cage at a 1 : 2 ratio. The pregnant mice were
placed in separate cages. The detection of a vaginal plug
was considered to be gestation day (GD) 0. The pregnant
mice were randomly divided into five groups (n = 6 per
group): a control and four treatment groups. Mice in the
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treatment groups received intraperitoneal (i.p.) injections of
different doses of CeO2 (10, 25, 80, or 250mg/kg body weight
(bw)) on GD7 and GD14.

In this experiment, 15-day-old neonates were used for
histological evaluation of kidney tissues and serum biochem-
ical parameters. Changes in body weights and kidney tissue
in 2- and 6-day-old neonates were evaluated.

2.3. Histological Examinations of the Kidneys. The 15-day-old
postpartum (dpp) offspring were weighed and anesthetized
by chloroform. After dissection, blood samples were collected
from the heart using a 1 cc syringe. The left kidneys from the
mice were excised and rinsed with distilled water, weighed,
and fixed for one week in a 10% formaldehyde solution. After
tissue passage and paraffin block preparation, the paraffin
blocks were sectioned into 5μm sections with a microtome
and subsequently stained with Heidenhain’s Azan stain
[43]. We randomly selected nine sections from each kidney
to evaluate the histological parameters.

2.4. Kidney Volume. We used the Cavalieri method to assess
kidney volume [44]. First, we systematically selected 15 ran-
dom tissue sections from all of the 5μm sections at the same
interval. The predesigned point probe was randomly uniform
on the image of each of the sections, and the points encoun-
tered with the whole kidney image were counted.

The kidney volume was calculated in all the slices by
using the following formula:

V totalð Þ = 〠
n

i=1
P × a pð Þ × t, ð1Þ

where ∑n
i=1P is the sum of the total points, “t” represents the

thickness between selected sections, and “aðpÞ” is the level of
the point probe.

Next, we calculated the cortex and medullary volumes.
Tissues were chosen by regular, random sampling, and the
average of 15 fields of view from each 5μm section was
assessed at 100x magnification by placing the point probe
on each field.

2.5. Volumes of the Cortex, Medulla, and Cortex Components.
The total number of points that hit the probe with the entire
field was ∑n

i=1Ptotal; the whole number of the points that hit
the probe in the cortex was ∑n

i=1Pcortex ; and the whole num-
ber of points that hit the probe in the medulla was ∑n

i=1
Pmedulla.

Volumetric density was calculated using the following
formulas for the cortex and medulla:

Vv cortex =
∑n

i=1Pcortex
∑n

i=1Ptotal
,

Vvmedulla =
∑n

i=1Pmedulla
∑n

i=1Ptotal
:

ð2Þ

We separately estimated the volumes of the cortex and
medulla by multiplying the volume density of each by the
kidney volume in each neonatal mouse.

Vcortex =Vvcortex ×V total,
Vmedulla =Vvmedulla ×V total:

ð3Þ

We estimated the volume of the components of the cor-
tex, proximal tubule (PT), and distal tubule (DT), with the
lumen and their epithelium, glomeruli, and interstitial tissue
by systematic random sampling. An average of 15 fields of
view from each 5μm slide was assessed by placing a counting
frame on each field. The total number of the points that hit
the frame with the entire field of view was selected ð∑n

i=1
PtotalÞ, and the whole number of points that hit each compo-
nent ð∑n

i=1PxÞ was shown. The volume density was calculated
using the following formula:

Vv x =
∑n

i=1P xð Þ
∑n

i=1Ptotal
, ð4Þ

where “x” represents the PT and DT, lumen, epithelium,
interstitial tissue, and glomeruli.

Then, using the following formula, we separately calcu-
lated the volumes of the PT and DT, lumen, epithelium,
interstitial tissue, or glomeruli by multiplying the volume
density of each in the cortical volume:

Vx =V cortex ×Vv x: ð5Þ

In the above formula, “x” represents the PT, DT, lumen,
epithelium, interstitial tissue, and glomeruli.

2.6. Volume of Bowman’s Capsule and Space. In order to
obtain the volume of the glomeruli components, we first
compared the whole number of the points that hit the frame
with these components ð∑n

i=1PxÞ and the whole number of
the points that hit the frame with each glomerulus ð∑n

i=1
PglomerulusÞ. The volumetric density of the glomerulus was cal-
culated using the following formula:

Vv x =
∑n

i=1P xð Þ
∑n

i=1Pglomerulus
, ð6Þ

where “x” represents each of the components of the glomer-
ulus (Bowman’s capsule and space).

Then, the volume of Bowman’s capsule and space were
calculated by multiplying the volume density of each compo-
nent in the volume of the glomerulus as follows:

Vx =Vglomerulus ×Vvx , ð7Þ

where “x” represented any of the glomerulus components,
namely, Bowman’s capsule and space.

2.7. Length of Proximal Tubules (PT) and Distal Tubules
(DT). In order to calculate the length of the PT and DT from
the 5μm slides of kidney tissue at 400x magnification, we
used systematic random sampling to select 15 fields of view.
The counting probe was randomly placed on each of the
microscopic fields of view, and the number of tubules
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counted within the frame or those that collided with the
reception lines was counted. The number of tubules that con-
tacted the banned lines was not counted. Then, the longitudi-
nal densities of the PT and DT were calculated from the
following equation:

LV=2 ×
∑n

i=1Qi

a/f∑n
i=1Pi

, ð8Þ

where ∑Qi is the sum of selected tubules, a/f is the desired
frame level at the texture scale, and ∑Pi is the sum of the
points of contact with the kidney tissue.

2.8. Serum Redox Markers. Blood samples were collected
from 15-day-old neonatal hearts to estimate the serum redox
markers, malondialdehyde (MDA) and ferric reducing/an-
tioxidant power (FRAP).

2.9. Malondialdehyde (MDA) Levels. Buege and Aust’s proce-
dure was used to evaluate serumMDA levels. In this method,
a solution that contained trichloroacetic acid (TCA; 15%
g/ml), TBA (0.375%, g/ml), and hydrochloric acid (HCl,
25% normal) was prepared and the sera were combined in
a 2 : 1 ratio and placed in a bain-marie for 15min. The solu-
tion was placed in cold water and then centrifuged for
10min. The absorbance of the solution was read using a spec-
trophotometer at a wavelength of 532 nm [45, 46].

2.10. Ferric Reducing/Antioxidant Power (FRAP) Assay. The
FRAP assay was used to estimate the antioxidants. We com-
bined 0.5ml of serum with 1.5ml of the reaction mixture.
The degree of plasma regeneration is proportional to the con-
centration of this complex. At low pH, the reduction of the
TPTZ-Fe3+ complex in the form of ferrous (Fe2+) creates a
blue complex that has a maximum absorption of 593nm.
The degree of the regenerative capacity of the serum was
measured by increasing the concentration of the above com-
plex using a spectrophotometer. The FRAP assay directly
evaluates the whole antioxidant power [47].

2.11. Statistical Analysis. Data were analyzed with SPSS 16
(Statistical Package for the Social Sciences), ANOVA, and
Tukey’s test. P values < 0.05 were considered statistically
significant.

3. Results

3.1. Histological Evaluation of the Kidney Tissues. In the con-
trol group, we observed that the kidney tissues had a normal
structure with regular tubules, cylindrical epithelial cells
based on the basement membrane, lumen space, and normal
glomeruli. In the group that received less than 250mg/kg bw
CeO2, the glomeruli were inflamed, and there was a signifi-
cant increase in the volumes of the glomeruli and the mem-
brane of the Bowman’s capsule, along with a significant
decrease in volume of Bowman’s capsule space compared to
the control group (P < 0:02). There were no statistically sig-
nificant differences in the other groups treated with CeO2
compared to the control group (Figure 1).

3.2. Body and Kidney Weights. There were no statistically sig-
nificant differences in body and kidney weights in the treat-
ment and control groups (Table 1).

3.3. Volume of the Kidney, Cortex, Medulla, and Cortex
Components. A comparison of kidney volumes in the treat-
ment and control groups showed a significant decrease in
the group that received the 250mg/kg bw CeO2 dose
(P < 0:02) (Table 2).

The cortex volume was significantly reduced in the group
that received 250mg/kg bw CeO2 (P < 0:03) compared to
that in the control group. There was no statistically signifi-
cant difference in the other groups treated with CeO2 com-
pared to that in the control group. We also observed no
statistically significant difference in medulla volume in the
treatment groups compared to that in the control group.

There were significant increases in volume in the intersti-
tial tissue (P < 0:01), renal corpuscle (P < 0:02), glomerulus
(P < 0:02), and Bowman’s capsule (P < 0:02) tissues in the
250mg/kg bw CeO2 group compared with those in the con-
trol group. The other treatment groups showed no significant
volume changes in these tissues when compared with the
control group (Table 3).

A significant decrease was observed in the volume of
Bowman’s space in the 250mg/kg bw CeO2 (P < 0:05) group
compared with that in the control group; however, the other
treatment groups did not significantly differ with the control
group (Table 3).

The volume of the PT and its epithelium (P < 0:04) and
the PT lumen (P < 0:05) decreased significantly in the group
that received 250mg/kg bw CeO2 compared to that in the
control group (P < 0:05).

There was no significant difference between the volume
of the DT and the epithelium and its lumen in the group that
received 250mg/kg bw of CeO2 compared with that in the
control group (Table 4).

3.4. Lengths of Proximal Tubules (PT) and Distal Tubules
(DT). There was no significant difference between the DT
and PT lengths in the treatment groups compared to that
in the control group (Table 5).

3.5. Biochemical Evaluations. Statistical analysis of blood
serum MDA showed no significant difference between treat-
ment groups compared to the control group (Figure 2). In
addition, statistical analysis of blood serum total antioxidant
capacity (TAC) showed no significant difference between
treatment groups compared to the control group (Figure 3).

4. Discussion

In this study, we administered i.p. injections of different
doses of a CeO2 microparticle suspension to pregnant mice
on GD7 and GD14 and examined their effects on neonatal
mice kidney tissues by light microscopy. The selection of
the CeO2 micropowder for this experiment was based on pre-
vious studies in which the toxic effects of CeO2 microparti-
cles and their faster accumulation in the tissues of living
organisms were confirmed [34, 48]. Exposure of pregnant
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Figure 1: Microscopic images of kidney tissue from 15-day-old mice. The 5μm sections stained with Heidenhain’s Azan show
histopathologic changes in the kidney tissue. Magnification: 400x (scale bars =100 μm). Control (a): renal tubules with a regular
arrangement of epithelial cells and glomerulus with natural size components and structure (arrow: Bowman’s capsule membrane; star:
Bowman’s capsule space). PT: proximal convoluted tubule; DT: distal convoluted tubule; G: glomerulus in the control group. Cerium
oxide (CeO2); 10mg/kg body weight (bw) (b), CeO2; 25mg/kg bw (c): renal tubules with a regular arrangement of epithelial cells and
glomeruli with natural size components and structure in the groups treated with 10 and 25mg/kg bw CeO2. CeO2; 80mg/kg bw (d):
histological changes are not significant compared to the control group. CeO2; 250mg/kg bw (e): vacuolization in the renal tubules, along
with disruption, injury, and degeneration in PTs, vascularization in the interstitial kidney tissue, hypertrophy in the glomerulus, and
reduced Bowman’s capsule space in the 250mg/kg bw CeO2 treatment group.

Table 1: Comparison of body weight (bw) and kidney weight in the study groups.

Group bw (D2) bw (D6) bw (D15) Kidney W (D2) Kidney W (D6) Kidney W (D15)

Control 1:87 ± 0:18ab 3:77 ± 0:18ab 7:13 ± 0:87a 0:015 ± 0:001ab 0:029 ± 0:002ab 0:042 ± 0:002ab

CeO2 (10mg/kg bw) 1:86 ± 0:24ab 3:94 ± 0:34a 7:54 ± 0:88a 0:016 ± 0:002a 0:030 ± 0:003a 0:044 ± 0:002a

CeO2 (25mg/kg bw) 1:96 ± 0:11b 3:59 ± 0:2ab 6:87 ± 0:38a 0:013 ± 0:002ab 0:027 ± 0:003ab 0:040 ± 0:004ab

CeO2 (80mg/kg bw) 1:76 ± 0:12ab 3:64 ± 0:27ab 6:82 ± 0:31a 0:013 ± 0:003ab 0:026 ± 0:002ab 0:038 ± 0:003b

CeO2 (250mg/kg bw) 1:68 ± 0:09b 3:45 ± 0:2b 6:68 ± 0:47a 0:011 ± 0:001b 0:025 ± 0:001b 0:037 ± 0:002b

bw (D2): 2-day-old newborn body weight; bw (D6): 6-day-old newborn body weight; bw (D15): 15-day-old newborn body weight. Kidney W (D2): 2-day-old
newborn kidney weight; Kidney W (D6): 6-day-old newborn kidney; Kidney W (D15): 15-day-old newborn kidney. Values are means ± SD. The means with
different letter codes are significantly different from each other (ANOVA, Tukey’s test, P < 0:05).
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mice to CeO2, according to the administered dose, caused
changes in the neonatal kidney tissue.

Determining the average tissue and body weights is an
important indicator for assessing the toxic effects of a sub-
stance on the body. In this study, body and kidney weight
changes in offspring were measured at 2, 6, and 15dpp. The
results indicated that there were no significant differences
in body and kidney weights between the experimental and
control groups (Table 1).

Previous findings have indicated that CeO2 passes
through the placenta [34]. In mice, the development of the

metanephros is considered to begin at E10.5–11 and ends
at 7–10 days after birth [49, 50]. The kidney, like all other
major organs of the body, is susceptible to exposure to a

Table 2: Comparison of total kidney volume, cortex, and medulla in the study groups.

Group Kidney V (mm3) Cortex V (mm3) Medulla (mm3)

Control 106 ± 8:21ab 86:4 ± 7:43ab 19:6 ± 1:14ab

CeO2 (10mg/kg bw) 111:17 ± 10:14a 91:16 ± 8:84a 20 ± 1:78a

CeO2 (25mg/kg bw) 102:5 ± 2:51abc 83:83 ± 2:13abc 19 ± 1:09ab

CeO2 (80mg/kg bw) 99:17 ± 2:22bc 80:50 ± 2:16bc 18:66 ± 0:81ab

CeO2 (250mg/kg bw) 93:67 ± 3:44c 75:83 ± 3:6c 17:83 ± 0:75b

Values are means ± SD. The means with different letter codes are significantly different from each other (ANOVA, Tukey’s test, and P < 0:05).

Table 3: Comparison of interstitial tissue, glomerulus, and Bowman’s capsule and space volumes in the study groups.

Group InT (mm3) Renal corpuscle (mm3) Glomerulus (mm3) Bowman’s capsule (mm3) Bowman’s space (mm3)

Control 6:25 ± 0:42a 4:12 ± 0:35a 2:49 ± 0:46a 0:65 ± 0:12ab 0:97 ± 0:04a

CeO2 (10mg/kg bw) 6:31 ± 1:08a 4:04 ± 0:5a 2:49 ± 0:56a 0:51 ± 0:11a 1:03 ± 0:12a

CeO2 (25mg/kg bw) 6:23 ± 1:11a 4:13 ± 0:36a 2:62 ± 0:38ab 0:60 ± 0:05a 0:89 ± 0:11ab

CeO2 (80mg/kg bw) 7:29 ± 0:82ab 4:33 ± 0:56ab 2:64 ± 0:58ab 0:81 ± 0:8bc 0:87 ± 0:10ab

CeO2 (250mg/kg bw) 8:03 ± 0:40b 5:06 ± 0:49b 3:47 ± 0:47b 0:84 ± 0:08c 0:74 ± 0:07b

Values are means ± SD. The means with different letter codes are significantly different from each other (ANOVA, Tukey’s test, P < 0:05).

Table 4: Comparison of the volumes of the renal structures in the study groups.

Group
PT

(mm3)
PT (E)
(mm3)

PT (L)
(mm3)

DT
(mm3)

DT (E)
(mm3)

DT (L)
(mm3)

Control 64 ± 5:33ab 48 ± 4ab 16 ± 1:33a 17:2 ± 0:83ab 11:62 ± 0:91ab 5:57 ± 0:38b

CeO2 (10mg/kg bw) 68:16 ± 7:13a 51:12 ± 5:35a 17:04 ± 1:78a 19 ± 2:19a 12:39 ± 1:12a 6:61 ± 1:12a

CeO2 (25mg/kg bw) 62:16 ± 1:94abc 46 ± 45 ± 1:39abc 15:54 ± 0:48ab 17:33 ± 0:51ab 11:7 ± 0:32ab 5:63 ± 0:36ab

CeO2 (80mg/kg bw) 59:16 ± 1:32bc 44:37 ± 0:99bc 15:12 ± 0:73ab 16:5 ± 0:54b 11:19 ± 0:51ab 5:31 ± 0:26b

CeO2 (250mg/kg bw) 56:08 ± 3:47c 42:08 ± 2:59c 14 ± 0:88b 15:75 ± 0:75b 10:53 ± 0:55b 5:21 ± 0:24b

PT: proximal convoluted tubule; DT: distal convoluted tubule; lumen: L; epithelium: E. Values are means ± SD. The means with different letter codes are
significantly different from each other (ANOVA, Tukey’s test, P < 0:05).

Table 5: Lengths of the proximal tubules (PT) and distal tubules
(DT) in the study groups.

Group PT (m) DT (m)

Control 37:81 ± 1:59a 22:46 ± 4:86a

CeO2 (10mg/kg bw) 38:69 ± 1:22a 25:33 ± 1:3a

CeO2 (25mg/kg bw) 37:47 ± 1:19a 25:26 ± 1:12a

CeO2 (80mg/kg bw) 35:53 ± 3:65a 22:70 ± 3:9a

CeO2 (250mg/kg bw) 35:04 ± 3:81a 19:92 ± 5:21a

Values are means ± SD. The means with different letter codes are
significantly different from each other (ANOVA, Tukey’s test, P < 0:05).
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Figure 2: Comparison of the mean levels of serum
malondialdehyde (MDA; nmol/ml) in the different groups of 15-
day-old neonatal mice. Values are means ± SD. The means with
different letter codes are significantly different from each other
(ANOVA, Tukey’s test, P < 0:05).
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wide range of chemicals during developmental periods.
Regulated differentiation and proliferation of mesenchymal
cells and urinary epidermal primordial cells cause nephro-
genesis in the embryonic period [50]. Kidney development
in mice is completed two weeks after birth [51]. Accordingly,
we decided to investigate changes in kidney tissue 15 days
after birth.

Studies have also shown that CeO2 can accumulate and
cause inflammation in tissues such as the lungs, liver, and
kidneys [23]. Cerium is capable of switching between the
Ce3+ and Ce4+ states, which may aid the antioxidant property
of CeO2. On the other hand, another investigation has shown
that CeO2 causes ROS formation, inflammation, and DNA
loss [19]. The result of one study indicated that CeO2
increased ROS formation and, consequently, induced oxida-
tive damage in mitochondria [22].

Increased CeO2-induced ROS levels may be the cause of
observed cellular damage and apoptosis. ROS production
and oxidative stress might be due to the catalytic properties
of CeO2, impaired mitochondrial function, or a combination
of both mechanisms [24, 42].

ROS is capable of reacting with proteins, lipids, and
nucleic acids, leading to lipid oxidation in biological mem-
branes and the effects of enzymatic processes such as ion
pump activity and DNA damage, thereby inhibiting tran-
scription, repair, and apoptosis [52, 53]. As a result, lipid per-
oxidation destroys unsaturated fatty acids in the membranes
[54]. This can be one reason for the decrease in cell volume
and, ultimately, the decrease in kidney volume in the group
that received 250mg/kg bw CeO2 compared to that in the
control group (Table 2).

Increased glomeruli volume, as representative of the
renal and functional units of the kidney, can compensate
for lost glomeruli function, adapt to new conditions, and
remove toxins from the body [55, 56]. Glomeruli undergo
hyperfiltration to control the conditions and maintain filtra-
tion, resulting in an increase in glomerular volume [57].

Oxidative stress contributes to kidney damage through
several mechanisms. This primarily occurs through increased
expression of the vascular endothelial growth factor (VEGF)
gene in podocytes, endothelial cells, and renal mesangial
cells that increase glomerular permeability and protein
excretion through urine [58]. Growth factors increase the
expression of collagen types I, III, IV, V, and VI, and the
laminin and fibronectin proteins, which increases the extra-
cellular matrix and thickening of the glomerular basement
membrane [58, 59].

It has been shown that oxygen free radicals play a major
role in inflammation in kidney interstitial tissue [60, 61].
Therefore, an increase in interstitial tissue volume in the
group that received CeO2 at a dose of 250mg/kg bw com-
pared to that in the control group (Table 3) might indicate
inflammation caused by CeO2.

In the present study, the lumen space of the PT in the
group that received 250mg/kg bw CeO2 was decreased com-
pared to that in the control group (Table 4). This could be
due to the destructive dose-dependent effect of CeO2 on
tubules and the presence of necrosis, an apoptotic margin
of the PT epithelial cells, and swelling of the epithelial cells
of the wall of the tubule. It can be concluded that the swelling
of PT wall cells reduces the lumen spaces of tubules [23].

The data of this study showed no statistically significant
difference between serumMDA and FRAP levels in the treat-
ment groups compared with the control group (Figure 3).
Oxidative stress is due to reduced body resistance to oxidants
and lower antioxidant levels in the blood. [22, 62]. According
to other studies, antioxidant capacity in vivo depends on
many factors such as environmental conditions (diet, etc.)
[63, 64].

Studies of CeO2 in different animals showed that the level
of CeO2 toxicity depended on the duration of exposure, tissue
environment, and type of cell [19, 65].

Previous research has suggested that the effect and toxic-
ity of CeO2 are closely related to the types of tissues and cells,
as well as the type of animal and the duration of exposure
[66–68].

Studies of the dose-dependent relationship of CeO2
effects on living organisms are complex. In one study, ICR
mice were treated by oral gavage with one of three doses
(10, 20, or 40mg/kg bw/day) for six weeks. The accumulation
of Ce particles in the nuclei of liver cells and mitochondria
had a direct relationship to the increased dose [22]. The
inflammatory effects of CeO2 nanoparticles were studied at
different doses (2000, 3000, and 5000mg/kg bw) adminis-
tered daily for 14 days in CD-1 mice. The results did not
show any relationship between the concentration used and
toxic effects [23].

In the present study, animals exposed to the highest doses
of CeO2 (250mg/kg bw) showed significantly different histo-
logical parameters from their control counterparts. Animals
exposed to the lowest doses (10, 25, and 80mg/kg bw) did
not show significant differences in histological parameters
compared to the control group. Studies on the effect of
CeO2 on living organisms in vivo and in vitro confirm our
findings. Previous studies have shown that low-dose CeO2
can be used to treat cancer and eye diseases and is a powerful
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Figure 3: Comparison of the mean levels of serum total antioxidant
capacity (TAC; nmol/ml) in the different groups of 15-day-old
neonatal mice. Values are means ± SD. The means with different
letter codes are significantly different from each other (ANOVA,
Tukey’s test, P < 0:05).
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antioxidant [69, 70]. Therefore, according to review data,
low-dose CeO2 may have beneficial and possibly protective
effects.

According to histological data, the high dose of CeO2 in
this experiment (250mg/kg bw) was not tolerable for the ani-
mals. This dose could lead to toxic effects and oxidative
stress, as well as disruption in the development of kidney tis-
sues in mice. The present study results indicated that the dose
of CeO2 could determine the presence of positive and nega-
tive effects from its various applications. However, additional
research should be conducted to confirm these findings.

5. Conclusion

We observed significant increases in the mean total volume
of the kidney, cortex, renal corpuscle, glomerulus, and mem-
brane of Bowman’s capsule and a significant decrease in the
mean total volume of Bowman’s space in the group that
received 250mg/kg bw of CeO2 compared to that in the con-
trol group. Our data showed no statistically significant differ-
ences between serum MDA and TAC levels in the treatment
and control groups. According to our experiment, the effi-
cacy of CeO2 on kidney development in neonatal mice was
dose dependent. More studies should be conducted to inves-
tigate CeO2-induced renal damage in offspring exposed to
CeO2 in utero.

Abbreviation

Bw: Body weight
Ce: Cerium
CeO2: Cerium (IV) oxide
CTGF: Connective tissue growth factor
DD: Double distilled
DPP: Days postpartum
D2: 2-day-old infant
D6: 6-day-old infant
DT: Distal tubules
°C: Degree centigrade
Fig: Figure
g: Gram
GD: Gestational day
G: Glomerulus
HCL: Hydrochloric acid
H: Hour
i.p.: Intraperitoneal
μL: Microliter
MDA: Malondialdehyde concentration
μm: Micrometer
min: Minute
mm3: Cubic millimeters
mg/kg bw: Milligrams per kilogram of body weight
ml: Milliliter
Nm: Nanometer
Nmol: Nanomolar
PBL: Peripheral blood leukocytes
PT: Proximal tubules
PDGF: Platelet-derived growth factor
KCL: Potassium chloride

LDH: Lactate dehydrogenase
REEs: Rare earth elements
TAC: Total antioxidant capacity
TCA: Trichloroacetic acid
TPTZ: 2,4,6-Tripyridyl-s-triazine
TBA: Thiobarbituric acid
TGF-1: Transforming growth factor-1
VEGF: Vascular endothelial growth factor
V: Volume
W: Weight.
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The results of past research studies show that platelets are one of the main sources of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) to be found in the course of many pathological states. The aim of this study was to determine the level of
oxidative/nitrative stress biomarkers in blood platelets obtained from multiple sclerosis (MS) patients (n = 110) and to verify
their correlation with the clinical parameters of the psychophysical disability of patients. The mitochondrial metabolism of
platelets was assessed by measuring the intracellular production of ROS using the fluorescence method with DCFH-DA dye and
by identification of changes in the mitochondrial membrane potential of platelets using the JC-1 dye. Moreover, we measured
the mRNA expression for the gene encoding the cytochrome c oxidase subunit I (MTCO-1) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) in platelets and megakaryocytes using the RT-qPCR method, as well as the concentration of NADPH
oxidase (NOX-1) by the ELISA method. Our results proved an increased level of oxidative/nitrative damage of proteins
(carbonyl groups, 3-nitrotyrosine) (p < 0:0001) and decreased level of -SH in MS (p < 0:0001) and also a pronounced correlation
between these biomarkers and parameters assessed by the Expanded Disability Status Scale and the Beck’s Depression
Inventory. The application of fluorescence methods showed mitochondrial membrane potential disruption (p < 0:001) and
higher production of ROS in platelets from MS compared to control (p < 0:0001). Our research has also confirmed the
impairment of red-ox metabolism in MS, which was achieved by increasing the relative mRNA expression in platelets for the
genes studied (2-fold increase for the MTCO-1 gene and 1.5-fold increase in GAPDH gene, p < 0:05), as well as the augmented
concentration of NOX-1 compared to control (p < 0:0001). Our results indicate that the oxidative/nitrative damage of platelets is
implicated in the pathophysiology of MS, which reflects the status of the disease.

1. Introduction

Oxidative stress plays an important role in regulating brain
plasticity, and the intensive production of reactive oxygen

species (ROS) and reactive nitrogen species (RNS) signifi-
cantly affect the disorder of neuronal neurotransmission,
which is the main cause of physical and mental disability
[1, 2]. Brain structures are prone to oxidative stress due to
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their extensive oxygen metabolism [3]. Despite the existence
of natural antioxidant mechanisms, the cells of the central
nervous system (CNS), especially neurons, are poorly pro-
tected against the harmful effects of ROS/RNS [4]. ROS and
RNS are extremely reactive molecules that damage various
cellular structures in the brain (neurons, oligodendrocytes,
astrocytes, and microglia) and lead to cell death [5].

Multiple sclerosis (MS) is a multifactorial disease that
consists of several pathological processes occurring in the
CNS and peripheral nervous system (PNS). MS is an inflam-
matory demyelinating disease of CNS, nonetheless, tightly
related to the injury of blood vessels, mainly as a result of
augmented permeability of the blood-brain barrier (BBB)
[6, 7]. Autoimmune development, inflammation, and the
permanent oxidative stress contribute to demyelination and
in consequence to axonal and neuronal loss [8, 9].

The interactions of platelets with leukocytes and endo-
thelial cells are considered to be the first essential step in
the initiation of the pathogenesis of MS, leading to the
massive infiltration of lymphocytes and further to the cre-
ation of demyelinating lesions in CNS [10]. The chronic
activation of platelets in MS is proven [11–13], even
though their role in this pathology still needs to be clari-
fied. The latest clinical reports confirm an increased risk
of cardiovascular disease in MS, especially ischemic stroke
and myocardial infarction, directly associated with abnor-
mal platelet function redirected to their prothrombotic
activity [14–20]. Chronic inflammation and massive
ROS/RNS production may be the main cause of excessive
platelet activation in MS [21]. Platelet functioning strictly
depends on the activity of prooxidative processes and their
current red-ox state. Platelet aggregation could be induced
by H2O2 (a source of hydroxyl radicals), which suggests
that ROS may act as “second messengers” during the ini-
tial phase of the platelet activation process [22]. Blood
platelets have an inherent ability to produce ROS by vari-
ous pathways, including as a by-product of the respiratory
pathway [23]. Despite the lack of a cell nucleus, platelets
contain basic cellular organelles, including numerous mito-
chondria (from 5 to 8), and maintain an active metabo-
lism [24]. These tiny size cells arrive first at sites of
vascular injury and can be seen as substantial players in
neurodegenerative diseases. The aim of the present study
was to assess the oxidative/nitrative modifications of blood
platelet proteins in the course of SP MS and correlation of
their levels with the degree of psychophysical disability of
patients.

2. Materials and Methods

2.1. Demographic and Clinical Characteristics. The 110
patients with SP MS and 110 healthy volunteers were
included in the study. All patients with SP MS were diag-
nosed according to the revised McDonald criteria [25].
Patients were observed for one year prior to the commence-
ment of the study, and the clinical parameters of patients
with SP MS are included: mean age 48:2 ± 15:2 years, mean
disease duration 14:3 ± 8:3 years, EDSS 5:5 ± 1:8, and BDI
9:6 ± 4:6. The healthy volunteers did not take any medica-

tions and had never been diagnosed with MS or other neuro-
degenerative disease and any chronic inflammation. The
mean platelet counts in SP MS patients and controls were
within the reference range (150 − 450 × 103/μl). The control
group and SP MS patients were matched by the number,
age, and sex in Table 1.

The EDSS scale is a method for quantifying the degree of
disability in the course of MS. The scale range of EDSS is
from 0 (no disability) to 10 (death due to MS) [26, 27].
BDI is a psychometric test for measuring the severity of
depression. The presence of depression is observed when
the BDI score is above 13, and major depression when the
score is ≥30 [28].

Blood samples from SP MS patients were delivered from
Neurological Rehabilitation Division III General Hospital in
Lodz, Poland, and those from healthy volunteers were col-
lected at Laboratory Diagnostics Center in Lodz, Poland.
The protocol and all procedures were conducted according
to the Helsinki declaration and were approved by the Ethics
Committee of the Faculty of Biology and Environmental
Protection of University of Lodz, Poland No.5/KBBN-
UŁ/II/2013.

2.2. Isolation of Blood Platelets. The human blood samples,
which were taken from a peripheral vein between 8 and
9 a.m., were kept in CPDA-1 (citrate phosphate dextrose
adenine-1). Blood platelets were isolated from freshly col-
lected blood by using a modified method of BSA-
Sepharose 2B gel-filtration described by Walkowiak et al.
[29], and resuspended in modified Tyrode’s (Ca+2/Mg+2)
free buffer (127mM NaCl, 2.7mM KCl, 0.5mM NaH2PO4,
12mM NaHCO3, 5mM HEPES, 5.6mM glucose, pH7.4).
The number of platelets was determined based on the
photometric method according to Walkowiak et al. [30]
and were routinely diluted to obtain 2 × 108 platelets/ml.
Platelet suspensions for the determination of 3-NT and
carbonyl group were diluted in lysis buffer 1 : 1 (2% Triton
X-100, 100mM EDTA, 0.1M Tris-HCl, pH7.4) and stored
in -80°C until analysis.

2.3. Measurement of the Level of Carbonyl Groups by the
ELISA Method. The detection of carbonyl groups, estimated
as adducts of 2,4-dinitrophenylhydrazine (DNPH), was
carried out according to the ELISAmethod described by Buss
et al. [31] and modified by Almadari et al. [32]. The micro-
plates were incubated with a blocking buffer, overnight at
4°C, to block any nonspecific binding. Following three
washes with 300μl PBS, the frozen blood platelet proteins
(-80°C) were reacted with substrate DNPH. After incubation
for 45 minutes at room temperature in the dark, all wells were
washed 5 times with 300μl PBS : ethanol (1 : 1, v/v) and with
300μl PBS. The carbonyl groups were detected by the first
anti-DNP antibodies and then by the second antibody conju-
gated with horseradish peroxidase. The level of carbonyl
groups was determined spectrophotometrically (at λ = 316
nm) according to the Levine et al. [33]. To confirm the line-
arity of the ELISA method, the standard curve was prepared
using oxidized albumin, which expressed nmol carbonyl
groups/mg of albumin.
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2.4. Determination of 3-Nitrotyrosinethe Level by the
Competitive ELISAMethod. The detection of 3-NT in the fro-
zen human blood platelet proteins (-80°C) was performed
according to the Khan et al. [34] using the competitive ELISA
test. The concentration of 3-NT was assessed based on the
standard curve, drawn up of the 3-NT containing fibrinogen
(3-NT-Fg). The human fibrinogen was treated with the per-
oxynitrite at the final concentration of 1mM to obtain the
3-NT-Fg. The amount of 3-NT-Fg was spectrophotometri-
cally determined at the λ = 430 nm (ε = 4,400M−1 cm−1) with
a plate reader. After the spectrophotometric measurement,
the nitro-fibrinogen was used to prepare the standard curve,
ranging from 10 to 1000nM/l of 3-NT-Fg equivalent.

2.5. The Sulfhydryl Group (-SH) Measurement. The total con-
centration of protein -SH groups was denoted by the spectro-
photometric method originally described by Ando and
Steiner [35]. According to this method, free thiol groups react
with the 5,5′-dithiobis-2-nitrobenzonic acid (DTNB) and the
colored thiols are formed. To the frozen blood platelet sam-
ples (-80°C), 500μl of protein precipitating solution buffer
was added (0.85% H3PO4, 0.2% EDTA, 30% NaCl). Acid-
insoluble (proteins) platelet fractions were separated accord-
ing to Ando and Steiner [35]. All samples were double frozen
and thawed and then centrifuged (3000 g, 20min.). To the
pellet (acid-precipitable fraction), 3ml of 10% SDS was
added. To the obtained pellet, 3.2ml of 0.32M Na2HPO4,
250μl of 4mM DNTB in 1% sodium citrate was added. All
samples were incubated for 30 minutes at room temperature.
The concentration of free sulfhydryl groups was spectropho-
tometrically estimated at λ = 412 nm and was expressed as
nmol/mg platelet proteins.

2.6. Measurement of NADPH Oxidase 1 Concentration. The
concentration of NOX-1 in a frozen suspension of blood
platelets (-80°C) obtained from patients with SP MS and
healthy volunteers was determined using Human NOX-1
ELISA Kit (Fine Test, Wuhan, China). In this kit, the biotin
conjugated anti-Human NOX-1 antibody was used to detect
antibodies. HRP- (horseradish peroxidase-) streptavidin was
added, and then, 3,3′,5,5′-tetramethylbenzidine (TMB) sub-

strate was used to visualize the HRP enzymatic reaction pro-
ducing a blue color product that changed yellow after adding
an acidic stop solution. The level of NOX-1 was determined
spectrophotometrically at λ = 450 nm. The results are pre-
sented in ng/ml of platelet suspension, based on a standard
calibration curve.

2.7. Analysis of MMP in Blood Platelets. MMP was deter-
mined by the fluorescent dye JC-1 (Molecular Probes,
Eugene, OR, USA) [36]. In undamaged mitochondria, JC-1
dye accumulates in large amounts in a hyperpolarized mem-
brane, where it forms aggregates that emit red fluorescence
(λex = 530 nm, λem = 590 nm). During depolarization and
permeation of the mitochondrial membrane, there is the
breakdown of aggregates into monomers emitting green fluo-
rescence, similar to that of fluorescein (λex = 485 nm, λem
= 538 nm). The red to green fluorescence intensity ratio
(reflecting the level of mitochondrial membrane damage) is
only dependent on the membrane potential, and there are
no other factors such as shape, mitochondrial size, or density
that can influence the single-component fluorescence signals.
The human blood platelets freshly isolated by BSA-Sepharose
2B gel-filtration were suspended in modified Tyrode’s Ca2+/-
Mg2+ free buffer (2 × 108 platelets/ml). A stock solution of
JC-of 1500μM was prepared in dimethyl sulfoxide (DMSO)
and added into the platelet suspension to a final concentra-
tion of 5μM. The platelet suspension with JC-1 and without
a dye (control) was preincubated on black 96-well plates with
a transparent bottom (Greiner Bio-One, Monroe, NC, US)
and incubated at 37°C for 30min. The fluorescence was
measured immediately after incubation using the Bio-Tek
Synergy HT Microplate Reader (Bio-Tek Instruments,
Winooski, VT, US).

2.8. Measurement of Intracellular ROS Levels. The level of
intracellular ROS in blood platelets was measured using
the red-ox-sensitive fluorescent dye-DCFH-DA (Molecular
Probes, Eugene, OR, USA) [37]. The freshly isolated blood
platelet samples were preincubated with 5μM of DCFH-DA
(prepared in Tyrode’s Ca2+/Mg2+ free buffer), at 37°C for
30min. Fluorescence was measured at an excitation wave-
length of 480nm and an emission wavelength of 510nm,
using a Bio-Tek Synergy HT Microplate Reader (Bio-Tek
Instruments, Winooski, VT, USA). Results are expressed as
the level of DCF-DA fluorescence ± SD, which corresponds
to the amount of ROS produced in platelets in both SP MS
and control groups.

2.9. Isolation of RNA and Reverse Transcription (RT-PCR).
Total RNA was isolated from frozen (-80°C) blood platelets
suspended in RNAlater solution (Invitrogen, Carlsbad, CA,
USA) using the Isolate II RNA Mini Kit (Bioline, London,
GB) following the manufacturer’s instructions. RNA concen-
tration was determined by spectrophotometric measurement
of absorbance at 260 nm, and purity was calculated at a ratio
of A260/A280 with a Bio-Tek Synergy HTMicroplate Reader
(BioTek Instruments, Inc., Winooski, VT, USA). Total RNA
(1μg) was reverse transcribed into cDNA with a Maxima
First Strand cDNA Synthesis Kit for RT-qPCR (Thermo

Table 1: The characteristics of control and study group (SP MS).

Control group
(n = 110)

SP MS
(n = 110)

Mean age (years) 48:7 ± 12:21 48:2 ± 15:2
Gender:

Male 43 43

Female 67 67

BMI (kg/m2) 21:9 ± 4:85 21:1 ± 9:7
EDSS NA 5:5 ± 1:8
BDI NA 9:6 ± 4:6
Mean disease duration (years) NA 14:3 ± 8:3
Abbreviations: EDSS: Expanded Disability Status Scale; BDI: Beck’s
Depression Inventory; SP MS: secondary progressive multiple sclerosis;
NA: not applicable; BMI: body mass index.
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Fisher Scientific Waltham, MA, USA). All steps were per-
formed according to the manufacturer’s recommendations.

2.10. Expression of mRNA by RT-qPCR Method. Quantitative
Real-Time PCR (RT-qPCR) was performed to determine rel-
ative expression of mRNA using the following TaqMan
probes: Hs02596864_g1 for the MTCO-1 gene (mitochon-
drial encoded cytochrome C oxidase I), Hs02786624_g1 for
the GAPDH gene (glyceraldehyde-3-phosphate dehydroge-
nase), and Hs99999901_s1 as an endogenous control (the
human 18SrRNA gene), sourced from Life Technologies,
Carlsbad, CA, USA. RT-qPCR analyses were performed
using a CFX96 Real-Time PCR system (Bio-Rad Laborato-
ries, Hercules, CA, USA), with a TaqMan Universal Master
Mix II without UNG (Life Technologies, Carlsbad, CA,
USA). All procedures were performed according to the man-
ufacturers’ protocols. The Ct values were calculated automat-
ically, and the analyses performed using CFX Manager™
Software (version 3.1). Relative expressions of mRNA for
the studied genes were calculated using the 2−ΔCt method,
where ΔCt = Cttarget gene − Ct18SrRNA.

2.11. Statistical Analysis. StatsDirect statistical software
V.2.7.2. was used to perform the statistical analysis. All values
were expressed as a mean ± SD. The Shapiro-Wilk test was
used to analyze the normality of the distribution of results.
The significance of the differences was analyzed depending
on their normality by using the unpaired Student-t test (for
data with normal distribution) or Mann–Whitney U test
(for data with abnormal distribution). Spearman’s rank cor-
relation was used for correlation analysis between oxidative
stress biomarkers and clinical parameters: EDSS and BDI.
A level of p < 0:05 was accepted as statistically significant.

3. Results

3.1. The Level of Oxidative Stress Markers and Their
Correlation with BDI and EDSS Scales.Our data demonstrate
the high level of oxidative/nitrative damages in platelet pro-
teins obtained from SP MS patients. In our studies on SP
MS patients, we have shown the statistically significant
increased level of carbonyl groups (6.1 nmol/mg in SP MS
vs. 3.99 nmol/mg in control, p < 0:0001) (Figure 1), 3-NT
(16.06 nmol/mg in SP MS vs. 8.09 nmol/mg in control, p <
0:0001) (Figure 2), and the statistically significant decreased
level of thiol groups (117.66 nmol/mg in SP MS vs.
158.61 nmol/mg in control, p < 0:0001 (Figure 3) compared
to the control group. Moreover, we established the positive
correlation between the level of carbonyl groups
(Figures 4(a)and 4(b); Table 2), 3-NT (Figures 5(a) and
5(b); Table 2) and EDSS or BDI scales.

3.2. Measurement of Intracellular ROS Level. The next step in
our studies was a measurement of intracellular concentration
of ROS generated in blood platelets. The results obtained
showed that the level of ROS in untreated platelets from SP
MS patients was 2.5-fold higher compared to that of control
(DCF-DA fluorescence was 4.689 in SP MS vs. 1.816 in con-
trol, p < 0:0001) (Figure 6).

3.3. Analysis of Changes in the MMP in Blood Platelets Using
the JC-1 Method. JC-1 dye can be used both as qualitative
(considering the shift from green to red fluorescence
emission) and quantitative (considering only the pure fluo-
rescence intensity) measure of MMP. The ratio of the fluores-
cence of JC-1 aggregates to JC-1 monomers (590 nm/538nm)
reflects the level of membrane damage to cell mitochondria.
The results we obtained indicate an over 1.5-fold lower
(p < 0:001) ratio of aggregates to monomers of the JC-1 dye
in platelets from people with SP MS compared to the control
group (8.1 vs. 3.8, respectively) (Figure 7). The decrease in
the aggregated form of the JC-1 dye indicates the depolariza-
tion and permeability of the platelet mitochondrial mem-
brane in SP MS relative to normal platelets.
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Figure 1: The concentration of carbonyl groups in blood platelets,
determined immediately after isolation from whole, untreated
blood in SP MS patients (n = 40) and the control group (n = 40).
The results are expressed as values obtained for individual subjects
(nmol/mg of platelet proteins) with the mean value ± SD.
Statistical analysis was performed using the unpaired Student-t,
∗∗∗∗p < 0:0001.
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Figure 2: The concentration of 3-NT in blood platelets, determined
immediately after isolation from whole, untreated blood in SP MS
patients (n = 40) and control group (n = 40). The results are
expressed as values obtained for individual subjects (nmol/mg of
platelet proteins) with the mean value ± SD. Statistical analysis was
performed using the unpaired Student-t, ∗∗∗∗p < 0:0001.
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3.4. The Expression of Enzymes Involved in the Red-Ox Status.
In another set of experiments, we found that the level of
NOX-1 was significantly higher by about 30% p < 0:0001 in
platelets from SP MS patients than in the control group
(0.49 ng/ml vs. 0.39 ng/ml, respectively) (Figure 8).

Analysis of the relative expression of mRNA for the
MTCO-1 gene in blood platelets showed a more than 2-fold
statistically significant (p < 0:05) increase in the level of tran-
scripts for theMTCO-1 gene in SP MS, compared to the con-
trol group (2-ΔCt was 0.057 in SP MS vs. 0.027 in control).
Analogous analysis for megakaryocytes presented no statis-
tically significant differences between the compared groups
(2-ΔCt was 0.017 in SP MS vs. 0.011 in control, p > 0:05)
(Figure 9).

Measurement of the relative mRNA expression of
GAPDH gene in platelets showed an approximately 2.5-fold
statistically significant (p < 0:05) increase in the level of tran-
scripts for GAPDH gene in SP MS, in comparison to the con-
trol group (2-ΔCt was 0.0011 in SP MS vs. 0.0004 in control).
However, in the case of megakaryocytes, also for these tran-
scripts, no statistically significant differences were found
between the compared groups (2-ΔCt was 0.00028 in SP MS
vs. 0.00021 in control, p > 0:05) (Figure 10).

4. Discussion

Oxidative stress in patients with MS is associated with an
increase damage of myelin and axonal that may lead to the
appearance of clinical symptoms [11, 38–40]. ROS/RNS gen-
eration in the course of MS alters brain plasticity and through
oxidative damage causes disturbances in neurotransmission
and formation of new cells [41]. In chronic inflammatory dis-
eases, such as MS, antioxidant defenses are eclipsed, which
leads to oxidative stress [42]. The latest research conducted
by Siotto et al. has shown that in relapsing-remitting multiple
sclerosis (RR MS) patients with low disability (EDSS near

1.0) and short duration of the disease (approximately 2
years), the oxidative stress status is elevated. It is revealed
by low levels of total antioxidant status (TAS) and high levels
of total plasma hydroperoxides. In RR MS, the neurodegen-
eration rate is usually relatively low, but there is a strong oxi-
dative imbalance associated with the development of the
inflammatory process and autoimmunity [43].

Demyelination and axonal destruction, which are both
the pathological hallmarks of MS, are mainly caused by over-
production of ROS and RNS generated by invading inflam-
matory cells, as well as resident CNS cells. Generation of
ROS/RNS (O2

−·, OH−, H2O2, NO, and ONOO−) contributes
to several mechanisms underlying the pathogenesis of MS
lesions (oxidation/nitration of proteins, lipid peroxidation,
damage to nucleic acids, enzyme inhibition, and activation
of programmed cell death pathway) [44]. High levels of
NO, ONOO−, and O2

−· have all been demonstrated in spinal
fluid from patients with MS [45]. Myelin, which surrounds
the axons, consists of 30% proteins and 70% lipids and is
the major target of a ROS/RNS attack in MS [46].

ROS/RNS generation is responsible for demyelination
and neurodegeneration in MS, but it is also likely to cause
cardiovascular disorders in MS associated with the impaired
response of blood platelets [47]. Currently, there is relatively
little information about the functioning of blood platelets
during neurodegeneration and knowledge about their partic-
ipation in these diseases is still neglected and poorly under-
stood. However, available clinical data have confirmed the
elevated activation of circulating platelets in MS [48]. Our
previous study revealed an increase in the prothrombotic
and proinflammatory properties of platelets [11, 49, 50]. In
neurobiological studies, blood platelets are regarded as a cel-
lular model for the analysis of metabolic pathways related to
the pathogenesis of MS and the regulation of oxidative stress
[49, 51]. Oxidative/nitrative species are implicated in the reg-
ulation of platelet function, and during platelet activation, in
the receptor-mediated signalling pathways, they may be pro-
duced as the “second messengers’ [52]. In the following years,
the participation of several platelet-derived ROS in MS,
including O2

−·, OH−, and H2O2, after stimulation with typi-
cal agonists was reported [53]. ROS production in activated
blood platelets is mainly dependent on the activity of NOX
and xanthine oxidase, an enzymatic cascade of arachidonic
acid metabolized via COX, glutathione (GSH) cycle, and
metabolism of phosphoinositides [54].

Two independent research groups, Begonja et al. [55] and
Krötz et al. [56] have proven that during platelet activation,
mainly O2

−· is produced. They have shown that NOX-
dependent platelet O2

−· formation increases platelet aggrega-
tion by stimulation of the phospholipase A2-dependent ara-
chidonic acid released from the platelet membrane. Our
previous studies indicated a positive correlation between
the level of O2

−· in platelets and their amplified activation
expressed as elevated adhesion and aggregation in SP MS
[11]. Since the presence of NOX-1 in the cell membrane of
blood platelets is one of the major regulators of ROS produc-
tion, our current studies were designed to demonstrate the
difference in the expression level of NOX-1 between platelets
from SP MS patients and healthy controls. Our findings have
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Figure 3: The concentration of –SH groups in blood platelets,
determined immediately after isolation from whole, untreated
blood in SP MS patients (n = 50) and the control group (n = 50).
The results are expressed as values obtained for individual subjects
(nmol/mg of platelet proteins) with the mean value ± SD.
Statistical analysis was performed using the unpaired Student-t,
∗∗∗∗p < 0:0001.
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confirmed that the platelet expression of NOX-1 in SP MS
patients is significantly elevated (by approximately 30%)
compared to its level in platelets from healthy subjects
(Figure 8). The elevated level of ROS generated within plate-
lets in SP MS has been demonstrated by us using a fluores-
cent method with DCFH-DA dye, which enters through
the cell membrane and is enzymatically hydrolyzed with
intracellular esterases to nonfluorescent DCFH, which is
then oxidized to highly fluorescent dichlorofluorescein
(DCF) in the presence of intracellular ROS [54]. That analy-
sis showed that the level of intracellular ROS in blood plate-
lets from SP MS patients is much higher than in the control
group (p < 0:0001) (Figure 6).

In blood platelets devoid of the nucleus, the proteins are
the main target of ROS/RNS [8]. Exposure of proteins to
ROS/RNS can cause major physical changes in protein struc-
ture [47]. The oxidative/nitrative damage of proteins leads to
the peptide backbone cleavage, cross-linking and/or modifi-
cations of the side chain of every amino acid [57]. The great
number of protein injuries is irreparable, and oxidative/nitra-
tive changes of protein structure have functional conse-
quences, such as inhibition of enzymatic activities, a
misfolding, the increased ability of proteins to aggregation
and proteolysis, and altered immunogenicity [58]. In our

studies, the oxidative damage of platelet proteins has been
demonstrated as a significantly increased level of carbonyl
groups in SP MS patients (Figure 1). The results obtained
are in line with other reports indicating an elevated level of
carbonyl proteins in neurodegenerative disease. Bizzozero
et al. found an increased amount of protein carbonyls in
the brain white and grey matter of patients with MS [59].
Rommer et al. also showed a raised level of carbonyl groups
in cerebrospinal fluid in MS patients compared to the control
group [60].

Certain studies have suggested that there is a link
between depression severity and the progression of the dis-
ease. Major Depressive Disorder (MDD) is extraordinarily
common in MS (prevalence of depression 15-30%). MDD
lifetime prevalence rates in patients with MS are close to
50%, i.e., three times higher than in the general population.
Depression is more common among patients with MS than
other chronic illnesses, including other coexisting neurologic
disorders [61, 62]. In our study, we have shown the positive
correlation between the intensity of carbonyl group forma-
tion in blood platelet proteins obtained from SP MS patients
and clinical parameters EDSS (Figure 4(a)) or BDI
(Figure 4(b)). Our findings indicate that the level of carbonyl
groups might be a useful biomarker expressing the progres-
sion of neurodegenerative processes caused by ROS/RNS.

NO is a chemical compound that contributes to the reg-
ulation of blood flow and participates in some synaptic trans-
missions. High levels of NO, ONOO− and O2

−• have all been
demonstrated in spinal fluid from patients with MS [45, 63].
The studies of Bö et al. indicate that NO has a role in the
pathogenesis of demyelinating MS lesions because of the
markedly elevated human inducible nitric oxide synthase
(iNOS) present in tissue sections from MS [64]. In the fast
reaction between NO and O2

−·, short survival ROS and
RNS capable of inducing oxidative/nitrative changes in a
wide variety of biomolecules are produced. Among them,
the highest activity exhibits ONOO− [65]. ONOO− is a highly
reactive compound that modifies tyrosine residues resulting
in protein nitration, expressed as the 3-NT [66, 67]. It is
known that 3-NT is a strong NO-derived oxidant and
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Figure 4: Regression plots of carbonyl group levels in platelet proteins obtained from SP MS patients and EDSS (a), BDI (b) scales.

Table 2: Correlation coefficient values obtained for oxidative stress
biomarkers and EDSS and BDI scales. Correlation was analyzed
using Spearman’s rank correlation method. Table consists of
Spearman’s rank correlation coefficient (Rho) and probability of
correlation (p).

EDSS
Carbonyl groups 3-NT

Spearman’s rank correlation (rho) 0.706381 0.723329

Probability of correlation p = 0:0001 p = 0:0001
BDI

Carbonyl groups 3-NT

Spearman’s rank correlation (rho) 0.357093 0.417139

Probability of correlation p = 0:02 p = 0:01
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the earliest detectable biomarker found in the plaques of
the brain from patients suffering from MS and other neu-
rodegenerative disorders [68, 69]. In our studies, the elevated
level of 3-NT in platelet proteins obtained from SP MS
patients, compared to the control group, was observed
(Figure 2). We also revealed the positive correlation between
the increased level of 3-NT and EDSS or BDI in SP MS
patients (Figures 5(a) and 5(b), respectively). Our findings
are consistent with the report of Jack et al., who detected
the raised level of 3-NT in active demyelinated lesions in
MS [70]. Thus, we emphasize the importance of platelets in
the pathogenesis of MS, in inflammatory lesions, where
red-ox balance is disturbed.

Individual proteins can display different susceptibilities
to an oxidative attack, which is linked to the distribution of
-SH groups. The thiol-disulphide homeostasis is important
in antioxidant defense, detoxification, apoptosis, signal trans-
duction, regulation of enzymatic activity, and transcription
and intracellular signalling mechanisms [71]. Mitosek-
Szewczyk et al. showed a reduced level of protein -SH groups
in cerebrospinal fluid and serum delivered from MS patients
[72]. Our blood platelet studies also confirm the strong oxi-
dation of protein thiol groups in SP MS patients (Figure 3).
However, the correlations between the level of -SH groups
and EDSS as well as BDI scale have not been observed.
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Figure 5: Regression plots of 3-NT levels in platelet proteins obtained from SP MS patients and EDSS (a), BDI (b) scales.
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Figure 6: The level of intracellular ROS generated in blood platelets.
ROS production measured as intensity of DCF fluorescence in SP
MS patients (n = 30) and control group (n = 30). Statistical
analysis was performed using the Mann–Whitney U test. The
results are expressed as the mean value of DCF-DA fluorescence ±
SD, ∗∗∗∗p < 0:0001.
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Figure 7: Changes in MMP (ΔΨm) in blood platelets. MMP is
expressed as a ratio of JC-1 aggregates (530 nm/590 nm) to JC-1
monomers (485 nm/538 nm), as quantified with a fluorescent plate
reader after JC-1 staining in blood platelets obtained from SP MS
patients (n = 30) and the control group (n = 30). Statistical analysis
was performed using the Mann–Whitney U test. The results are
shown as the mean value of fluorescence ratio ð590 nm/538 nmÞ ±
SD, ∗∗∗∗p < 0:0001.
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The rate of ADP turnover in blood platelets is even
greater than in resting mammalian muscle, suggesting an
essential role for mitochondria (and red-ox signalling) in
platelet function. Furthermore, energy demand escalates
during the platelet activation and the complex signalling cas-
cade that regulates adhesion, aggregation, and secretion pro-
cesses [73]. This incremental energy consumption is one of
the main determinants of platelet function. Mitochondria
encode functionally important subunits of the mitochondrial
respiratory chain complexes, located in the inner mitochon-
drial membrane that consists of four complexes (complexes
I–IV) and complex V (ATP synthase) [74]. Cytochrome c
oxidase (complex IV) is the last and key enzyme of the
electron transport chain in the oxidative phosphorylation
process, encoded by the mitochondrial MTCO-1 gene. This
terminal complex is where over 90% of cell oxygen is con-
sumed. Cytochrome c oxidase is the component of the respi-
ratory chain that catalyzes the reduction of O2 to H2O. [75].
The MMP (ΔΨm) generated by proton pumps is an essential
component in the process of energy storage during oxidative
phosphorylation [76]. The decrease of ΔΨm may be a signal
of loss of cell viability leading to various pathologies.
GAPDH is a multifunctional protein that also mediates cell
death under oxidative stress. In the largest amounts, the
enzyme is present in the cytoplasm, but part of the enzyme
is also found in mitochondria [77]. Recent studies have
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Figure 9: The mRNA level of MTCO-1 gene in blood platelets and
megakaryocytes. Relative expression of mRNA for the MTCO-1
gene in platelets and megakaryocytes from patients with SP MS
(n = 45) and control group (n = 45). Statistical analysis was
performed using the Mann–Whitney U test. The results are
expressed as the mean value of 2−ΔCt ± SD (according to the
reference gene–18SrRNA), ∗p < 0:05.
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Figure 10: The mRNA level of GAPDH gene in blood platelets and
megakaryocytes. The relative expression of mRNA for the GAPDH
gene in platelets and megakaryocytes from patients with SP MS
(n = 45) and control group (n = 45). Statistical analysis was
performed using the Mann–Whitney U test. The results are
expressed as the mean value of 2−ΔCt ± SD (according to the
reference gene–18SrRNA), ∗p < 0:05.
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shown that GAPDH has a significant role in ATP production
and autoimmune response-induced neuroaxonal pathologi-
cal changes in MS. GAPDH as a membrane protein is
involved in energy generation, polymerization of tubulin into
microtubules, and the control of protein synthesis in the
endoplasmic reticulum [78]. GAPDH is extremely sensitive
to oxidative stress modifications and damage, and, it is even
considered to be one of the main cellular targets for ROS
and RNS [79]. However, there are a lot of studies in which
GAPDH was used as housekeeping gene (reference gene)
and is shown to be the most stable gene in platelets used in
mRNA expression studies [80, 81]. Surprisingly, in our stud-
ies, we showed that the amount of mRNA transcripts for the
GAPDH gene in SPMS patients is pathologically increased in
comparison to the control group (Figure 10). Our findings
have suggested the presence of spontaneous mitochondrial
damage in SP MS, which is also confirmed by the decrease
in the expression of transcripts for the MTCO-1 gene in SP
MS (Figure 9) and the significant depolarization of platelet
mitochondrial membrane in SP MS patients (Figure 7), com-
pared to the control group.

5. Conclusion

We suggest that oxidative/nitrative damage of platelet pro-
teins is implicated in the pathophysiology of MS, reflecting
disease status expressed as a degree on the EDSS and BDI
scales. The use of biomarkers such as 3-NT or carbonyl
groups may improve the sensitivity and specificity of the
measurement of the risk factor, namely, oxidative stress.
We strongly recommend the introduction of antiplatelet
and antioxidative therapy in the future treatment of MS.
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Eucalyptus leaf polyphenols extract (EPE) has been proved to have various bioactivities, but few reports focus on its antioxidant
mechanism in vivo. The purpose of this study was to elucidate the effect and mechanism of EPE dietary supplements on
antioxidant capacity in chicken. A total of 216 chickens were randomly selected for a 40-day experiment. Four treatment groups
received diets including the control diet only, the control diet + low EPE (0.6 g/kg), the control diet + moderate EPE (0.9 g/kg),
and the control diet + high EPE (1.2 g/kg). Compared with control group, the glutathione peroxidase (GSH-Px) activity and
glutathione (GSH) content in the breast muscle of the moderate EPE treatment group was significantly higher (p < 0:05), while
the malonaldehyde (MDA) content in the moderate EPE group was reduced (p < 0:05). Moreover, proteomic and
transcriptomic analyses of the breast muscle revealed that glutathione metabolism and the peroxisome were the two crucial
metabolic pathways responsible for increased antioxidant capacity of the muscle. Accordingly, nine candidate genes and two
candidate proteins were identified related to improved antioxidant status induced by EPE supplements. This research provides
new insights into the molecular mechanism of antioxidant capacity in chickens treated with EPE dietary supplements.

1. Introduction

The genus Eucalyptus comprises over 900 species of econom-
ically valuable plants endemic to Australia [1, 2]. In China, the
eucalyptus plantation area reached 4.5 million hm2 by the end
of 2016 [3]. There is a growing need to develop alternative uses
for eucalyptus products, and eucalyptus plants have attracted
broad interest among researchers to investigate their function-
ality and potential applications [4–6]. Eucalyptus leaves are
known to contain numerous bioactive substances including,
but not limited to, terpenoids, tannins, flavonoids, and phlor-
oglucinol derivatives, and eucalyptus has also been shown to
function as antioxidants [7, 8]. Accordingly, bioactive compo-
nents derived from eucalyptus leaves and their functions for
use in the food industry are widely researched, with many
studies focused on their antioxidant capacity [9–11].

Recent technological advances in proteomics and tran-
scriptomics have substantially improved the understanding
of how variation in proteins and genes impact living organ-
isms [12–15]. In particular, these methods may be used to
elucidate the molecular mechanism of antioxidant capacity.
Using proteomic techniques, Wang et al. [16] discovered that
broiler chickens given albusin B supplements could upregu-
late the expression of GST, Prdx6, PPIA, alfatoxin aldehyde
reductase, and superoxide dismutase to improve antioxidant
defense.

Our previous study revealed that EPE exhibited a strong
antioxidant activity in chemical-based and cellular-based
assay [7]. Moreover, EPE treatment could protect acute-
induced oxidative damage by improving antioxidant
enzymes (GSH-Px, T-SOD) in chicken [7]. Several researches
also reported that diet with eucalyptus leaves extract

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2020, Article ID 1384907, 14 pages
https://doi.org/10.1155/2020/1384907

https://orcid.org/0000-0001-5674-6547
https://orcid.org/0000-0001-8616-9525
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/1384907


significantly improves antioxidant status [17, 18]. Eucalyptus
leaves extracts with immense biomass and great antioxidant
potential benefited to improve growth performance and
health status of broilers, which could be useful for the poultry
industry [19, 20]. However, few studies have investigated the
antioxidant mechanism of EPE in chicken. Therefore, this
study was performed to reveal EPE dietary supplements on
the antioxidant mechanism of chicken using proteomic and
transcriptomic analysis.

2. Materials and Methods

2.1. Experimental Material. All the Huiyang beard chickens
used in this study were provided by Xingtai Modern Agricul-
tural Limited Company of Huizhou in Guangdong, China.

EPE: Eucalyptus leaves (Eucalyptus grandis × Eucalyptus
urophylla GL9) were picked in October in Zhanjiang and air-
dried naturally (7~9 d, 28 ± 2°C, moisture content 15:53 ±
2:11%). The eucalyptus leaves were extracted by 70% ethanol
solvent (v/v) at 75°C. And then the extraction solution was
vacuum-concentrated and spray-dried (the yield of EPE
was 25:78 ± 2:03%), the EPE was stored at 4°C for the subse-
quent experiment.

The total polyphenol content in EPE was determined
using the Folin-phenol method [21]. Additionally, the EPE
was analyzed using high-performance liquid chromatogra-
phy (HPLC) with a Diamonsil C18 column (250 × 4:6mm,
5μm, Diamonsil, China). EPE was reconstituted in buffer A
(H2O) and loaded onto the column. It was then eluted using
gradient buffer B (Methanol) in the following order: 10% at
0min and 10~90% at 60min. The flow rate was 1mL/min
and the injection volume was 10μL. The column tempera-
ture was 37°C and a detection wavelength of 270 nm.

2.2. Animal Experimental Design. A total of 216 chickens (90
days old) were randomly assigned to one of four treatments
(6 pens/treatment and 6 chicken/pen), and the duration of
the trial was 40 days (from 90 to 130 days). Four treatment
groups received diets including control diet only (Table 1),

low EPE (control diet+0.6 g/kg EPE), moderate EPE (control
diet+0.9 g/kg EPE), and high EPE (control diet+1.2 g/kg
EPE). The experimental design and procedures were
approved by following the requirements of the Regulations
for the Administration of Affairs Concerning Experimental
Animals of China.

2.3. Experimental Basic Fodder andManagement. Ingredients
and nutrient compositions of the diets are shown in Table 1,
and the diets were used throughout the whole experimental
period. The chickens were raised in cages in a controlled
environment and had free access to food and drinking water.
The temperature in the house was 24~29°C, and the relative
humidity was 60~78%. Pens were routinely disinfected to
maintain appropriate standards of cleanliness. All animal
procedures were conducted under the protocol (SCAU-
AEC-2010-0416) approved by the Animal Ethics Committee
of South China Agricultural University.

2.4. Sample Collection. After 40 days, 12 chickens were ran-
domly selected from each treatment group (2 broiler
chickens from each replication), and blood samples were
drawn from the neck vein with a sterile syringe. The blood
was centrifuged at 3000 × g for 15min to obtain serum sam-
ples, and they were stored at -80°C until analysis. Chickens
were then euthanized, and the whole breast muscle tissues
were preserved in liquid nitrogen.

2.5. Antioxidant Activity in Serum and Muscle Tissue. About
0.25 g muscle tissue was mixed with 9 times (m/v) 0.9% phys-
iological saline, and then, homogenized with a tissue grinder
(Lawson, Japan) at 4°C. After being centrifuged for 10min at
4000 r/min (Eppendorf, Germany), the supernatant was used
for subsequent analysis. The activities of total superoxide dis-
mutase (T-SOD, A001-1-2), GSH-Px (A005-1-2), total anti-
oxidant capacity (T-AOC, A015-1-2), the contents of
malondialdehyde (MDA, A003-1-2), and GSH (A061-1-1)
in serum and breast muscle were determined spectrophoto-
metrically using the commercial kits obtained from Nanjing

Table 1: Ingredients and nutrient composition of the experimental diets.

Ingredients (%) Content Nutrient level Content

Corn 64 Metabolic energy (mcal∕kg) 2.96

Wheat shorts 2 Crude protein (%) 15.5

Rice bran 3 Lysine (%) 0.65

Bean pulp 9.7 Calcium (%) 1.19

Peanut bran 4 Phosphorus (%) 0.57

Corn gluten meal 2 Sodium (%) 0.206

Refined three worm powder CP45% 6 Chlorine (%) 0.196

Rock flour 1.5 Potassium (%) 0.47

Calcium hydrophosphate 1.3 Methionine (%) 0.25

Soybean oil 2.5 Arginine (%) 0.83

338 gunk 4

Total 100

Note: the vitamin/mineral premix includes (per kg feed): vitamin A, 15750 IU; vitamin D, 3500 IU; vitamin E 35mg; Menadione, 4.4 mg; Thiamine, 3.5 mg;
Riboflavin, 10.5 mg; vitamin B6, 7 mg; vitamin B12, 35mg; Nicotinic acid, 70 mg; Pantothenic acid, 21mg; Folic acid, 1.75mg; Biotin, 0.175mg.
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Jiancheng Institute of Bioengineering (Nanjing, Jiangsu,
China) [22]. The quantities of T-SOD, GSH-Px, and T-
AOC are expressed as units (U) per milligram of protein.
The MDA and GSH content are expressed as nanomoles
per milligram of protein and milligram per gram of protein,
respectively.

2.6. Screening and Annotation of Differentially Expressed
Genes (DEGs) in Muscle Induced by EPE Dietary
Supplements in Chicken Based on RNA-Seq Techniques.
Based on the evaluation of antioxidant activity in this study
and a previous study [23], the moderate EPE treatment group
tended to exhibit higher antioxidant effects compared with
the other group. Therefore, breast muscles were obtained
from the control group and the moderate EPE treatment
group (0.9 g/kg) for transcriptome sequencing, with two rep-
licates per group [24].

2.6.1. Total RNA Isolation, Labeling, and Sequencing. Total
RNA was extracted from muscle samples. RNA concentra-
tion and purity were evaluated by Nanodrop 2000 (Thermo,
USA), and RNA integrity was determined by 1% agarose gel
electrophoresis. Then, mRNA was isolated from the total
RNA using Oligo (dT) beads. Fragmentation buffer was used
to randomly shear mRNA into 200 bp fragments. Using
reverse transcriptase, random hexamers were added to syn-
thesize a strand of cDNA from the mRNA template, followed
by two-strand synthesis to form a stable double-stranded
structure. The viscous end of the double-stranded cDNA
structure was repaired using End Repair Mix (Enzymatics,
USA), followed by the addition of an A base at the 3′ end
to form the Y-form linker. The final library was sequenced
on an Illumina Hiseq (Hokkaido System Science, Sapporo,
Japan) [25, 26].

2.6.2. Data Analysis and Bioinformatics of Genes. Chicken
transcriptome sequencing was carried out using an Illumina
sequencing platform (2 × 150 bp, 375 bp insert size). Quality
control of the sequenced data was completed, and the tran-
scriptome data were analyzed using an established bioinfor-
matics method [27]. DEGs were calculated based on gene
read count data by the edgeR software, and the screening cri-
teria for DEGs were False discovery rate ðFDRÞ < 0:05, p
value < 0.05 and fold change ðFCÞ > 2. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
were used to annotate and enrich the DEGs.

2.7. Screening and Annotation of Differentially Expressed
Proteins (DEPs) in Muscle Induced by EPE Dietary
Supplements in Chicken Based on iTRAQ Techniques. The
breast muscle was obtained from the control group and the
moderate (0.9 g/kg) EPE group for proteomic analysis, with
two replicates per group [28].

2.7.1. Two-Dimensional Fluorescence Difference Gel
Electrophoresis. About 15mg of breast muscle was manually
ground with liquid nitrogen, and then, 8M urea containing
1% sodium dodecyl sulfate (Sinopharm Chemical Reagent
Co., Ltd, China) and protease inhibitor were added in a 1 : 5
ratio. The solution was placed on ice in an ultrasound wave

for 2min and then centrifuged at 4°C for 20min. The super-
natant was taken to determine the protein concentration via
gel electrophoresis. A 100 microgram aliquot of protein sam-
ple was dissolved with 100μl 8M urea containing 1% sodium
dodecyl sulfate, and then, 10mM TCEP solution (Thermo,
USA) was added to the sample and incubated at 37°C for
60min. 40mM iodoacetamide (Sigma, USA) was then added,
and the solution was incubated at room temperature for
40min. Precooled acetone (Sinopharm Chemical Reagent
Co., Ltd, China) was added in a 6 : 1 ratio (acetone : sample).
Samples were precipitated at -20°C for 4 h, followed by cen-
trifugation at 10000 g for 20min. Then, samples were
digested overnight at 37°C with 100μL 100mM triethylam-
monium bicarbonate buffer (TEAB, Sigma, USA), and tryp-
sin was added according to a mass ratio of 1 : 25
(enzyme : protein) [29].

2.7.2. Identification of DEPs. Muscle was digested with tryp-
sin, and the peptide was dried with a vacuum pump and
redissolved with a 0.4M TEAB solution. The iTRAQ reagent
(AB Sciex, USA) was added per 100μg of peptide, and sam-
ples were incubated for 2 h, followed by adding 50μL ultra-
pure water and incubating for 30min. Each group of
labeled product was mixed and dried. The peptide samples
were reconstituted with UPLC loading buffer and separated
by C18 column during the pH liquid phase.

The first-dimensional separation was performed using
Waters’ ACQUITY UPLC BEH C18 column
(3mm × 150mm, 1.7μm, Waters, USA) with a flow rate of
400μL/min. The detection wavelength was 214nm. The
labeled peptides were reconstituted in buffer A (2% acetoni-
trile, pH10.0) and loaded onto the column. The peptides were
then eluted at 37°C using gradient buffer B (80% acetonitrile,
pH10.0) in the following order: 0% in 2min, 0~3.8% in
15min, 3.8~24% in 18min, 24~30% in 3min, 30~43% in
1min, 43~100% in 1min, 100~0% in 6min, and 0% keeping
for 20min.

The second-dimensional separation was performed
using Liquid-mass spectrometry. The chromatographic
instrument was EASY-nLC 1200 (75 μm× 25 cm, Thermo,
USA), the mass spectrometer was Q-Exactive (Thermo,
USA), and the data acquisition software was Thermo Xcali-
bur 4.0 (Thermo, USA). The samples were reconstituted in
buffer A (2% acetonitrile with 0.1% formic acid) and loaded
onto the column. The peptides were then eluted at 37°C
using gradient buffer B (80% acetonitrile with 0.1% formic
acid) in the following order: 0~5% in 1min, 5~23% in
62min, 23~48% in 25min, 48~100% in 1min, 100% keeping
for 6min, 100~0% in 5min, and 0% keeping for 20min.
Mass spectrometry conditions were as follows: MS scan
range (m/z) 350-1300, acquisition mode DDA; Top 20
(select the strongest signal in the parent ion 20 for secondary
fragmentation); first-order mass spectrometry resolution of
70000, fragmentation HCD; Resolution 17500, dynamic
exclusion time 18 s.

2.7.3. Bioinformatic Analysis of Proteins. The GO analysis
and the KEGG pathways analysis were implemented in
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KOBAS [30], and significance was evaluated using Fisher’s
exact test.

2.8. Statistical Analysis. Data were analyzed by one-way
ANOVA (SPSS, 2010). Differences among treatment groups
were evaluated using Duncan’s multiple range tests, with a
significance threshold of p < 0:05.

3. Results

3.1. Quality of EPE. According to the Folin-reagent method
described by Wang et al. (Gallic acid as the equivalent poly-
phenol) [21], the total polyphenols content in EPE was
317:08 ± 16:49mg/g. Further, HPLC of EPE (Figure 1) indi-
cated that the main active substance was of comparable qual-

ity to the EPE reported in our previous research, based on the
standard substance retention time [23].

3.2. Variation of Antioxidant Capacity in Serum.As shown in
Table 2, the concentrations of GSH-Px, T-SOD, T-AOC, and
MDA in serum were not significantly different among the
treatment groups (p > 0:05). Compared with the control
group, the T-SOD activity and T-AOC increased in the
EPE treatment groups, and the GSH-Px activity in the mod-
erate EPE group increased (0.9 g/kg) by 13.8% (p > 0:05).

3.3. Variation of Antioxidant Capacity in Muscle Tissue. As
shown in Table 3, the T-SOD activity and T-AOC of the
breast muscle in the moderate EPE (0.9 g/kg) and high EPE
(1.2 g/kg) groups showed an increasing trend compared to
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Figure 1: High-performance liquid chromatography of EPE. Note: 1 Gemin D; 2, 4 Pedunculagin; 3 Gallic acid; 5 Oenothein B; 6,7
TellimagrandinI; 8 Chlorongenic acid; 9 Ethyl gallate; 10 1,2,3,4,6-O-pentagalloylglucose; 11 Hyperoside.

Table 2: Effect of EPE dietary supplements on antioxidant capacity of serum (n = 12).

Item Control group 0.6 g/kg EPE group 0.9 g/kg EPE group 1.2 g/kg EPE group

T-SOD (U/mgprot) 69:03 ± 1:43 69:23 ± 1:63 70:99 ± 1:96 69:48 ± 1:70
T-AOC (U/mgprot) 11:43 ± 0:66 11:44 ± 0:57 11:56 ± 0:46 11:81 ± 0:63
GSH-Px (U/mgprot) 775:61 ± 45:28 803:12 ± 38:08 815:64 ± 25:76 882:27 ± 57:32
MDA (nmol/mL) 2:45 ± 0:20 2:13 ± 0:28 1:96 ± 0:25 2:12 ± 0:21

Table 3: Effect of EPE dietary supplements on antioxidant capacity of breast muscle (n = 12).

Item Control group 0.6 g/kg EPE group 0.9 g/kg EPE group 1.2 g/kg EPE group

T-SOD (U/mgprot) 28:31 ± 5:60 27:48 ± 5:63 33:39 ± 7:82 30:12 ± 4:41
T-AOC (U/mgprot) 7:43 ± 0:81 7:42 ± 1:45 8:39 ± 0:98 8:96 ± 1:75
GSH-Px (U/mgprot) 127:77 ± 24:61b 133:64 ± 30:06ab 184:63 ± 38:69a 159:26 ± 33:58ab

GSH (mg/gprot) 3:47 ± 0:25b 3:73 ± 0:21ab 4:28 ± 0:31a 4:19 ± 0:13a

MDA (nmol/mgprot) 13:74 ± 1:79b 11:26 ± 0:93ab 10:25 ± 1:81a 11:65 ± 1:50ab
a-bMeans within a row with different superscripts differ significantly (p < 0:05).
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the control group (p > 0:05). The GSH-Px activity of the
breast muscle tissue in the moderate (0.9 g/kg) EPE group
was 44.5%, higher than that of the control group (p < 0:05),
and there was an upward trend in the low (0.6 g/kg) and high
(1.2 g/kg) EPE groups (p > 0:05). The GSH content of breast
muscle in the moderate and high EPE groups increased by
23.3% and 20.7% compared with the control group
(p < 0:05). Additionally, MDA content in the breast muscle
of the moderate (0.9 g/kg) EPE group was reduced by 25.4%
(p < 0:05), though the other two groups did not show a sig-
nificant change (p > 0:05).

3.4. Screening and Annotation of DEGs in Muscle Induced by
EPE Dietary Supplements in Chicken Based on RNA-Seq
Techniques. To ensure high quality data, raw sequencing
reads were filtered based on coverage, sequence saturation,
the redundant distribution frequency map, and the distribu-
tion of sequencing reads across the chromosomes. A total of
14621 genes were identified as differentially regulated, of
which 289 were significantly different between the EPE treat-
ment group and the control group. The overall distribution
of gene expression differences was visualized by a volcanic
map (Figure 2).

3.4.1. Gene Ontology Enrichment Analysis of the DEGs. Gene
Ontology (GO) enrichment analysis was used to annotate

these DEGs by biological process, cellular component, and
molecular function (Figure 3). Overall, 47 different biological
processes were enriched, including oxygen transport, oxida-
tion-reduction, aminophospholipid transport, phospholipid
translocation, and lipid translocation. Cellular component
analysis revealed that the apical plasma membrane, mem-
brane region, membrane part, cellular component, integral
component of membrane, plasma membrane region, brush
border, hemoglobin complex, and substrate-specific trans-
porter activity were significantly enriched. Additionally, oxy-
gen binding, oxygen transporter activity, phospholipid-
translocating ATPase activity, and other 22 molecular func-
tion items were identified by the molecular function analysis.

Based on the above GO enrichment analysis, glutathione
metabolic process (biological process), glutathione transferase
activity (molecular function), and peroxisome (cellular com-
ponent) were the enriched GO terms most clearly associated
with antioxidant capacity (Table 4). Overall, 4 antioxidant
genes (gamma-glutamyltransferase 1, GGT1; microsomal glu-
tathione S-transferase 1, MGST1; glutathione S-transferase
alpha 4, GSTA4L; and glutathione S-transferase class-alpha,
GSTAL1) in the EPE group were substantially enhanced in
glutathione metabolic process relative to the control group.
Similarly, three of these genes (MGST1, GSTA4L, and
GSTAL1) were also associated with glutathionemetabolic pro-
cess and glutathione transferase activity, which play an
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Figure 2: Volcano plots of DEGs. Note: differentially expressed genes (DEGs). The abscissa is the fold change of the gene’s expression
difference. The ordinate is the statistical test value of the difference in the amount of gene arrival, and the higher the p value, the more
significant the difference in expression. Red dots indicate significantly upregulated genes, blue dots indicate significantly down-regulated
genes, and black dots are nonsignificant differentially expressed genes.
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important role in muscle antioxidant activity. Additionally,
hydroxyacid oxidase 1 (HAO1), hydroxyacid oxidase 2
(HAO2), and bile acid-CoA: amino acid N-acyltransferase
(BAAT) are peroxisome genes known to be involved in the
oxidation of fatty acids, regulation of oxygen concentration,
and decomposition of hydrogen peroxide to improve the anti-
oxidant status in breast muscle.

3.4.2. Kyoto Encyclopedia of Genes and Genomes (KEGG)
Analysis of the DEGs. DEGs were enriched in 148 pathways
in the KEGG enrichment analysis, and 38 KEGG pathways
were identified to have significant changes. Based on the pre-
vious analysis of physiological indicators, the peroxisomes
and the glutathione metabolism pathway were selected for
further evaluation of the antioxidant capacity of the muscle
by KEGG enrichment metabolic pathway analysis. Signifi-
cant DEGs that were enriched in the peroxisomes and gluta-
thione metabolism pathway showed some overlap with the
genes related to antioxidant status identified by the GO

enrichment analysis, including HAO1, HAO2, and GGT1
(Table 5).

3.5. Screening and Annotation of DEPs in Muscle Induced by
EPE Dietary Supplements in Chicken Based on
iTRAQ Techniques

3.5.1. Identification and GO Analysis of DEPs Induced by
EPE. The total number of tested proteins was 1430, and there
were 149 protein differences between the EPE group and the
control group. According to the standard of differential pro-
tein screening, there were 14 significant differences in protein
concentration (>1.2-fold change, p < 0:05), 10 of which were
upregulated and 4 were downregulated (Table 6). These pro-
teins were annotated (cellular components, molecular func-
tions, and biological processes) by GO enrichment analysis
(Figure 4). Biological process analysis revealed that most pro-
teins were associated with 31 different GO terms, including
p53 class mediator, threonyl-tRNA aminoacylation, and
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Figure 3: GO enrichment histogram for DEGs. Note: differentially expressed genes (DEGs). Each column in the figure is a GO term, and the
abscissa text indicates the name and classification of the GO term. The height of the column, that is, the ordinate, indicates the enrichment
rate. The color indicates the significance of enrichment, that is, FDR. The darker the color, the more significant the enrichment of the GO
term, wherein the mark with FDR < 0:001 is ∗∗∗, the mark with FDR < 0:01 is ∗∗, and the mark with FDR < 0:05 is ∗, the right color
gradient indicates the FDR size.
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regulation of DNA damage checkpoint. When DEPs were
annotated by the cell components, significantly enriched
terms included chylomicron, plasma lipoprotein particle,
very-lower-density lipoprotein particle, triglyceride-rich
lipoprotein particle, protein-lipid complex, and five other
cellular components terms. A total of five DEPS were anno-
tated by molecular function, and there was significant enrich-
ment of nineteen GO terms, including threonine-tRNA
ligase activity, nutrient reservoir activity, p53 binding, and
glutathione transferase activity.

3.5.2. KEGG Pathway Analysis of the DEPs. DEPs were anal-
yses by KEGG pathway analysis and the results indicated that
cytochrome b-c1 complex subunit Rieske (Q5ZLR5),
A0A0A0MQ61, and F1P372 were main proteins associated
with oxidative phosphorylation, glutathione metabolism,
aminoacyl-tRNA biosynthesis, metabolism of xenobiotics
by cytochrome P450, etc. (Table 7).

3.6. Combined Analysis of Transcriptomics and Proteomics.
All proteins and their associated transcripts in both the tran-
scriptomic and proteomic analyses were classified into nine
categories (Figure 5). Of the 61 proteins and genes that were
upregulated in the EPE group, the A0A0A0MQ61 protein

and the glutathione S-transferase alpha-like 2 gene (GSTAL2)
played a crucial role in enhancing antioxidant status. The glu-
tathione metabolism in the transcriptomic analysis indicated
that GGT1, MGST1, and GSTA4L were downstream genes
regulated by glutathione, which correspond to the observed
increase in GSH-Px activity in muscle tissue induced by EPE
supplements. Accordingly, A0A0A0MQ61, the protein prod-
uct of the glutathione S-transferase gene, was substantially
upregulated in glutathione metabolism, which was in line with
the expression of GGT1, MGST1, and GSTA4L (Figure 6).
Therefore, EPE may enhance the antioxidant status of chicken
by improving the activity of specific antioxidant proteins.

4. Discussion

Phytogenic feed additives have been gaining attention in
improving the health status of the flocks [31, 32]. Our previous
study revealed that diet with polyphenols obtained from euca-
lyptus leaves exhibited a positive effect on growth performance
in laying hens [23]. In the present study, different concentra-
tions of EPE in chicken diet did not exhibit significant positive
or negative effect on chicken performance, including average
daily gain, average daily feed take, and feed conversion rate

Table 4: GO enrichment analysis for DEGs related antioxidant capacity.

GO id
Description of GO

enrichment
Seq id p value Regulate Description

Symbol
name

GO:0006749
Glutathione metabolic

process
ENSGALG00000006565 <0.01 Up Gamma-glutamyltransferase 1 GGT1

GO:0006749/GO:0016705
Glutathione metabolic
process/glutathione
transferase activity

ENSGALG00000013098 <0.01 Up
Microsomal glutathione

S-transferase 1
MGST1

ENSGALG00000016324 <0.01 Up
Glutathione S-transferase

alpha 4-like
GSTA4L

ENSGALG00000038652 <0.01 Up
Glutathione S-transferase

class-alpha-like 1
GSTAL1

GO:0005777 Peroxisome

ENSGALG00000008845 <0.01 Up Hydroxyacid oxidase 1 HAO1

ENSGALG00000014766 <0.01 Up Hydroxyacid oxidase 2 HAO2

ENSGALG00000040619 <0.01 Up
Bile acid-CoA: amino acid

N-acyltransferase
BAAT

Note: differentially expressed genes (DEGs). The screening criteria for significantly GO enrichment analysis were p < 0:05.

Table 5: KEGG enrichment pathways for DEGs associated with antioxidant capacity.

Name of KEGG
pathway

KEGG ID
Number of

different gene
p value Description Symbol name

Peroxisome ko04146 6 <0.01

Solute carrier family 27 member 5, alanine-glyoxylate
and serine–pyruvate aminotransferase,

SLC27A5, AGXT, PIPOX,
HAO1, HAO2, BAATPeroxisomal sarcosine oxidase, hydroxyacid oxidase 1,

hydroxyacid oxidase 2, bile acid-CoA: amino acid
N-acyltransferase

Glutathione
metabolism

ko00480 4 <0.05
Gamma-glutamyltranspeptidase 1, microsomal

glutathione S-transferase 1, glutathione S-transferase
class-alpha, glutathione S-transferase alpha 4

GGT1, MGST1, GSTAL1,
GSTA4L

Note: differentially expressed genes (DEGs). The screening criteria for significantly KEGG enrichment pathways were p < 0:05. Hydroxyacid oxidase 1 (HAO1);
hydroxyacid oxidase 2 (HAO2); bile acid-CoA: amino acid N-acyltransferase (BAAT); microsomal glutathione S-transferase 1 (MGST1); glutathione S-
transferase class-alpha (GSTAL1); glutathione S-transferase alpha 4 (GSTA4L).
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Table 6: Significantly DEPs in the proteomics analysis.

Proteins Description Fold change p value Regulate

Q7LZS1 12K serum protein, beta-2-m cross-reactive (fragment) 0.71 0.04 Down

A0A1D5NXR4 Uncharacterized protein 0.34 0.003 Down

F1P372 Uncharacterized protein 1.24 0.03 Up

F1NG89 Ubiquitin carboxyl-terminal hydrolase 10 1.20 0.02 Up

A0A1D5PFH3 Uncharacterized protein 1.28 0.02 Up

F1NHM9 Phosphoglycerate mutase 0.82 0.02 Down

E1C4V1 ATP synthase-coupling factor 6, mitochondrial 1.20 0.02 Up

A0A0A0MQ61 Uncharacterized protein 1.48 0.03 Up

A7UEB0 Alpha-1-acid glycoprotein 0.69 0.01 Down

Q5ZLR5 Cytochrome b-c1 complex subunit Rieske, mitochondrial 1.25 0.01 Up

P02659 Apovitellenin-1 1.41 0.002 Up

Q5ZHZ0 Spliceosome RNA helicase DDX39B 1.21 0.05 Up

Q91968 Alpha-tropomyosin 1.49 0.04 Up

A0A1D5NZ55 Uncharacterized protein 1.30 0.05 Up

Note: differentially expressed proteins (DEPs). The screening criteria for significantly differentially expressed proteins were p < 0:05 and (FC < 0:83 or FC > 1:20
).
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Figure 4: GO enrichment histogram for DEPs. Note: differentially expressed proteins (DEPs). Each column in the figure is a GO term, and
the abscissa text indicates the name and classification of the GO. The height of the column, that is, the ordinate, indicates the enrichment rate.
The color indicates the significance of enrichment, that is, FDR. The darker the color, the more significant the enrichment of the GO term,
wherein the mark with FDR < 0:001 is ∗∗∗, the mark with FDR < 0:01 is ∗∗, and the mark with FDR < 0:05 is ∗, the right color gradient
indicates the FDR size.
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(data not shown), which is in agreement with the report of
Sedaghat and Torshizi [33], and might be due to that the
chickens were in the adulthood.

Recently, natural polyphenols used in animal diets have
been reported to build an integrated antioxidant system to
prevent from damage led by free radicals [34–37]. This anti-
oxidant capacity is assumed to result from the free radical-
scavenging properties of phenolic compounds [38–40]. Our
previous study reported that EPE effectively scavenged
DPPH• and ABTS• free radicals in vitro [21]. In the present
study, the antioxidant effects in serum were not obviously
affected by the EPE supplement. However, an increasing
trend in GSH-Px was observed with a higher concentration
of the EPE diet, whereas the MDA content showed the oppo-
site effects. This result was supported by the previous report
that diet with 0.8 g/kg polyphenols from eucalyptus leaves
increased the GSH-Px activity in serum of laying hen and
an insignificant decrease in MDAwas observed in quails sup-
plement with eucalyptus leaves [23, 31]. Interestingly, our
study revealed that EPE dietary supplements significantly
improved GSH-Px activity and GSH content and decreased
MDA content in breast muscle tissues. Higher concentration
of the EPE diet led to higher GSH-Px activity, which is con-
sistent with the report by Fathi et al. [31]. Similarly, MDA
content can reflect the degree of lipid peroxidation; thereby,
indirectly reflect cell damage and freshness of meat [41]. In
agreement with our results, a diet with green tea extract led
to a remarkably decreasing MDA content in meat tissue
[42]. Polyphenols might be accumulated to exhibit antioxi-
dant effects in meat tissues [35]. To explain the antioxidant
capacity of polyphenols, it is crucial to understand how they
are absorbed, metabolized, and eliminated from the body. It
is stated that the intestinal utilization of polyphenols
depended on their degree of polymerization and galloylation
[43]. Monomeric and some oligomeric polyphenols tended
to be easily absorbed at small intestine compared with the
polymeric forms of polyphenols [44]. This suggested that
monomeric and some oligomeric polyphenols in EPE, such
as gallic acid, pedunculagin, hyperoside, and other com-

pounds, could be absorbed and functioned as an antioxidant
in chickens. This hypothesis was supported by Chamorro
et al. that monomeric (catechin, epicatechin, gallic acid, and
epicatechin-O-gallate) and dimeric (procyanidin B1 and pro-
cyanidin B2) catechins in grape pomace were easily digested
and absorbed in chickens [45]. Overall, EPE dietary supple-
ments are able to improve the antioxidant capacity of
chicken.

The results of the transcriptomic analysis indicated that
glutathione transferase activity, glutathione metabolic pro-
cess, and the peroxisome were the three GO enrichment
terms related to antioxidant activity. That is, several signifi-
cantly upregulated antioxidant genes, such as GGT1,
MGST1, GSTA4L, HAO1, and HAO2, are all believed to
improve antioxidant status. Moreover, previous research
indicated that GGT1 and PGDS play an important role in
the synthesis of glutathione, and its upregulation exerts a
prooxidant action [46]. Shinno et al. [47] reported that
microsomal glutathione S-transferase 1 (MGST1) could be
activated by gallic acid to protect the membrane against dam-
age caused by oxidative stress. These results suggested that
these antioxidant genes were vital to improve antioxidant sta-
tus in chicken. Likewise, the KEGG pathway enrichment
analysis also indicated that the peroxisomes and the glutathi-
one metabolism pathway were the two crucial antioxidant
pathways. Peroxisomes are rich in enzymes, mainly includ-
ing oxidases, catalase, and peroxidase. Catalase, in particular,
is known to protect cells by hydrolyzing the hydrogen perox-
ide generated in redox reactions [48, 49]. Additionally, sev-
eral differentially expressed antioxidant-related genes were
significantly enriched in the glutathione metabolism path-
way, and the content of glutathione may be altered in cells
as a result of EPE supplements. Glutathione is known to
effectively scavenge free radicals and other reactive oxygen
species, and it can be oxidized to form GSSG [50, 51]. In this
study, significantly improved GSH-Px converted GSSG
into GSH to enhance antioxidant status. In addition,
SOD and APOA4 genes were notably identified to be
upregulated in this study, though the protein products

Table 7: KEGG enrichment pathways for DEPs.

Pathway Pathway definition Number of proteins Proteins

ko00190 Oxidative phosphorylation 1

Q5ZLR5 (connectin/fragment)

ko01100 Metabolic pathways 1

ko04260 Cardiac muscle contraction 1

ko04932 Nonalcoholic fatty liver disease (NAFLD) 1

ko05010 Alzheimer’s disease 1

ko05012 Parkinson’s disease 1

ko05016 Huntington’s disease 1

ko00480 Glutathione metabolism 1

A0A0A0MQ61 (uncharacterized protein)
ko05204 Chemical carcinogenesis 1

ko00980 Metabolism of xenobiotics by cytochrome P450 1

ko00982 Drug metabolism-cytochrome P450 1

ko00970 Aminoacyl-tRNA biosynthesis 1 F1P372 (uncharacterized protein)

Note: differentially expressed proteins (DEPs). Q5ZLR5 (cytochrome b-c1 complex subunit Rieske, mitochondrial), A0A0A0MQ61 (uncharacterized protein),
F1P372 (uncharacterized protein).
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remained unchanged. They may also contribute to the
antioxidation of muscle, given the known functions of
SOD and the known APOA4 [52]. In the present study,
the gene expression variation of superoxide dismutase
was consistent with the increasing trend of SOD enzyme
activity in the breast muscle in the moderate (0.9 g/kg)
EPE treatment groups compared to the control group.
This result suggests that EPE improved the activity of
SOD, but supplementation with EPE over a long period
of time or an increased dose of EPE in chicken feed also
substantially impacted the animal’s antioxidant capacity.
Previous research indicated that the expressions of GST,
Prdx6, PPIA, alfatoxin aldehyde reductase, and SOD regu-
lated by albusin B were enhanced to activate the systemic
antioxidant defense [16], and SOD, catalase (CAT), GST,
and GSH-Px were considered as AOE to protect against
oxidative stress [53]. Overall, the functions of these upreg-
ulated genes were highly correlated with antioxidant status
and could be linked to the improvement of antioxidant
capacity induced by EPE supplements.

Many previous studies reported that glutathione is asso-
ciated with glutathione metabolism pathways and that it
likely functions as a reducing milieu to improve antioxidant
function in cells [54]. As such, the results of the proteomic
analysis indicated that antioxidant-related glutathione trans-
ferase activity was significantly increased in response to EPE
supplements. The corresponding protein was a kind of gluta-
thione S-transferase (A0A0A0MQ61, EC2.5.1.18) that is
known to function in glutathione metabolism in Gallus gal-
lus. Additionally, A0A0A0MQ61, an antioxidant protein,
was significantly increased as a result of EPE dietary supple-

ments. Further, the upregulated peroxiredoxin-1 protein in
the peroxisome metabolic pathway is a known redox-
regulating protein and is considered to be an antioxidant
enzyme to eliminate various ROS [55]. Based on the above
analyses, the antioxidant mechanism of muscle tissue in
chicken treated with EPE dietary supplements is inferred
and given in Figure 7. As shown, EPE treatments significantly
improved GSH-Px activity and decreased MDA content of
the breast muscle. Transcriptomic and proteomic analyses
revealed that nine candidate genes and two candidate pro-
teins were identified, which are responsible for improving
antioxidant status induced by EPE supplements. Overall, this
study promotes the understanding of the antioxidant mecha-
nism in chicken regulated by EPE treatment.

5. Conclusion

Overall, EPE dietary supplements appeared to improve the
antioxidant status of chicken by enhancing GSH-Px activity
and reducing MDA content in muscle tissues. Glutathione
metabolism and the peroxisome were considered the key
metabolic pathways underlying the upregulation of AOE.
Furthermore, all of the changes induced by EPE supplements
may contribute to the systemic antioxidant defense of
chicken, and these altered proteins and genes should be fur-
ther explored in the future.
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The widespread adaptation of a new generation of direct-acting antiviral agents (DAAs) unveils a superlative effect in the
eradication of the hepatitis C virus (HCV). However, this therapy has been reported to exhibit vigorous side effects that pose a
risk in fleet recovery. This study was conducted to investigate the efficacy of DAAs: sofosbuvir (SOF) and ribavirin (RBV), along
with black cumin (BLC) and ascorbate (ASC), as adjuvants on hematological parameters; oxidative stress markers such as total
antioxidant status (TAS), superoxide dismutase (SOD), reduced (GSH) and oxidized (GSSG) glutathione (GSH), gamma-
glutamyl transferase (GGT), and malondialdehyde (MDA); liver function markers such as aspartate transaminase (AST), alanine
aminotransferase (ALT), bilirubin, and alkaline phosphatase (ALP); and viral load with determined genotypes. HCV-infected
patients (n = 30) were randomly divided into two equal groups: control group (n = 15) and treatment group (n = 15). The
control group was subjected only to SOF and RBV (400mg each/day). Synergistically, the treatment group was administered
with adjuvant therapy of BLC (250mg/day) and ASC (1000mg/day) along with DAAs (400mg each/day) for 8 weeks. All
selected patients were subjected to sampling at pre- and posttreatment stages for the assessment of defined parameters. The data
revealed that the BLC/ASC adjuvant therapy boosted the efficacy of DAAs by reducing the elevated levels of liver markers such
as AST, ALT, ALP, and bilirubin in the treatment group compared with those in the control group (P > 0:05). The adjuvant
therapy synchronously showed an ameliorating effect on hematological parameters. The SOF/RBV with adjuvant therapy also
demonstrated an increasing effect in the activity of SOD, TAS, and GSH and a decreasing effect for GSSG, GGT, and
malondialdehyde (MDA; P > 0:05) followed by curtailing a RT-PCR-quantified viral load. Our findings provide evidence that
systemic administration of BLC/ASC efficiently alleviates hematological, serological, and antioxidant markers as well as the viral
load in hepatitis C patients. This highlights a potentially novel role of BLC and ASC in palliating hepatitis C.

1. Introduction

Hepatitis C is a major health issue with a massive health care
burden worldwide [1]. Globally, 200 million individuals are
currently infected with hepatitis C virus (HCV), which char-

ters about 2–3% of the world’s total population [2]. Yearly, an
estimated 3–4 million people are newly diagnosed with HCV
worldwide [3]. In Pakistan, 10 million individuals are
reported to be infected with HCV every year with a preva-
lence rate of 5% in the general population [4]. Persistent
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HCV infection induces liver fibrosis and cirrhosis. It also
leads to several metabolic alterations such as insulin and
interferon resistance, excess of iron, steatosis, and develop-
ment of hepatocellular carcinomas with a high mortality rate
[5].

In the past few decades, the recommended treatment for
hepatitis C infection was a combination therapy of PEGy-
lated interferon (PEG-IFN) and ribavirin (RBV) for 48
weeks. This combination was not effective enough for the
eradication of HCV infection and was reported to suppress
the infection by only 45–50% with vigorous side effects [6].
Currently, HCV treatment has evolved rapidly, which has
led to the development of direct-acting antiviral agents
(DAAs) for PEG-IFN-free antiviral regimens. This has navi-
gated to a remarkable increase in sustained virological
response (SVR) rates (<90%) opening therapeutic options
for patients with contraindications or low SVR rates using
PEG-IFN-based antiviral therapy regimens [7].

Sofosbuvir (SOF) is a direct-acting antiviral agent devel-
oped as an oral treatment for hepatitis C infection. It is a
nucleotide analog that inhibits the polymerase enzyme that
plays a key role in RNA replication. Because of its structural
resemblance to a nucleotide, it competes with characteristic
nucleotides, and thus by blocking the target site, it ultimately
terminates viral replication within the host cell [8]. RBV is
also a guanosine-nucleoside analog and flaunts antiviral
activity against both RNA and DNA viruses. It is the main
part of HCV regimens for hepatitis C infection over the last
two decades. In the IFN-free period of hepatitis C treatment,
ribavirin still exhibits a significant position in the most favor-
able treatment of various difficult-to-cure subgroups of
HCV-infected patients. It escalates the SVR rate and
enhances the efficacy of PEG-IFN when used in combination
with other DAAs [9]. The combination of SOF and RBV is
used in Pakistan as a standard antiviral combination against
chronic hepatitis C infection.

The molecular mechanism to probe HCV pathogenesis
and progression of liver disease to severe liver injuries is still
poorly understood. Oxidative stress acts as a key player in the
development and pathogenesis of chronic HCV [10–12]. In
addition to their high SVR rates, SOF and RBV exhibit
adverse side effects, including oxidative stress, which urge
us to explore new therapeutics and/or adjunct therapies with
a safer and more efficacious profile. Several options are avail-
able to manage the adverse effects of antiviral drugs and to
maintain liver protection, which may include natural agents
and or organic synthetic agents [13–19]. A combination of
ASC and BLC was used as an adjunct therapy in this study.
ASC (vitamin C analog) is abundant in a number of natural
products. It stipulates remarkable antiviral, anticancer, anti-
inflammatory, major antioxidant, and immune-regulatory
effects [20]. ASC has been reported to enhance constituents
of the human immune system such as lymphocyte prolifera-
tion, natural-killer cell activity, chemotaxis, and hypersensi-
tivity. It plays an important role in maintaining the balance
between the human body’s oxidant and antioxidant systems.
ASC has a direct antioxidant potential and is involved in the
protection of reactive nitrogen species and antioxidant oxy-
gen radicals during immune activation. It may defend neu-

trophils from reactive oxygen species (ROS) generation
during phagocytosis [21] to avoid endogenous oxidative
injury to lymphocytes and DNA [22–24]. ASC has also
shown antiviral activity against influenza infection [25].

In common English, BLC is popularly known as black
seeds and small fennel. It is scientifically known as Nigella
sativa and belongs to the family Ranunculaceae. It is widely
cultivated as a medicinal plant in southwest Asia and in Mid-
dle Eastern countries [13]. It marks its usage in ancient com-
plementary medicines in conventional systems of medication
such as Ayurveda and those of other old civilizations [26, 27].
Its novel medicinal potential is attributed to the presence of a
phytochemical thymoquinone, which is considered its major
bioactive component [13]. The literature explains that BLC
contains fat, proteins, carbohydrates, crude fiber, and ash
with a small amount of vitamins and minerals such as P,
Cu, Fe, and Zn. The seeds exhibit carotenes and unsaturated
fatty acids: mainly oleic acid, linoleic acid, dihomolinoleic
acid, and eicosadienoic acid [28, 29]. The most important
active compounds are thymoquinone, dithymoquinone, thy-
mohydroquinone, and thymol. The black seeds also contain
other classes of compounds such as alkaloids (isoquinoline
alkaloids; e.g., nigellicimine-N-oxide and nigellicimine), pyr-
azole alkaloids (nigellidine and nigellicine), tannins, terpe-
noids, flavonoids, phenols, steroids, saponins, and a wide
range of several other organic compounds [28, 29]. The liter-
ature shows that BLC exhibits antioxidant, antihypertensive,
hepatoprotective, analgesics, anticancer, antiviral, diuretics,
antidiarrheal, antiparasitic, and antibacterial effects. It is also
used as a liver tonic, emmenagogue, appetite stimulant, and
immune-stimulating agent [13, 27, 30–34]. This study was
designed to probe the efficacy of BLC and ASC as adjuncts
along with DAAs in hepatitis C patients. The potential ther-
apeutic effects of BLC and ASC in our study were to investi-
gate the antiviral effects. The study also highlights the
potential role of BLC and ASC in ameliorating hematological
parameters and serological and antioxidant markers.

2. Materials and Methods

2.1. Study Design. This clinical study was conducted in col-
laboration with the Department of Pathology and Depart-
ment of Medicine, Bakhtawar Amin Medical College and
Hospital, Multan, Pakistan. All experiments for this study
have been approved by the Ethics Committee of the Bio-
chemistry Department, Bahauddin Zakariya University Mul-
tan and Bakhtawar Amin Medical College (medical trial
approval/2017/203). All selected patients gave consent to
participate. The study was prospective and was randomized
with a meticulous follow-up to the study’s end that con-
formed to the ethics guidelines of the 1975 Declaration of
Helsinki.

2.2. Patients. All HCV patients presenting to the department
were scaled for eligibility. Patients were screened for human
immunodeficiency virus (HIV), hepatitis B virus (HBV),
and hepatitis C virus (HCV) viral antibodies to diagnose
the infections. The patients’ detailed history was taken, and
their previous test reports were examined thoroughly. The
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inclusion criteria included only HCV-RNA-infected patients
of both sexes from 18 to 50 years of age. The exclusion cri-
teria included patients with a history of anti-HCV treatment
with PEG-IFN and ribavirin (RBV) less than 6 months earlier
to enrolment, coinfection with hepatitis B virus (HBV) and
human immunodeficiency virus (HIV), and a history of anti-
cancer treatment 6 months before registration. Excluded
from the present study were patients addicted to cigarettes
or alcohol or who were taking any other antiviral drugs dur-
ing the examination; pregnant and lactating women; patients
diagnosed with hepatocellular carcinoma (HCC) or other
malignancies; patients suffering a major illness such as con-
gestive heart failure, renal failure, respiratory failure, or auto-
immune disease; or patients exhibiting noncompliance to
treatment. The recruited HCV-positive subjects (n = 30)
were divided into two equal groups: control (n = 15, receiving
standard drugs) and treated (n = 15, receiving standard drugs
along with adjuvant therapy). The control group (n = 15) was
administered only the standard antiviral treatment SOF
(400mg/day) and RBV (1000mg/day), whereas the treat-
ment group (n = 15) was treated with SOF (400mg/day)
and RBV (1000mg/day) with supplementation of the BLC
(250mg/day) and ASC (1 000mg/day) for a period of 8
weeks.

2.3. Drugs and Adjuvant Therapy Administration. SOF and
RBV were supplied to the patients from the department
(Getz pharma and Hilton pharma, Pakistan). ASC tablets
and BLC capsules supplied were purchased (Abbott Pakistan
and Qarshi Pharma). Standard antiviral drugs SOF (400mg)
[35] and RBV (1 000 or 1 200mg, in accordance with
patients’ weight; 1 000mg b.i.d. for patients with a body
weight < 75 kg; and 1 200mg b.i.d. for patients with a body
weight ≥ 75 kg) [36, 37] were administered for the treatment
of HCV, whereas treatment supplements BLC 250mg [38,
39] and ASC 1000mg [40, 41] were administered daily for
8 weeks. Patients were followed up every 2 weeks to assess
treatment adherence, tolerability, and incidence of adverse
reactions. All selected patients were subjected to sampling
at enrollment and after 8 weeks of therapy for the assessment
of defined parameters. The patients for HCV confirmation
were tested with both enzyme immunoassay (EIA) and RT-
PCR.

2.4. Laboratory Investigations

2.4.1. Blood Sample Collection. Blood samples (4–5mL) from
all patients were taken in the EDTA vials (Atlas Labovac, K3
EDTA) with the help of 10mL syringes (Becton Dickinson
Company, Singapore) for total blood count (TBC). Approxi-
mately 3–4mL blood samples were also taken in the gel vials
(Imu Med gel & clot activator) for a liver function test (LFT),
antioxidant markers, and quantitative viral detection. For a
fasting blood glucose (FBG) determination, the patients
included in the study were on overnight fasting (~8hrs).
Blood sampling of the patients was performed at baseline
and after the treatment period.

2.4.2. Serum Sample Preparation. Blood samples taken in gel
vials were left to clot for 10 minutes before centrifugation for

6 minutes at 60 000 rpm using a centrifugation machine
(EBA 20, Hettich Zentrifugen, Germany). Approximately
2–3mL of serum was collected and stored at -20°C until
assayed for a LFT, antioxidant markers, and quantitative viral
detection.

2.4.3. Determination of Hematological Parameters and FBG
Level. TBC was carried out using an automated cell count
analyzer (Sysmex KX, Japan) by noncyanide hemoglobin
analysis. The autoanalyzer was capable of running several
parameters for each sample such as hemoglobin (Hb),
packed cell volume (PCV), red blood cells (RBC), mean cell
volume (MCV), mean corpuscular hemoglobin concentra-
tion (MCHC), mean corpuscular hemoglobin (MCH), plate-
lets, and white blood cell (WBC) counts. The equipment
sampling probe aspirated 20μL well-mixed blood samples,
and the analysis result was obtained accordingly. Similarly,
fasting blood sugar was measured using a blood sugar auto-
mated analyzer (Architect Ci8200 integrated system, USA)
by the hexokinase method.

2.4.4. Determination of Liver Function Markers. LFT was per-
formed using the Beckman Coulter, USA (Au480), capable of
autoanalyzing several serological markers such as aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), and bilirubin levels.

2.4.5. Total Antioxidant Status (TAS). TAS at the serum level
was measured using an autoanalyzer (Hitachi) with a Randox
reagent kit (Cayman Chemicals, USA). Control samples were
run in parallel. The assay involved the reaction of ABTS (2,2-
azinodi-[3-ethylbenzthiazoline sulfonate]) with a peroxidase
(metmyoglobin) and H2O2 to produce the radical cation
(ABTS+). Serum antioxidants suppress cations (ABTS+) to
a degree proportional to their concentrations. The men-
tioned cation gives a fairly stable blue-green color measured
at 600nm.

2.4.6. Reduced and Oxidized Glutathione (GSH). Serum GSH
concentration was measured using an assay kit (Cayman
Chemicals, USA) and a microplate reader (Molecular
Devices, Sunnyvale, CA). The assay involved the reaction of
GSH with Ellman’s reagent (5,5′-dithiobis-2 nitrobenzoic
acid (DTNB)), which gives rise to a product quantified
through a spectrophotometer at 412nm. This reaction mea-
sures the reduction of GSSG to GSH, predicting the rate of
reaction proportional to GSH and GSSG concentrations.

2.4.7. Gamma-Glutamyl Transferase (GGT). GGT at the
serum level was measured through an autoanalyzer (Thermo
Fisher Scientific, USA) using a reaction-specific kit (Cayman
Chemicals, USA). Control serum samples were run in paral-
lel to impose accuracy. The GGT promotes catalysis via the
transfer of γ-glutamyl moiety of L-γ-glutamyl-3-carboxy-4-
nitranilide to glycylglycine, leading to products of L-γ-gluta-
myl glycylglycine+5-amino-2-nitrobenzoate. The formation
of the 5-amino-2-nitrobenzoate product serves as a measure
of GGT activity analyzed through spectrophotometry at
405 nm.
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2.4.8. Superoxide Dismutase (SOD) and Malondialdehyde
(MDA). The SOD activity was investigated using the McCord
and Fridovich method [42]. MDA activity was evaluated by
modified thiobarbituric acid using TBA/TCA reagents as
described by Janero [43]. The antioxidant assay principle
depended on the determination of the antioxidative activity
by the reaction of antioxidants in the sample with a defined
amount of H2O2 provided exogenously. The antioxidants
eliminated a quite certain amount of the H2O2 provided.
The residual H2O2 was determined colorimetrically by an
enzymatic reaction that involved the conversion of
3,5,dichloro-2-hydroxy benzene sulfonate to a colored prod-
uct. Total antioxidant activity was assessed using a TAC kit
from Bio-diagnostic and was measured spectrophotometri-
cally (Thermo Fisher Scientific, USA).

2.4.9. Viral Load Evaluation. HCV RNA was extracted using
an extraction kit (GF-1 viral nucleic acid extraction kit,
Vivantis, Malaysia). RT-PCR was performed on the ABI
7500 RT-PCR system using the ROBO GENE- HCV RNA
Quantification Kit (polymerase chain reaction (PCR) for
HCV (lower detection limit, <50 copies)). The results of the
PCR were also run on agarose gel.

2.4.10. Genotyping. The amplicons obtained were first
hybridized with oligonucleotide sequences specific for vari-
ant HCV genotypes using nitrocellulose strips (GEN-C,
Reverse Hybridization Strip Assay, NLM, Italy). The bands
specific to variant HCV genotypes gained through labeling
the hybridizing sequences with specific probes were analyzed
to define genotypes.

2.5. Data Statistical Analysis. Statistical software (SPSS, ver-
sion 23.0; SPSS) was used for statistical analysis. A P value
was determined by a one-way ANOVA test, results were
expressed as the mean and standard deviation, and P < 0:05
was considered the level of significance.

3. Results

3.1. Hematological Parameters. Hematological functions var-
ied significantly after the adjuvant therapy. Our study’s
results showed that adjuvant therapy of BLC/ASC had an
ameliorating effect on the hematological parameters of hepa-
titis C patients. In the treated group, SOF/RBV, along with
BLC/ASC therapy, showed an increase in RBCs (P = 0:32),
WBCs (P = 0:67), platelet count (P = 0:84), hemoglobin
(P = 0:79), and neutrophils (P = 0:18) compared with the
control group (P > 0:05), which received only SOF/RBV.
Fasting blood glucose decreased significantly after treatment
in the treated group (P = 0:001; Table 1).

3.2. Oxidative Markers. No significant (P > 0:05) difference
was observed on the level of oxidative markers in both the
control and treatment groups at baseline (Table 2).

3.3. Total Antioxidant Status (TAS). Our results obtained
reveal that TAS increased after treatment in both the control
(SOF+RBV) and treatment (SOF+RBV+BLC+ASC) groups.

However, TAS was slightly higher in the treated group when
compared with the control (P > 0:05; Table 2).

3.4. Reduced Glutathione (GSH). Our findings show that
GSH increased slightly after treatment in both the control
and treated groups. However, the GSH level was slightly
higher in the group receiving adjuvant therapy than in the
control group (P > 0:05; Table 2).

3.5. Oxidized Glutathione (GSSG). Our findings demonstrate
that the GSSG level decreased after treatment in both the
control and treated groups but that the GSSG level was
slightly more decreased in the treated group than in the con-
trol (P > 0:05; Table 2).

3.6. Gamma-Glutamyl Transferase (GGT). The serum-level
GGT level was found to have decreased after treatment in
both the control and treated groups. However, adjuvant ther-
apy in the treated group showed better results in decreasing
the GGT level than in the control group (P > 0:05; Table 2).

3.7. Superoxide Dismutase (SOD) and Malondialdehyde
(MDA). Our results indicated an increasing effect on SOD
and a decreasing effect onMDA levels after treatment in both
the control and treated groups. However, BLC/ASC therapy
in the treated group showed slightly better results for the
increasing effect on SOD and a decreasing effect on MDA
than did the control (P > 0:05; Table 2).

3.8. Liver Function Markers.Our study findings revealed that
the administration of BLC/ASC in the treated group had a
decreasing effect on the elevated levels of liver function
markers AST, ALT, ALP, and T. bilirubin compared with
the control group (P > 0:05; Figure 1).

3.9. Quantitative RT-PCR. Findings of RT-PCR indicated
that during the 8 weeks, the therapy of SOF/RBV along with
BLC/ASC in the treated group and the solo therapy of
SOF/RBV in the control group had a maximum illustrious
effect on the inhibition of HCV replication and consequently
on the reduction in viral load. Thus, in both the control and
the treated groups, SOF/RBV alone and SOF/RBV in combi-
nation with BLC/ASC eradicated the viral load in all the
HCV patients. Figure 2 represents the PCR response at base-
line and after 8 weeks of treatment. Gel electrophoresis
results for the samples run are shown in Figure 3.

3.10. Genotyping. Genotyping results revealed a major trend
of genotype 3a in both the control and treated groups with
a minute frequency of 2b. Table 3 presents the genotyping
results.

3.11. Persistence of Side Effects. The side effects observed
decreased regarding the platelet level in the control group
after the treatment of SOF/RBV. However, this effect was
found to be ameliorated in the treated group receiving
BLC/ASC adjuvant therapy. A slight decrease in fasting
blood glucose levels was observed in both the control and
treated groups after treatment, but the treated group showed
a slightly lower decreasing effect on fasting blood glucose
levels compared to the control (Table 1).
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4. Discussion

Hepatitis C is a complicated infectious disease of the liver.
This infection has attracted attention because of its conta-
gious, pervasive nature, large-scale burden, and novel thera-
pies [44]. Hepatitis C is a common source of chronic liver
disease (CLD), which is considered the main cause of mor-
bidity and mortality worldwide [45]. The antineoplastic,
antiviral, and anti-inflammatory effects of BLC and ASC
have been previously documented through in vitro and
in vivo studies [20, 46]. The present study explored whether
BLC/ASC in combination with SOF/RBV increased the effi-
cacy of antiviral agents in hepatitis C patients and showed a
rising trend in hematological parameters, oxidative stress,
liver markers, and viral load. Our results showed that
BLC/ASC as an adjuvant therapy increased the level of
RBC, WBC, PCV, Hb, and platelet count in the treated group
compared with the control group. A solo treatment of direct
antiviral therapy did not show a noteworthy effect on hema-

tological parameters. A study reported that BLC seeds are
proficient in improving RBC, Hb, and PCV in the rabbit
model [47]. Our results are also in line with a study reporting
that BLC boosts the hematological parameters in hepatitis C
patients in a dosage of 450mg three times a day when taken
as a sole antiviral treatment [48]. Another study showed that
ASC had an ameliorating effect on the hematological param-
eters with a dose of 200mg/kg per day in the rat model
against deltamethrin toxicity andmalathion-induced hepato-
toxicity [49, 50]. Thus, our findings show that BLC/ASC may
tend to ameliorate the hematological parameters in hepatitis
C patients. The results of our study also suggest that
BLC/ASC may modify Hb, RBC, and PCV to alleviate ane-
mia. Similarly, BLC/ASC therapy seems to reinstate fasting
blood glucose in a resting mode compared with the control
group.

Our study’s serological findings revealed that BLC/ASC
adjuvant therapy had a remolding effect on the levels of
ALT, AST, and ALP (U/L), which declined considerably

Table 1: Effect of BLC/ASC along with SOF/RBV on hematological parameters.

Parameters
Pretreatment (group)

P value
Posttreatment (group)

P value
Control Treatment Control Treatment

RBC (1012/L) 5:98 ± 8:98 5:34 ± 12:08 0.264 4:48 ± 0:43 6:65 ± 0:57 0.325

WBC (109/L) 8:13 ± 1:70 8:23 ± 1:64 0.154 7:63 ± 2:12 8:98 ± 2:02 0.67

Hb (g/dL) 12:93 ± 1:44 13:1 ± 1:52 0.750 11:67 ± 1:40 13:53 ± 1:55 0.794

PCV (%) 42:11 ± 4:13 41:72 ± 3:82 0.792 41:47 ± 3:14 44:31 ± 4:21 0.359

MCV (fL) 80:44 ± 17:64 100:15 ± 8:65 0.320 76:48 ± 20:33 99:09 ± 6:14 0.128

MCH (pg) 28:71 ± 6:13 26:61 ± 2:38 0.226 27:58 ± 2:88 27:69 ± 3:66 0.926

MCHC (g/L) 32:23 ± 0:66 31:91 ± 0:51 0.704 31:57 ± 1:38 31:99 ± 1:44 0.701

Lymphocytes (%) 30:98 ± 1:43 30:41 ± 2:27 0.927 30:0 ± 10:14 30:7 ± 9:69 0.234

Monocytes (%) 2:2 ± 0:2 2:59 ± 0:46 0.125 2:3 ± 0:68 2:93 ± 0:74 0.125

Eosinophils (%) 3:0 ± 0:32 3:63 ± 0:59 0.365 3:6 ± 1:06 4:13 ± 0:99 0.165

Platelets (109/L) 271:67 ± 14:23 270:13 ± 22:35 0.956 256:0 ± 29:66 292:0 ± 45:49 0.842

Neutrophils (%) 63:81 ± 1:56 62:29 ± 2:09 0.574 60:43 ± 9:51 62:13 ± 9:21 0.183

FBG 103:03 ± 13:4 105:03 ± 37:2 0.23 99:03 ± 3:2 103:23 ± 23:3 0.001

Data were expressed as the mean ± S:D: and compared using a one-way ANOVA test. RBC: red blood cells; WBC: white blood cells; Hb: hemoglobin; PCV:
packed cell volume; MCV: mean corpuscular volume; MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration; FBG:
fasting blood glucose.

Table 2: Level of oxidative stress markers in before and after treatment groups.

Parameters
Pretreatment group

P value
Posttreatment group

P value
Control Treatment Control Treatment

TAS (mmol/L) 1:68 ± 0:72 1:71 ± 0:64 0.14 1:98 ± 0:02 2:01 ± 0:52 0.52

GSH (μmol/L) 1:82 ± 0:58 1:79 ± 0:48 0.41 2:20 ± 0:18 2:84 ± 0:38 0.44

GSSG (μmol/L) 0:18 ± 0:03 0:17 ± 0:08 0.11 0:16 ± 0:27 0:12 ± 0:43 0.31

GGT (U/L) 18:99 ± 4:15 19:09 ± 4:16 0.24 13:19 ± 0:15 12:89 ± 3:05 0.18

SOD (U/mL) 296:25 ± 10:28 295:97 ± 14:13 0.34 327:34 ± 8:19 343:79 ± 9:18 0.12

MDA (nmol/mL) 7:93 ± 12:38 7:80 ± 11:88 0.64 5:52 ± 13:02 4:24 ± 12:785 0.42

Values represent the mean ± S:D: and compared using a one-way ANOVA test. TAS: total antioxidant status; GSH: reduced glutathione; GSSG: oxidized
glutathione; GGT: gamma-glutamyl transferase; SOD: superoxide dismutase; MDA: malondialdehyde.
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toward normal in the treated group compared with the con-
trol group (Figure 1(a)). The level of total bilirubin decreased
in the treated group to a normal level compared with that in
the control group, which was shown to be chronic
(Figure 1(b)). The literature showed the alleviating effects of
BLC on AST and ALT in ethanol-induced liver injury in
the rat model [51]. However, a study showed that BLC had
no protective effects on liver enzymes but showed an amelio-
rating effect on the level of total bilirubin in hepatitis C
patients. Our findings are supported by previous studies con-
ducted in rat models that demonstrate that BLC seems to be
sufficiently efficient to normalize the level of liver markers

against deltamethrin and malathion toxicity [49, 50, 52].
Our study provides evidence that BLC and ASC may act as
novel immune potentiators at the hematological and serolog-
ical levels.

Oxidative stress has been proposed as a key regulatory
step in the development and progression of liver damage
[10]. A decreased antioxidant and an increased level of oxida-
tive stress in chronic hepatitis C patients have been reported
in the literature [53, 54]. The pathogenic mechanism through
which HCV may cause cell damage remains obscure; how-
ever, it has been demonstrated clearly that the oxidative stress
may play a pathogenic role in this chronic infection [55].
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Figure 1: Bar graph showing levels of liver function markers in the (a) control and (b) treatment groups at baseline and after the treatment.
Data was expressed as the mean and standard deviation by using a one-way ANOVA test. Abbreviations: AST-I = aspartate transaminase
initial; AST-F = aspartate transaminase final; ALT-I = alanine aminotransferase initial; ALT-F = alanine aminotransferase final; ALP-I =
alkaline phosphatase initial; ALP-F = alkaline phosphatase final; Bilirubin-I = bilirubin initial; Bilirubin-F = bilirubin final.
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Figure 2: Line plot showing viral copy number at baseline and posttreatment as determined by quantitative RT-PCR in the (a) control and (b)
treated groups.
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Glutathione, or GSH, a nonenzymatic antioxidant present in
the cell, plays a key role in the defense against oxidative stress
in cell injury. Glutathione is present mainly in its reduced
form in cells, which can be converted to oxidized glutathione
(GSSG) with glutathione peroxidase (GSH-Px), which reverts
to a reduced form after reacting with glutathione reductase.
Cells also exhibit the enzymatic antioxidant mechanisms that
play an essential role in eliminating free radicals [56]. The
enzymatic antioxidant defense system of the humans may
include CAT, SOD, and GSH-Px. SOD has been reported
to protect a cell from toxic effects of superoxide radicals
[56]. GSH-Px decomposes H2O2 and converts lipid perox-
ides to harmless molecules, protecting cells from the adverse
effects of lipid peroxidation [57]. Our data report that direct
antivirals and BLC/ASC adjuvant therapy may boost the level
of TAS, GSH, and SOD, and these treatments also reduce the
level of GSSG, GGT, and MDA. However, BLC/ASC therapy
showed a slightly increasing effect on TAS, GSH, and SOD
with a decreasing effect on GSSG, GGT, and MDA in the
treated group compared with the control group. Research
has shown that anti-HCV therapy in CHC patients increases
the effect on TAS, GSH, and SOD with a decreasing effect on
GSSG, GGT, and MDA [55]. Our results are also in line with
previous reports that ASC and BLC balanced the oxidative
stress and boosted the human antioxidant system in HCV
patients and in ethanol-induced oxidative stress rat models
[51, 58, 59]. Our findings suggest that BLC and ASC may
be used as potential antioxidant supplements to abate hepati-

tis C. It has been shown that levels of oxidative markers such
as MDA are correlated with the severity of chronic hepatitis
C [60]. Thus, our results suggest that antioxidants such as
BLC and ASCmay be proposed as adjuvants along with stan-
dard antiviral regimens to ameliorate HCV pathogenesis.
The pattern of differences in the pathogenicity of genotypes
remains unclear, but the genotype has been proven one of
the key predictors of HCV with regard to antiviral therapy.
Because of genotypic-specific variations in response to the
new generation of antiviral drugs, HCV genotype examina-
tion may assist in the management of appropriate strategies,
particularly during treatment [61]. It can be hypothesized
that antioxidant supplements in patients with resistant geno-
types may bring more favorable outcomes, as our study
shows. Research has shown that supplementation with ascor-
bate, vitamin E, and selenium enhanced the antioxidant sta-
tus with no profound effect on the viral load [62]. Thus, the
effect of antioxidants on the viral load could be the subject
of future studies. Intriguingly, our data show that SOF and
ribavirin improved oxidative markers, but these are not anti-
oxidants. Their antiviral potential might reduce the viral load
and inflammation, and perhaps, this mechanism may reduce
virus-induced oxidative stress, a possible mechanism as
observed in our study in the amelioration of oxidative stress.
The statistical P value was found insignificant that could be
potentially due to smaller sample size in our study. The
hypothesis for smaller sample size has been well explained
by Lee [63], which entails that a statistically insignificant dif-
ference between two observed groups (the sample) does not
indicate that this effect does not exist in the population from
which the sample is taken. But it signifies nothing more than
the fact that the observed sample is too small to detect a pop-
ulation effect [63].

Hepatitis C patients can achieve SVR12 at week 4 of
treatment with the oral DAA-based therapy [64]. BLC has
shown a decline in the HCV-RNA after 12 weeks of treat-
ment in hepatitis C patients [48]. ASC with vitamin E has
been proven to exert antiviral effects against HIV [65]. Our

Table 3: Genotyping frequencies of HCV positive patients in
control and treatment groups.

Groups HCV genotype Frequency (%)

Control 3a 14 (93.33)

Control 2b 1 (0.066)

Treatment 3a 13 (86.66)

Treatment 2b 2 (1.33)
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Figure 3: Gel electrophoresis showing detection of HCV by PCR. Abbreviations: BP: base pairs; M: DNA marker; lanes 1-3: HCV samples
from the control group at baseline; lanes 4-6: HCV samples of the treatment group at baseline; lanes 7 and 8: HCV samples of the control
group following treatment; lanes 9 and 10: HCV samples from the treated group. Random sample selection was carried out to validate the
PCR results.
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study shows that HCV-RNA was out of the detection limit
after 8 weeks of treatment in all 30 patients treated as well
as in the control group. Thus, our results suggest that new-
generation antiviral SOF, along with RBV, is absolutely
enough to eradicate HCV-RNA in HCV patients (Figure 3).
Though this study could not determine the effect of adjuvant
therapy on the viral load, we may postulate that BLC and
ASC may assist in demolishing the HCV-RNA load, which
has been well supported by other studies [48, 65]. Further-
more, the effect of BLC and ASC on the viral load removal
should be addressed in a shorter span to probe their actual
role for rectification. Overall, BLC and ASC, if tested for anti-
viral potency, may be akin to drugs that manage the disease
by modulating different markers or parameters involved at
the hematological and serological levels through a bridge of
antioxidant activity, as was reported in our results. We may
hypothesize that the administration of BLC and ASC has a
potentially useful effect in hepatitis C progression, which
can be attributed to their antioxidant, anti-inflammatory,
and immunomodulatory effects.

5. Conclusion

This study concludes that the systemic administration of
BLC and ASC as an adjuvant therapy considerably amelio-
rates hematological parameters, thus indirectly revamping
the immune-regulatory system through antioxidant activity.
It tends to normalize liver function markers efficiently and
thus may restrain the adverse effects of SOF and RBV. The
study also elaborates that SOF and RBV are quite effective
in diminishing the viral load. We believe that the current
findings should facilitate further research to explore whether
BLC and ASC could synergize with or substitute for immune-
regulatory drugs given at suboptimal doses for antiviral ther-
apy. Further studies with larger sample size are highly desir-
able for greater statistical power that could pave the way
toward initiating and adhering to BLC and ASC as an adju-
vant therapy.
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Cancer, as a group, represents the most important cause of death worldwide. Unfortunately, the available therapeutic approaches of
cancer including surgery, chemotherapy, radiotherapy, and immunotherapy are unsatisfactory and represent a great challenge as
many patients have cancer recurrence and severe side effects. Methotrexate (MTX) is a well-established (antineoplastic or
cytotoxic) chemotherapy and immunosuppressant drug used to treat different types of cancer, but its usage requires high doses
causing severe side effects. Therefore, we need a novel drug with high antitumor efficacy in addition to safety. The aim of this
study was the evaluation of the antitumor efficacy of zinc oxide nanoparticle (ZnO-NPs) and sorafenib alone or in combination
on solid Ehrlich carcinoma (SEC) in mice. Sixty adult female Swiss-albino mice were divided equally into 6 groups as follows:
control, SEC, MTX, ZnO-NPs, sorafenib, and ZnO-NPs+sorafenib; all treatments continued for 4 weeks. ZnO-NPs were
characterized by TEM, zeta potential, and SEM mapping. Data showed that ZnO-NPs synergized with sorafenib as a
combination therapy to execute more effective and safer anticancer activity compared to monotherapy as showed by a
significant reduction (P < 0:001) in tumor weight, tumor cell viability, and cancer tissue glutathione amount as well as by
significant increase (P < 0:001) in tumor growth inhibition rate, DNA fragmentation, reactive oxygen species generation, the
release of cytochrome c, and expression of the apoptotic gene caspase-3 in the tumor tissues with minimal changes in the liver,
renal, and hematological parameters. Therefore, we suggest that ZnO-NPs might be a safe candidate in combination with
sorafenib as a more potent anticancer. The safety of this combined treatment may allow its use in clinical trials.

1. Introduction

Each year, tens of millions of people are diagnosed with can-
cer around the world. As concerns mortality, cancer is con-

sidered the second cause of death throughout the world and
will soon become the first cause of death in many parts of
the globe ([1, 2]. Unfortunately, the available therapeutic
and diagnostic approaches of cancer are unsatisfactory and
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represent a great challenge as many patients have cancer
recurrence and severe side effects [3]. So, there are increasing
demands for investigation and identification of new drugs as
antitumor therapy with low side effects [4].

SEC is an undifferentiated solid carcinoma derived from
mammary adenocarcinoma in mice (Sakai et al., 2010) which
has a high transplantable capacity, rapidly growing tumor,
short life span, and 100% malignancy [5] and is used as an
experimental model to investigate the anticancer activity of
drugs or natural compounds [6].

Chemotherapy is one of the most common and effective
treatments for cancer which kills tumor cells using genotoxi-
city. However, it also harms normal cells that cause diverse
dose-dependent side effects such as fatigue, loss of appetite,
nausea, bowel issues, hair loss, skin discoloration, and even
death in extreme cases [7]. MTX is a chemotherapeutic agent
that was firstly used in the treatment of solid cancers by
(Pierce and Dixon, 1958). Also, it is used in the treatment
of various types of tumors and autoimmune diseases [8]
due to its ability to hinder cell proliferation and synthesis of
nucleotide and proteins by suppression of dihydrofolate
reductase of folate metabolic pathway that plays a key role
in nucleotide biosynthesis pathway [9]. Moreover, MTX
derivatives like pemetrexed suppress enzymes involved in
purine and pyrimidine metabolism, impairing RNA and
DNA synthesis in tumors [10]. Previous studies proposed
that coassembly of hydroxycamptothecin and MTX followed
by surface covering through acidity-responsive polyethylene
glycol might be a promising strategy for synergistically
enhancing chemotherapy efficiency with minimized side
effect synergistic therapeutic function [11].

Tyrosine kinase inhibitors (TKIs) are a pharmaceutical
drug including three generations (first, second, and third
generation) that inhibits tyrosine kinase enzymes that com-
pete with ATP for the ATP binding site of protein tyrosine
kinase and reduce tyrosine kinase phosphorylation inhibiting
tumor cell proliferation. Sorafenib, a systematic multikinase
inhibitor with antiproliferative properties, has been used as
the first-line drug for advanced hepatocellular carcinoma
patients as it suppresses tumor cells’ growth and proliferation
by inhibition of serine/threonine kinase and other tyrosine
kinase signalling pathways [12].

ZnO-NPs have received considerable attention in various
fields due to their excellent physicochemical properties,
safety, biodegradability [13], and their fast delivery to differ-
ent tissues and organs in addition to various biological pur-
poses including drug delivery and immune-modulatory
agent (Kalpana et al., 2018; [14]). ZnO-NPs have shown a
promising anticancer behaviour besides its therapeutic activ-
ity against diabetes, microbial infections, inflammations, and
wound healing [15]. Regarding cancer treatment, ZnO-NPs
were approved to have a potential molecular effect including
a reduction in cellular viability, loss of membrane integrity,
and activation of the programmed cell death (apoptosis)
[16]. It is now clear that ZnO-NPs possess a kind of cytotox-
icity against tumor cells with a minimum injury to healthy
cells [17]. Therefore, in the present study, we aimed to eval-
uate the anticarcinogenic potency of sorafenib and ZnO-
NPs alone and in combination against solid Ehrlich carci-

noma compared with FDA-approved chemotherapeutic
agent MTX.

2. Materials and Methods

2.1. Drugs and Chemicals. MTX was obtained from Sandoz
Limited, a Novartis division, UK. Sorafenib (formerly Nexa-
var®) was generously supplied by Bayer AG of Germany,
while zinc acetate dihydrate, ethane-1, 2-diol, and triglycol
were obtained from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Other chemicals and reagents used were of the
highest purity grade.

2.2. Induction of Solid Ehrlich Carcinoma (SEC) Tumor in
Mice. A model of SEC used, for Ehrlich carcinoma cells
(ECC), was obtained from the National Cancer Institute,
Cairo University (Giza, Egypt). Mice were implanted subcu-
taneously with 2 × 106 Ehrlich carcinoma cells into the right
thigh of the hind limb [18]. A solid tumor mass developed
within 12 days after implantation.

2.3. Animals and Experimental Design. This study was car-
ried out on sixty adult female Swiss-albino mice weighting
approximately 22-29 g, which were purchased from Medical
Experimental Research Centre, Faculty of Medicine, Man-
soura University (MERC), Mansoura, Egypt. Mice were kept
in an air-conditioned animal house with specific pathogen-
free conditions with a 12 : 12 h daylight/darkness and pro-
vided food and water ad libitum. All the procedures relating
to animal care and treatments strictly adhered to the Guide
for the Care and Use of Laboratory Animals published by
the US National Institutes of Health (Publication No. 85-
23, revised 1996). Mice were divided equally into 6 groups
as follows:

Group I: 10 mice were injected with saline and kept as
healthy control.

Group II: 10 mice were implanted subcutaneously with
2 × 106 Ehrlich carcinoma cells into the right thigh of the
hind limb, injected with saline instead of treatment, and kept
as the untreated control.

Group III: 10 mice were implanted subcutaneously with
2 × 106 Ehrlich carcinoma cells into the right thigh of the
hind limb then treated with MTX (2.5mg/kg/I.P.) every day
[19].

Group IV: 10 mice were implanted subcutaneously with
2 × 106 Ehrlich carcinoma cells into the right thigh of the
hind limb then treated with 5mg/kg of ZnO-NPs I.P. every
day [20].

Group V: 10 mice were implanted subcutaneously with
2 × 106 Ehrlich carcinoma cells into the right thigh of the
hind limb then treated with 30mg/kg sorafenib orally every
day [21].

Group VI: 10 mice were implanted subcutaneously with
2 × 106 Ehrlich carcinoma cells into the right thigh of the
hind limb then treated with 5mg/kg of ZnO-NPs I.P. plus
30mg/kg sorafenib orally every day.

2.4. Collection and Preparation of Samples. At the end of
the experiment (4 weeks), all animals were euthanized by
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decapitation, and blood samples collected for biochemical and
tumor markers investigations. The tumor was excised,
weighed, then homogenized/decellularized for cell viability
assay, DNA content, flow cytometry apoptotic markers, oxida-
tion assay, and tumor growth inhibition (% TGI) calculation.

2.5. Hematological and Biochemical Analysis. Blood samples
were used for determining haemoglobin (Hb), red blood cells
(RBCs), and leucocytes using the Sysmex XT 2000 Haematol-
ogy Autoanalyzer (Sysmex, Kobe, Japan) according to the
manufacturer’s recommendation. The levels of aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) were measured as liver injury markers; urea and creat-
inine levels were measured as renal injury markers using
assay kits supplied by Spinreact Diagnostics, Girona, Spain.

2.6. Synthesis and Characterization of the ZnO-NPs. ZnO-
NPs were synthesized by refluxing its precursor zinc acetate
dihydrate (0.1M) in ethane-1,2-diol and triglycol at 180
and 220°C, respectively. The time of the reaction varied for
2 or 3 h in the presence and absence of sodium acetate
(0.01M). The solution was put on a magnetic stirrer at
80°C (1.5 h) then centrifuged at 8000 rpm (15min) and
rinsed with deionized water and ethyl alcohol 3 times.
Finally, it was dried overnight at 80°C. ZnO-NP dose was dis-
solved in deionized water till the complete dissolution. Size,
morphology, and elemental composition were observed and
measured by a transmission and scanning electron micro-
scope (TEM and SEM) (JEOL, Japan), while the surface zeta
potential measurements were also measured by a zeta poten-
tial analyzer (Malvern Device, UK) [22].

2.7. Cell Viability Assay. Cell viability was determined in all
groups using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay [23]. In brief, the solid
tumor was decellularized; then, the cell suspension was
seeded in 96-well plates (Greiner, Frickenhausen, Germany)
at a density of 1 × 104 cells/well, incubated for 24 h at 37°C
(5% CO2). After incubation, 100μL/well of 0.5mg/mL
MTT was added to each well then incubated for 4 h, and
the absorbance was measured at 570nm using an enzyme-
linked immunosorbent assay (ELISA) reader [24].

2.8. DNA Damage. The solid tumor was homogenized in
chilled homogenization buffer (Ultra-Turrax, IKA T25, Ger-
many) (pH7.5) to obtain a tissue suspension; then, a centri-
fugation step was done with the generation of two fractions
(corresponding to intact and fragmented DNA, respectively),
precipitation of DNA, hydrolysis, and colorimetric quantita-
tion upon staining with diphenylamine (DPA), which binds
to deoxyribose. Optical density was measured at 600 nm with
a multiwell spectrophotometer reader.

2.9. Caspase-3 and Cytochrome c Analysis. Caspase-3 used for
evaluation of apoptosis induction in tumor cells using Cell-
Event Caspase-3 detection reagent (5μM in PBS with 5%
FBS) for 30min at 37°C was purchased from Thermo Fisher
Scientific (USA). Tumor cells (1 × 106) from different groups
were incubated with the primary anti-mouse antibodies for
1 h; then, the secondary antibodies FITC-conjugated goat-

anti-rabbit antibodies were added for 30min at 37°C and
analyzed by flow cytometry (FACSCalibur, BD Biosciences)
using CellQuest software. The activity of cytochrome c was
measured in the homogenized tumor tissues using the Human
ELISA kit (Abcam, Cambridge, UK). Specific cytochrome c
antibodies were precoated onto 96-well plates incubated at
room temperature. Washed with wash buffer, a streptavidin-
HRP conjugate was added to each well and incubated at
room temperature, and unbound conjugates were washed
away and TMB was added and catalyzed by HRP to produce
a yellow color. The density of yellow color was directly pro-
portional to the concentration of cytochrome c.

2.10. Oxidative Stress Assessment. Tumor was homogenized
using a Branson Sonifier (250, VWR Scientific, Danbury,
CT) in potassium phosphate buffer (pH6.5, 1 : 10) then cen-
trifuged at 10, 000 × g at 4°C for 20min for the determination
of antioxidant enzymes, tissue-reduced glutathione (GSH)
[25], tissue malondialdehyde (MDA) [26], and nitric oxide
(NO) [27]. The level of reactive oxygen species (ROS) was
measured in the homogenized tumor tissues depending on
using the cell-permeant reagent 2′,7′-dichlorofluorescein dia-
cetate (DCFDA), a fluorogenic dye that measures hydroxyl,
peroxyl, and another ROS activity within the cell. After diffu-
sion into the cell, DCFDA is deacetylated by cellular esterases
to a nonfluorescent compound, which is later oxidized by ROS
into 2′,7′-dichlorofluorescein (DCF). DCF is a highly fluores-
cent compound. Briefly, homogenized tissues were stained by
adding 100μL of DCFDA to each well and incubated for
45min at 37°C in the dark. Blank wells (with nonstained cells)
were also used as a control. The fluorescence intensity was
measured using an Infinite® 200 PRO plate reader at Ex/Em:
= 488/525nm, and the values were expressed as fluorescence
intensity (FU)/protein content (mg).

Moreover, catalase (CAT) and superoxide dismutase
(SOD) enzyme activity in the homogenate was assayed using
colorimetric diagnostic kits (Biodiagnostic, Cairo, Egypt)
according to the manufacturer’s instructions. Serum total
antioxidant capacity (TAC) was determined according to
the methods reported by Koracevic et al. [28].

2.11. Statistical Analyses.Data were analyzed using SPSS soft-
ware version 22 for Windows (IBM, Armonk, NY, USA).
Descriptive statistics were calculated in the form of mean ±
standard deviation (SD). ANOVA and Tukey’s post hoc tests
were used for comparison between groups. A level of P < 0:05
was defined as statistically significant.

3. Results

3.1. ZnO-NP Characterization. ZnO-NP actual size and
surface charge were confirmed by TEM, SEM, and a zeta
potential analyzer. TEM micrographs revealed that ZnO-
NPs were spheroid in shape (Figure 1(a)) and showed an
average particle size = 37nm; the zeta potential of ZnO-NPs
was -22mV, zeta deviation = 3:3mV, and conductivity = 0:1
mS/cm (Figure 1(c)). SEM analysis of the synthesized ZnO-
NPs shown in (Figure 1(b)) indicated the uniform grain
appearance and the unique morphology without impurities.
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3.2. Tumor Growth Inhibition Rate and the Difference in
Tumor Weight. The administration of monotherapy MTX,
ZnO-NPs, sorafenib, and ZnO-NPs+sorafenib combination
showed significant reductions (P < 0:001) in tumor weight
compared to the nontreated SEC group (G2). Moreover, G6
that received combination therapy (ZnO-NPs+sorafenib)
showed the best reduction in tumor (1:07 ± 0:21 g) weight
(Table 1, Figure 2). On the other hand, tumor growth inhibi-
tion % in different groups was 43.12%, 17.09%, 34.17%, and
47.23% for G3, G4, G5, and G6, respectively, which indicates
that the combination treatment of ZnO-NPs+sorafenib sig-
nificantly inhibits the tumor growth rate (P < 0:001) com-
pared with the other monotherapy (Table 1).

3.3. Hematological and Biochemical Parameters. Table 2
showed a slight improvement in hematological parameters

including Hb% and RBCs and significant improvement
(P < 0:001) in leucocyte count towards normal observed
with the different treatment regimens used in this experi-
ment to antagonise the alterations induced by SEC in mice.
Moreover, some liver and renal biomarker alterations
induced by the tumor including AST and ALT as well as
urea and creatinine significantly indicated liver and renal
injury in the nontreated SEC group compared to the normal
group. Conversely, different treatment regimens showed sig-
nificant (P < 0:001) modulation in all liver and renal bio-
chemical parameters while the combination therapy (ZnO-
NPs+sorafenib) showed the most apparent improvement
towards normal.

3.4. DNA Content. All treated groups showed a statistically
significant decrease (P < 0:05) in DNA content compared
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Figure 1: Characterization of ZnO-NPs: (a) TEM image of ZnO-NP average particle size = 37 nm; (b) SEM image of the synthesized ZnO-
NPs; (c) zeta potential of ZnO-NPs.
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with the untreated SEC group as shown in Table 3, especially
with the combination therapy which decreases DNA content
compared with other monotherapy.

3.5. Cell Viability Assay. Significant (P < 0:001) reduction in
cell viability with different treatments compared to the SEC
group was observed (Table 3). Also, the best cell viability
reduction was observed with combined therapy.

3.6. Caspase-3 and Cytochrome c. As shown in Table 3 and
Figure 3, MTX, ZnO-NPs, sorafenib, and the combination
significantly release (P < 0:001) cytochrome c into the cyto-

plasm. Additionally, flow cytometry reported a marked
increase in the expression of active caspase-3 with the differ-
ent treatment regimens used in this experiment in compari-
son with the SEC group (P < 0:001). Furthermore, the
combination therapy revealed a slight increase in the tissue
expression of active caspase-3 and apoptotic cell population
% compared to monotherapy (Figure 3(f)).

3.7. Oxidative Stress Assessment. The current study revealed
a significant elevation in MDA level and ROS generation
in the tumor tissues (P < 0:001) as well as a marked reduc-
tion in GSH content, CAT, and SOD enzyme activity in all

Table 1: Tumor growth inhibition rate and difference in tumor weights. Values are expressed as M ± SD of 10 animals in each group.

Parameters SEC MTX ZnO-NPs Sorafenib ZnO-NPs+sorafenib P

Tumor weight (g) 2:62 ± 0:20 1:22 ± 0:13a 1:41 ± 0:28a 1:32 ± 0:14a 1:07 ± 0:21a <0.001∗∗

Tumor growth inhibition (%) — 43.72 19.09b 35.17c 46.23c <0.001∗∗

SD: standard deviation; P: probability; ∗significance < 0:05; ∗∗high significance. The test used one-way ANOVA followed by post hoc Tukey. aSignificant
compared to the control SEC group. bSignificant compared to the MTX group. cSignificant compared to the ZnO-NP group. dSignificant compared to the
sorafenib group.
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Figure 2: Effect of the treatment with MTX (2.5mg/kg/I.P.), ZnO-NPs (5mg/kg/I.P.), sorafenib (30mg/kg/orally), and the combination of
ZnO-NPs+sorafenib on SEC weight for 4 weeks. Results showed significant reductions (P < 0:001) in tumor weight in all treated groups
compared to nontreated SEC group, and the best reduction in tumor (1:07 ± 0:21 g) weight was observed in the group that received
combination therapy as ZnO-NPs synergized with sorafenib to execute the antitumor activity.

Table 2: Hematological and biochemical parameters. Values are expressed as M ± SD of 10 animals in each group.

Parameters Control SEC MTX ZnO-NPs Sorafenib ZnO-NPs+sorafenib P

Hematological parameters

HB (g/L) 103:1 ± 7 78:3 ± 13:5a 94:6 ± 2:9 88 ± 13 83 ± 2:6 87:6 ± 8:1 <0.001∗∗

Leucocytes (cells × 103/mm3) 5:1 ± 0:4 13:5 ± 0:9a 5:4 ± 0:58b 6:6 ± 2:72b 6:33 ± 1:5b 4:8 ± 0:83b,d <0.001∗∗

RBCs (cells × 106/mm3) 4:1 ± 0:3 3:13 ± 0:62 3:71 ± 0:15 3:66 ± 0:46 3:86 ± 0:61 3:53 ± 0:57 <0.001∗∗

Renal parameters

Urea (mmol/L) 7:3 ± 0:41 11:2 ± 1:7a 5:8 ± 05b 9:9 ± 1:3c 8:9 ± 1:3 6:3 ± 0:9b,d <0.001∗∗

Creatinine (mmol/L) 0:07 ± 0:002 0:21 ± 0:02a 0:09 ± 0:04b 0:09 ± 0:04b 0:12 ± 0:01a,b 0:08 ± 0:02b,e <0.001∗∗

Hepatic parameters

ALT (U/L) 45:6 ± 5:8 76:96 ± 9:1a 36:2 ± 4:05b 54:23 ± 12:8b,c 63:9 ± 12:62a,c 41:8 ± 14:4b,e <0.001∗∗

AST (U/L) 64:8 ± 10:6 192:9 ± 8:3a 121 ± 7:76a,b 111:63 ± 17:1a,b 96:2 ± 7:96a,b 87:36 ± 4:37a,b,c <0.001∗∗

SD: standard deviation; P: probability; ∗significance < 0:05; ∗∗high significance. The test used one-way ANOVA followed by post hoc Tukey. aSignificant
compared to the control group. bSignificant compared to the control SEC group. cSignificant compared to the MTX group. dSignificant compared to the
ZnO-NP group. eSignificant compared to the sorafenib group.
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treated groups compared to the nontreated SEC group tis-
sues as shown in (Table 3). No significant difference was
observed in the NO level between different study groups.
Serum TAC of the SEC group significantly decreased as
compared to that of all treated groups. Moreover, animals
treated by ZnO-NPs combined with sorafenib reversed the
antioxidant enzymes, MDA level, and serum TAC alter-
ations towards the normal ranges compared with different
monotherapy and SEC groups.

3.8. The Probable Anticancer Synergistic Mechanism between
ZnO-NPs and Sorafenib. Figure 4 shows the possible mecha-
nism by which ZnO-NPs synergized with sorafenib to exe-
cute a more effective and safer anticancer activity.

4. Discussion

Tumor treatment represents a challenging goal to find selec-
tive, effective, and safe therapy [29]. Ehrlich carcinoma has
many advantages including the affordable cost, easily repro-
ducible, and accessible to evaluate the efficacy and safety of
anticancer therapies [30].

MTX is one of the most successful anticancer (antineo-
plastic or cytotoxic) chemotherapeutic drugs (used in high
doses), but these doses had severe side effects. Therefore, we
need new drugs with the same efficacy and high safety [31].

In this study, we evaluated the cytotoxic activity of soraf-
enib and ZnO-NPs alone and in combination against solid
Ehrlich carcinoma compared with FDA-approved chemo-
therapeutic agent MTX.

Sorafenib, an oral multiple kinase inhibitor, significantly
induces apoptosis in cancer model process, as well as inhibits
tumor angiogenesis and cell proliferation to exert its antican-
cer activity, but it has severe cytotoxicity, leading to adverse
events [32]. It was approved by the FDA as an effective ther-
apy for advanced renal cell carcinoma in 2006 and advanced
hepatocellular carcinoma in 2007 [33]. Being a multitarget

kinase inhibitor, sorafenib blocks tyrosine kinase signalling
receptors (VEGFR, PDGFR, and RET) and inhibits down-
stream Raf serine/threonine kinase activity to prevent tumor
growth by antiangiogenic, antiproliferative, or proapoptotic
effects that promote tumor cell apoptosis [34].

The previous studies found that ZnO-NPs have the
potential to be used as anticancer therapy by targeting can-
cerous cells, enhancing cytotoxicity and cell death, which
could be used as a foundation for developing new antitumor
therapies [35]. ZnO-NPs did not show any kind of cytotoxic-
ity in the liver and renal tissues when used as an anticancer
agent [36].

It is generally admitted that positively charged nanopar-
ticles have more affinity to be engulfed by cells than neutral
or negative nanoparticles. It is supposedly due to favourable
electrostatic interactions with the negatively charged cell
membrane [37].

ZnO-NP surface has neutral hydroxyl groups which play
an important role in the NP charging behaviour [38]. In alka-
line pH, protons moved away from the metal surface induc-
ing a negatively charged surface partly bonded oxygen atom
(ZnO−); in acidic pH, H+ from the environment are likely
moved to the NP surface, causing a positively charged surface
(ZnOH2

+). Under physiological state (acidic pH of tumor
cells), the isoelectric point from 9 to10 shows that ZnO-
NPs will possess a strongly positive-charged surface [39].
On the other hand, cancer cell outer layer membranes are
characterized by the presence of a large number of anionic
phospholipids [40]. Therefore, ZnO-NPs may be electrostat-
ically attracted to the tumor tissues increasing cellular uptake
of the nanoparticles [35]. In contrast, the normal healthy cells
are either charge-neutral or slightly positive which show
insignificant binding to the NPs [41].

Another important feature is that nanoparticles with
size ≤ 100 nm remain in the circulation for a longer time
and are able to avoid clearance by the reticuloendothelial sys-
tem, also increasing intratumor concentrations [42]. Our

Table 3: Parameters of oxidative stress, cell viability assay, DNA fragmentation, and cytochrome c. Values are expressed as M ± SD of 10
animals in each group.

Parameters SEC MTX ZnO-NPs Sorafenib ZnO-NPs+sorafenib P

Tumor tissue

MTT 0:49 ± 0:06 0:32 ± 0:05a 0:38 ± 0:08a 0:34 ± 0:05a 0:26 ± 0:10a,c <0.001∗∗

DNA content (μg/100mg) 744:5 ± 62:9 421:9 ± 32:7a 532:5 ± 52:5a 621:5 ± 130:4b 365:6 ± 41:9a,c,d <0.001∗∗

Cytochrome c (ng/mL) 0:32 ± 0:05 0:87 ± 0:15a 0:76 ± 0:10a 0:74 ± 0:14a 0:92 ± 0:18a <0.001∗∗

ROS (FU/mg) 380 ± 60 730 ± 31a 530 ± 63a,b 650 ± 72a 790 ± 12a,c <0.001∗∗

NO (nmol/100mg tumor) 82:03 ± 16:6 66:23 ± 14:47 83:10 ± 14:90 72:76 ± 4:32 75:8 ± 15:01 <0.001∗∗

GSH (nmol/100mg tumor) 328:4 ± 28:9 240:5 ± 30:6a 202:5 ± 72:3a 194:9 ± 33:1a,b 175:1 ± 31a,b <0.001∗∗

MDA (nmol/100mg tumor) 10:86 ± 1:20 18:73 ± 1:87a 19:3 ± 1:03a 14:26 ± 1:26a 22:40 ± 1:53a,d <0.001∗∗

CAT (U/g tumor) 170:3 ± 11:2 97:4 ± 9:8a 84:6 ± 5:8a 110:5 ± 8:7a 77:9 ± 5:3a,d <0.001∗∗

SOD (U/g tumor) 8:9 ± 1:5 4:2 ± 1:37a 3:9 ± 1:04a 5:4 ± 1:13a 3:2 ± 1:2a,d <0.001∗∗

Serum TAC (μmol/L) 0:5 ± 0:05 0:91 ± 0:05a 0:8 ± 0:14a 0:54 ± 0:07a,b,c 0:72 ± 0:08a,b,d <0.001∗∗

SD: standard deviation; P: probability; ∗significance < 0:05; ∗∗high significance. The test used one-way ANOVA followed by post hoc Tukey. aSignificant
compared to the control SEC group. bSignificant compared to the MTX group. cSignificant compared to the ZnO-NP group. dSignificant compared to the
sorafenib group.
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data showed that the prepared ZnO-NP particle size average
is equal to 37 nm and the zeta potential of ZnO-NPs was
-22mV; this stability and small particle size uniformity
revealed the ability to target cancerous cells, enhancing cyto-
toxicity and cell death.

Our results are parallel to Xia et al. [43] who reported that
ZnO-NPs induce ROS generation, enhancing cancer cytotox-
icity and cell death. In agreement with other studies, different
used treatment regimens especially the combination therapy
significantly increase ROS levels which leads to oxidative
damage to cellular structures and decreases antioxidant
enzymes SOD and CAT activity in tumor tissue compared
with the SEC group [44] as SOD catalyzes the dismutation
of superoxide anion (O2

−) to H2O2 and O2 [45]; also, CAT
enzyme reduces H2O2 to H2O [43]. Treatment with ZnO-
NPs showed a marked increase in MDA level which indicates
lipid peroxidation and depletion of GSH in ESC tissues; these
findings are in agreement with El-Shorbagy et al. [46].

Measuring the serum TAC may help to identify condi-
tions affecting the oxidative status and the evaluation of
physiological factors. TAC considers the cumulative action
of all the antioxidants present in serum and body fluids, thus
giving an insight into the delicate balance in vivo between
oxidants and antioxidants [47]. Our data showed a signifi-
cant reduction of serum TAC in the SEC and sorafenib

groups due to oxidative stress and which is returning nearly
to the basic state with MTX, ZnO-NPs, and the combined
therapy (ZnO-NPs+sorafenib) with the best result observed
with the combination. Previous parallel studies found that
serum TAC decreased insignificantly in all groups when the
concentration of zinc oxide nanoparticles was increased up
to 200mg/kg compared to the control group [48]. Another
study [49] reported that there was no statistically significant
alteration in serum levels of TAC, after 8 weeks of MTX
dose up to 7.5mg/kg therapy. Furthermore, Eisa et al. [50]
reported that serum TAC of the Ehrlich carcinoma group sig-
nificantly decreased as compared to that of the normal con-
trol group.

Consistent with our results, Diab et al. [51] revealed that
oral administration of sorafenib in a dose of 10mg/kg.b.wt. of
rats daily for 2 weeks causes a significant decrease (P < 0:05)
in total antioxidant capacity compared to the control healthy
group. Moreover, Coriat et al. [52] reported that the sera of
sorafenib-treated hepatocellular carcinoma patients contain
increased levels of advanced oxidation protein products as
sorafenib inhibits the MEK/ERK pathway that controls
ROS production which exerts cytotoxic effects. Conversely,
in animals treated by ZnO-NPs combined with sorafenib,
the serum TAC level returning nearly to the basic state indi-
cated that the combination had a less cytotoxic effect.
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Figure 3: Caspase-3 flow cytometry analysis indicates apoptotic cell population % in all groups. (a) SEC group. (b) MTX group. (c) ZnO-NP
group. (d) Sorafenib group. (e) ZnO-NPs+sorafenib group. (f) Apoptotic cell population (%).
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ROS including H2O2,
⋅OH, and ⋅O2

−may react with nucle-
ophilic centres leading to DNA fragmentation and apoptosis
upregulation, ultimately leading to carcinoma cell death [53].
Our findings agree with Bai et al. [54] who reported a signifi-
cant increase in the DNA damage in the ZnO-NP-treated
group compared with the nontreated SEC group.

The combined therapy of two or more therapeutic agents
is a cornerstone of cancer treatment as it increases efficacy
compared with monotherapy and may decrease the toxic
effects on normal cells [55]. To the best of our knowledge,
the current study was the first to evaluate the antitumor
activity of sorafenib and ZnO-NP combined treatment. Our
results showed that the tumor weight and growth inhibition
rate significantly decreased with the different monotherapy
treatment regimens compared to the nontreated SEC group
as reported in previous studies [19, 56]; moreover, the best
significant reduction in tumor weight (1:07 ± 0:21 g) and
growth inhibition rate (47.23%) was observed in the com-
bined therapy (ZnO-NPs+sorafenib) compared to mono-
therapy which demonstrates that the combined therapy had
the best antitumor activity against SEC.

In the present study, Ehrlich tumor causes alterations in
hematological parameters (Hb%, RBCs, and leucocytes)
mainly due to iron deficiency as reported in previous studies
[57]. Furthermore, our results were consistent with Boren-

tain et al. [58] and Mutar et al. [59] who reported that SEC
has led to liver and renal injury and marked changes in
the liver and renal function in mice through an elevation
in the levels of ALT, AST, urea, and creatinine. Conversely,
animals treated by ZnO-NPs combined with sorafenib
reversed the hematological and biochemical parameter alter-
ations towards the normal ranges compared with different
monotherapy and SEC groups which indicates a protective
action on the liver, kidney, and the hematopoietic system
against tumor cells in SEC mice.

The antiproliferative effect was determined using theMTT
assay, which links directly to the mitochondrial enzymes [60].
Our results showed a significant reduction in cancer cell via-
bility in the treated groups compared with the nontreated
SEC group. Moreover, the highest reduction in cell viability
was observed in the group treated with the combined therapy
compared tomonotherapy as ZnO-NPs synergized with soraf-
enib to execute the best antitumor activity.

ZnO-NPs induce oxidative damage of the plasma
membrane which causes the loss of mitochondrial mem-
brane potential, increased intracellular Ca2+ level, and
release of cytochrome c which leads to the activation of
caspases that enter the mitochondrial matrix to cleave
key substrates in the electron transport chain [61]. Further-
more, sorafenib initiated apoptosis by cleavage of caspases
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Figure 4: Schematic diagram of the probable mechanism of synergy between ZnO-NPs and sorafenib. Sorafenib has antagonist effect on
vascular endothelial growth factor receptor (VEGFR-β), platelet-derived growth factor receptor (PDGFR), fibroblast growth factor
receptor (FGFR), epidermal growth factor receptor (EGFR), protooncogene B-Raf, and protein kinase B-1 (AKT-1). However, ZnO-NPs
are involved in reactive oxygen species (ROS) generation and increased cell wall lipid peroxidation (LPO) leading to cytotoxic and
genotoxic effects. MEK: mitogen-activated protein kinase; ERK: extracellular signal-regulated kinase; PI3K: phosphatidylinositol-3-kinase;
PDK1: pyruvate dehydrogenase lipoamide kinase isozyme 1; mTOR: mammalian target of rapamycin; p53: tumor protein p53; BAD: BCL-
2-associated death promoter.
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and the mitochondrial release of cytochrome c [62]. Our
data showed a marked increase in cytochrome c level and
caspase-3 in the SEC tissues with both monotherapy and
combination compared with the nontreated SEC group with
the highest expression in the combined therapy group, as
ZnO-NPs synergized with sorafenib inducing upregulation
of cytochrome c and caspase-3 gene expression causing
tumor cell death.

5. Conclusion

Finally, we conclude that ZnO-NPs synergized sorafenib to
execute safer and effective antitumor activity leading to SEC
growth reduction as shown in Figure 4 with a low cytotoxic
effect on normal cells. Therefore, new therapeutic strategies
for cancer treatment including ZnO-NPs combined with
sorafenib could be developed. Moreover, long-term toxicity
studies are required to rule out any long-term side effects
regarding the combination.
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Alzheimer’s disease (AD) is the most common neurodegenerative disease. The accumulation of amyloid beta (Aβ) is the main
pathology of AD. Metformin, a well-known antidiabetic drug, has been reported to have AD-protective effect. However, the
mechanism is still unclear. In this study, we tried to figure out whether metformin could activate insulin-degrading enzyme
(IDE) to ameliorate Aβ-induced pathology. Morris water maze and Y-maze results indicated that metformin could improve the
learning and memory ability in APPswe/PS1dE9 (APP/PS1) transgenic mice. 18F-FDG PET-CT result showed that metformin
could ameliorate the neural dysfunction in APP/PS1 transgenic mice. PCR analysis showed that metformin could effectively
improve the mRNA expression level of nerve and synapse-related genes (Syp, Ngf, and Bdnf) in the brain. Metformin decreased
oxidative stress (malondialdehyde and superoxide dismutase) and neuroinflammation (IL-1β and IL-6) in APP/PS1 mice. In
addition, metformin obviously reduced the Aβ level in the brain of APP/PS1 mice. Metformin did not affect the enzyme
activities and mRNA expression levels of Aβ-related secretases (ADAM10, BACE1, and PS1). Meanwhile, metformin also did
not affect the mRNA expression levels of Aβ-related transporters (LRP1 and RAGE). Metformin increased the protein levels of
p-AMPK and IDE in the brain of APP/PS1 mice, which might be the key mechanism of metformin on AD. In conclusion, the
well-known antidiabetic drug, metformin, could be a promising drug for AD treatment.

1. Introduction

Alzheimer’s disease (AD), a progressive neurodegenerative
disease with a high incidence rate in this century, has cogni-
tive and functional ability decline with the disease progress.
AD is mainly characterized by the accumulation of amyloid

beta (Aβ) plaques and neurofibrillary tangles (NFTs) in the
brain [1–3]. Accumulation of Aβ, which is generated from
the amyloid precursor protein (APP), is the main hallmark
of AD [4]. Thus, targeting Aβ is leading to a potential thera-
peutic strategy [5]. However, a series of clinical trials, such as
inhibitors of β-secretase (BACE1) or γ-secretase (PS1), have
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failed [6, 7]. Promoting the degradation or clearance of Aβ is
considered as an alternative therapeutic strategy [8].

Diabetes mellitus (DM) is also associated with a higher
risk of AD [9, 10], in which insulin deficiency or insulin resis-
tance may be responsible. Metformin, as a major antidiabetic
drug, has been demonstrated to reduce β-secretase activity,
promote phospho-thr-231-tau degradation, and influence
mitochondrial function [10–14]. Recently, some molecules,
which are widely studied in diabetes, have been proved to
affect Aβ clearance, including insulin-degrading enzyme
(IDE), neprilysin (NEP), receptor for advanced glycation
end products (RAGE), and matrix metalloproteinases
(MMPs) [15–19]. Among these molecules, IDE plays an
important role in both diabetes and AD. Loss-of-function
mutation in the IDE gene can lead to impaired degradation
of Aβ [20]. Colocalization and codeposition of IDE with
Aβ plaques can be found in the AD brain. Inhibition of
IDE in the brain is identified as one of the major factors
involved in the crosstalk between DM and AD [21]. How-
ever, whether metformin could protect against AD through
the IDE pathway is still unknown.

APPswe/PS1dE9 (APP/PS1) double transgenic mice were
used for the study. The APP/PS1 mouse exhibits the Aβ pla-
que formation and memory impairment, which is similar to
clinical phenotype [22], including memory deficits, anxiety,
hyperactivity, and social interaction impairment. Metformin,
an experimental therapy, was used to explore the hypothesis
that metformin protects against AD via IDE signaling in
APP/PS1 mice.

2. Material and Methods

2.1. Materials. Metformin and Thioflavin T (ThT) reagent
were purchased from Sigma-Aldrich (Saint Louis, MO,
USA). A BCA protein assay kit and superoxide dismutase
(SOD) assay kit were obtained from Beyotime Biotechnol-
ogy. The malondialdehyde (MDA) Assay Kit (TBA method)
was purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). qPCR reagents and ECL kit were
purchased from Invitrogen. All the antibodies were obtained
from Cell Signaling Technology, Inc. (Danvers, MA, USA).

2.2. Animals and Treatments. The 7-month-old male
APP/PS1 double transgenic mice and wild-type mice
(C57BL/6) were obtained from the Model Animal Research
Institute of Nanjing University (Nanjing, China) and
maintained at the laboratory animal center of Guangzhou
Medical University under the standard housing conditions
with free access to food and water. The animal management
was approved by the Institutional Animal Care and Use
Committee of Guangzhou Medical University (SCXK2019-
0013). All mice were randomly divided into three groups:
wild type (WT, n = 15), APP/PS1 (n = 15), and APP/PS1
+metformin (200mg/kg/day, n = 15) [23, 24]. After oral drug
administration for 8 weeks, mice were performed behavioral
tests and subsequently sacrificed for the collection of brains.

2.3. Morris Water Maze Test. The Morris water maze test was
performed to evaluate the spatial memory performance. The

opaque platform with a diameter of 10 cm was positioned
1 cm beneath the water surface. The duration of training
and testing session was 60 s. In the training session, mice
completed four trials daily with at least 20 minutes of interval
between two trials for six consecutive days. Each mouse was
released into the water by facing the wall in one of the four
quadrants. If the mouse failed to reach the platform within
60 s, it would be directed to the platform and stay there for
15 s. In the testing session, the platform was removed from
the pool and the mice were allowed to search for the platform
for 60 s. A computerized video imaging analysis system
(Feidi, Guangzhou) was used to record and analyze the
swimming paths in the maze.

2.4. Y-Maze Test. The Y-maze test was performed to evaluate
the working memory performance. The apparatus con-
sisted of three arms (one start arm and two goal arms)
of 30 × 10 × 20 cm connected by an intersection. The dura-
tion of training and testing session was 2min. Before the
training and testing sessions, the body weight of mice would
reduce to 90% by food restriction. In the training session, mice
completed 10 trials daily with at least 20min interval between
two trials for four consecutive days. Prior to the reward alter-
nation testing session, each mouse would consume the food
which was filled at the end of the arm for 4-6 times to habitu-
ate to the maze. The choice for each goal arm should be given
equally, and the percentage of correct choices would be calcu-
lated to analysis.

2.5. 18F-FDG PET Imaging. After 8 weeks of metformin
administration, the microPET-CT was used to evaluate brain
glucose uptake. 18F-Fluordeoxyglucose (18F-FDG) was intra-
peritoneally injected into animals. The mice were scanned by
using a Focus 220 microPET scanner (Siemens Medical Solu-
tions USA, Inc., Knoxville, TN, USA). Dynamic scans were
conducted for 1 h. PET images were reconstructed using the
microPET-CT manager (Siemens Medical Solutions USA,
Inc.). To evaluate relative glucose metabolism, the ratio of
the SUV standardized uptake value was obtained by dividing
the SUV of each region with the SUV of the whole brain.

2.6. ELISA. Brain tissues were homogenized with saline,
containing a cocktail of protease inhibitors. Samples were
centrifuged by 12000 × g for 15min. The supernatants were
measured for IL-1β, IL-6 (Thermo Fisher Scientific), Aβ1-
40, Aβ1-42 (Invitrogen), and α-, β-, and γ-secretases (R&D
Systems, USA) by using the ELISA kits according to the man-
ufacturer’s proposals.

2.7. ThT Staining. The sections were washed three times in
PBS at room temperature and then incubated with a ThT
reagent (50μM) for 30min. After washing three times in
PBS, the sections were captured by a fluorescence microscope
(Leica).

2.8. Measurement of SOD and MDA. The brain tissues were
homogenized and centrifuged by 12000 × g for 15min. The
supernatants were used to test SOD activity and MDA level
according to the kit instructions (Nanjing Jiancheng Bioengi-
neering Institute).
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2.9. qPCR. Total RNA from brain tissues were extracted using
a TRIzol reagent. Reverse transcription was treated with an
ExScript RT Reagent Kit (Invitrogen). Real-time PCR analy-
sis was undertaken using SYBR Premix Ex Taq (Invitrogen).
The transcriptions were investigated for several target genes,
including synaptophysin (Syp): For 5′-GTGCTGCAATG
GGTCTTCG-3′ and Rev 5′-CCGTGGCCAGAAAGTC
CAG-3′; nerve growth factor (Ngf): For 5′-CAAGGACGC
AGCTTTCTATACTG-3′ and Rev 5′-CTTCAGGGACA
GAGTCTCCTTCT-3′; brain-derived neurotrophic factor
(Bdnf): For 5′-TACTTCGGTTGCATGAAGGCG-3′ and
Rev 5′-GTCAGACCTCTCGAACCTGCC-3′; a disintegrin
and metalloproteinase domain-containing protein 10
(ADAM10): For 5′-TTCTCCCTCCGGATCGATGT-3′ and
Rev 5′-ATACTGACCTCCCATCCCCG-3′; beta-secretase 1
(BACE1): For 5′-ACTTTACACTCTGTTCTGGGTGG-3′
and Rev 5′-ACCACAAAGCCTGGCAATCTC-3′; presenilin
1 (PS1): For 5′-AATGACGACAACGGTGAGGG-3′ and
Rev 5′-CCAGATTAGGTGCTTCCCCG-3′; low-density
lipoprotein receptor-related protein 1 (LRP1): For 5′-GGAC
CACCATCGTGGAAA-3′ and Rev 5′-TCCCAGCCACG
GTGATAG-3′; receptor for advanced glycation end products
(RAGE): For 5′-GGACCCTTAGCTGGCACTTAGA-3′
and Rev 5′-GAGTCCCGTCTCAGGGTGTCT-3′; and β-
actin: For 5′-AGAGCTACGAGCTGCCTGAC-3′ and Rev
5′-AGCACTGTGTTGGCGTACAG-3′.

2.10. Western Blotting. The fresh brain tissues were homoge-
nated with RIPA buffer containing 1% phenylmethanesulfo-
nyl fluoride and phosphatase inhibitors. The samples was
separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto PVDF mem-
branes. The blotting membranes were blocked with 5%
BSA. The membranes were incubated at 4°C overnight with
the following primary antibodies: anti-p-AMP-activated pro-
tein kinase (AMPK), anti-AMPK, anti-IDE, anti-NEP, and
anti-β-actin. All the antibodies were purchased from CST.
The membranes were incubated with a secondary antibody
at room temperature. The membranes were covered with
mixed liquid from the ECL Chemiluminescent Substrate
Reagent Kit. The bands were scanned by a luminescent image
analyzer (Invitrogen).

2.11. Statistical Analysis. All statistical analyses were
conducted by SPSS 20.0 software. One-way analysis of
variance (ANOVA) and Student t-test were used to analyze.
Data were expressed as means ± SEM. p < 0:05 was consid-
ered significant.

3. Results

3.1. Metformin Ameliorates Learning and Memory
Dysfunctions in APP/PS1 Mice. To prove the therapeutic
effect of metformin on APP/PS1 mice, the Morris water maze
and Y-maze tests were used to assess the cognitive function.
Results showed that APP/PS1 mice suffered an obvious
decline in cognitive function. Metformin could significantly

improve escape latency, increase the crossing times, and
shorten the time of finding the platform (Figures 1(a)–1(c)).
Swimming speed differences among the three groups did not
have any statistical significance (Figure 1(d)). In the Y-maze
test, APP/PS1 mice showed a significant downward trend in
spontaneous alternation, compared to the WT group. After
metformin treatment, the mice exhibited better performance
than the APP/PS1 group (Figure 1(e)).

3.2. Metformin Improves Brain Function in APP/PS1 Mice.
Decreased glucose metabolism is the characteristic symptom
of AD. 18F-FDG-PET was used to evaluate the cerebral
metabolism. As shown in Figure 2, microPET-CT imaging
suggested that 18F-FDG uptake intensity was sharply
decreased in the brain of APP/PS1 mice. Metformin remark-
ably increased 18F-FDG uptake in the brain of APP/PS1 mice.
In addition, the mRNA expression levels of neurotrophic fac-
tors (Bdnf and Ngf) and synaptic factor (Syp) were signifi-
cantly reduced in APP/PS1 mice (Figures 3(a)–3(c)).
Metformin significantly improved the mRNA expression
levels of neurotrophic factors and synapse-related proteins.

3.3. Metformin Reduces Oxidative Stress and Inflammation in
the Brain of APP/PS1 Mice. Neural oxidative stress and
inflammation are the key pathologies of AD [25]. In the brain
of APP/PS1 mice, the level of MDA was increased, and the
activity of SOD was reduced (Figures 4(a) and 4(b)). Metfor-
min significantly relieved the oxidative stress status. In addi-
tion, the levels of inflammatory markers, IL-1β and IL-6,
were significantly increased in the brain of APP/PS1 mice
(Figures 4(c) and 4(d)). Metformin reduced the levels of IL-
1β and IL-6. These data suggested that metformin could
inhibit oxidative stress and inflammation in APP/PS1 mice.

3.4. Metformin Reduces Aβ Accumulation in the Brain of
APP/PS1 Mice. The accumulation of Aβ is the main patho-
logical feature of AD. The brain of APP/PS1 mice is over-
loaded with Aβ. Thus, Aβ levels were further studied.
ELISA results indicated that metformin effectively reduced
the levels of Aβ1-40 and Aβ1-42 in the brain of APP/PS1
mice (Figures 5(a) and 5(b)). ThT staining results further
confirmed that metformin ameliorated Aβ accumulation in
the brain of APP/PS1 mice (Figure 5(c)). These were strong
evidences that metformin could reduce Aβ accumulation in
APP/PS1 mice.

3.5. Metformin Activates AMPK and Increases IDE in the
Brain of APP/PS1 Mice. We next studied how metformin
influences Aβ metabolism. Sequential cleavage of the APP
by β- and γ-secretases can produce Aβ [26]. Thus, we firstly
detected these secretases. ELISA results showed that metfor-
min had no effect on α-, β-, or γ-secretase (Figures 6(a)–
6(c)). The mRNA expression levels of ADAM10, BACE1,
and PS1 were also tested. Metformin did not affect these gene
expression levels except for a slight decrease of BACE1
(Figures 6(d)–6(f)). We next detected the Aβ transportation-
related gene. Results showed that metformin also had no effect
on the mRNA expression levels of LRP1 and RAGE
(Figures 6(g) and 6(h)). In addition, IDE and NEP, as the
degrading enzymes of Aβ, are other key aspects of the process
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of Aβ clearance. We assessed the protein expression levels of
IDE and NEP in the brain of APP/PS1 mice (Figure 7). The
IDE and NEP expression levels were significantly decreased
in APP/PS1 mice compared to wild-type mice. Metformin sig-
nificantly increased the expression level of IDE, but not NEP,
in the APP/PS1 mice. Previous studies have reported that the
AMPK pathway is involved in metformin effect [24, 27–30].
Our results verified this phenomenon.Metformin significantly
increased the protein expression level of p-AMPK. These data
suggested that the IDE signaling pathway might participate in
the neuroprotective effect of metformin.

4. Discussion

In this study, we verified that the antidiabetic drug, metfor-
min, could effectively ameliorate AD symptom in APP/PS1
double transgenic mice. After 8 weeks’ treatment, we found
that metformin could relieve learning and memory dysfunc-
tion and improve brain function. Meanwhile, metformin sig-
nally inhibited oxidative stress and neuroinflammation.
Furthermore, metformin activates AMPK and increases
IDE in the brain of APP/PS1 mice, which might be the key
neuroprotective mechanism of metformin.

1
0

20

Es
ca

pe
 la

te
nc

y 
(s

)

40

60

2 3 4
Day

WT
APP/PS1⁎⁎

Metformin##

5

(a)

WT
0

10

20

30

##

Ti
m

e s
pe

nt
 in

ta
rg

et
 q

ua
dr

an
t (

s)

APP/PS1 Metformin

⁎⁎

(b)

0

2

4

6

Cr
os

sin
g 

tim
es

of
 th

e p
la

tfo
rm

 (n
)

##

WT APP/PS1 Metformin

⁎⁎

(c)

0

5

10

15

20

25

WT APP/PS1

Sw
im

m
in

g 
sp

ee
d 

(c
m

/s
)

Metformin

(d)

0

30

60

90

Sp
on

ta
ne

ou
s a

lte
rn

at
io

n 
(%

)

#

WT APP/PS1 Metformin

⁎⁎

(e)

Figure 1: Metformin improves learning and memory impairment in APP/PS1 mice. (a) Escape latency of the five-day Morris water maze. (b)
Time spent in the target quadrant in the Morris water maze. (c) Crossing times of the target platform in the Morris water maze. (d) Swimming
speed in the Morris water maze. (e) Percentage of spontaneous alternation of Y-maze. Data represent the mean ± SEM (n = 15 per group).
∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 vs. WT; #p < 0:05, ##p < 0:01, and ###p < 0:001 vs. APP/PS1.
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Aβ accumulation is the main pathology of AD, which can
cause the cascade reaction and induce neural apoptosis [31].
Studies have shown that metformin is beneficial for AD
patients [10–12]. In this experiment, we further investigated
the neuroprotective mechanism of metformin on APP/PS1
mice. We did the preliminary experiments: different dosages
of metformin (25, 50, 100, and 200mg/kg/day) were given to
APP/PS1 mice. Morris water maze test results indicated that
metformin (200mg/kg/day) was the best dosage (data not
shown), which was consistent with previous studies [23, 24].
Behavioral studies (Morris water maze and Y-maze) con-

firmed that metformin could significantly improve learning
andmemory in APP/PS1mice, which was consistent with pre-
vious studies. In addition, metformin improved cerebral
metabolism and brain function and reduced the level of Aβ.

Aβ accumulation exacerbates oxidative damage and
inflammation. Aβ can increase the synthesis of the superox-
ide anion, reduce the activity of catalase and SOD, activate
MDA production, and finally produce reactive oxygen spe-
cies [30]. In our findings, we found that the contents of
MDA were significantly increased and SOD activity was sig-
nificantly decreased in APP/PS1 mice. After metformin
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Figure 2: Metformin improves glucose metabolism in APP/PS1 mice. (a) PET-CT images. (b) 18F-FDG uptake of mice brains. Data represent
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treatment, oxidative stress was relieved. Aβ accumulation
can increase the levels of IL-1β and IL-6, the proinflamma-
tory factors, in APP/PS1 mice [32, 33]. Neuroinflammation
can also exacerbate AD pathology [25]. In this study, metfor-
min reduced the levels of IL-1β and IL-6 in APP/PS1 mice.

Aβ production is strongly linked with α-, β-, and γ-secre-
tases [26]. When APP is proteolytically processed by β- and
γ-secretases, Aβ production is increased. When the activity
of α-secretase is increased, Aβ production is inhibited. Aβ

transportation is another way of Aβ metabolism. RAGE
and LRP1 are the two main molecules, which participate in
Aβ transportation [34]. In this study, both ELISA and qPCR
results showed that metformin had little influence on α-, β-,
and γ-secretases and RAGE and LRP1, except for a small
reduction in BACE1 expression, which was consistent with
a previous study [11]. These results indicated that except
Aβ production and transportation, other signaling pathways
might also be involved in the effect of metformin.
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Figure 6: Metformin has no effect on Aβ production and transportation-related genes in APP/PS1 mice. The activities of (a) α-, (b) β-, and
(c) γ-secretases. The mRNA expressions of (d) ADAM10, (e) BACE1, (f) PS1, (g) LRP1, and (h) RAGE. Experimental values were expressed as
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AMPK is a crucial factor in the regulation of intracellular
systems [30]. AMPK activation can enhance anti-
inflammatory effect, which might be regulated by AMPK/m-
TOR and AMPK/NF-κB signaling pathways [24, 27–30]. Met-
formin was supposed to have a potential pharmacological
effect, due to AMPK activation [35]. In some studies, AMPK/-
SIRT1 takes part in the nonamyloidogenic pathway to
improve AD [36]. In this study, metformin obviously activated
AMPK in the brain of APP/PS1 mice. In regard to Aβ clear-
ance, IDE and NEP are the main cellular degrading enzymes
of Aβ. Early findings showed that IDE could regulate Aβ
and insulin levels in vivo [37]. The major locations of IDE
are the cytosol, mitochondria, and peroxisomes [38]. IDE is
specific toward β-structure-forming substrates of toxic oligo-
mers (Aβ) [39]. The activity of IDE in the brain decreases with
age and during early stages of AD. Overexpression of IDE in
transgenic mice can prevent amyloid plaque formation [40].
Inhibition of IDE is identified as one of the crosstalk between
T2D and AD [21]. In our findings, the protein expression
levels of IDE and NEP were significantly decreased in
APP/PS1 mice. Metformin effectively increased the protein
level of IDE. These data indicated that the IDE pathway might
also participate in the neuroprotective effect of metformin.

In conclusion, we provided the evidence that metformin
had beneficial effects by reducing the Aβ level through the
IDE pathway in APP/PS1 mice. In addition, metformin could
decrease inflammation and oxidative stress. However, further
studies are still needed. Metformin might offer a new prom-
ising avenue in AD treatment.
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Methamphetamine (METH) leads to nervous system toxicity. Long-term exposure to METH results in damage to dopamine
neurons in the ventral tegmental area (VTA), and depression-like behavior is a clinical symptom of this toxicity. The current
study was designed to investigate whether the antioxidant tertiary butylhydroquinone (TBHQ) can alleviate neurotoxicity
through both antioxidative stress and antiapoptotic signaling pathways in the VTA. Rats were randomly divided into a control
group, a METH-treated group (METH group), and a METH+TBHQ-treated group (METH+TBHQ group). Intraperitoneal
injections of METH at a dose of 10mg/kg were administered to the rats in the METH and METH+TBHQ groups for one
week, and METH was then administered at a dose that increased by 1mg/kg per week until the sixth week, when the daily
dosage reached 15mg/kg. The rats in the METH+TBHQ group received 12.5mg/kg TBHQ intragastrically. Chronic exposure
to METH resulted in increased immobility times in the forced swimming test (FST) and tail suspension test (TST) and led to
depression-like behavior. The production of reactive oxygen species (ROS) and apoptosis levels were increased in the VTA of
animals in the METH-treated group. METH downregulated Nrf2, HO-1, PI3K, and AKT, key factors of oxidative stress, and
the apoptosis signaling pathway. Moreover, METH increased the caspase-3 immunocontent. These changes were reversed by
treatment with the antioxidant TBHQ. The results indicate that TBHQ can enhance Nrf2-induced antioxidative stress and
PI3K-induced antiapoptotic effects, which can alleviate METH-induced ROS and apoptosis, and that the crosstalk between
Nrf2 and PI3K/AKT is likely the key factor involved in the protective effect of TBHQ against METH-induced chronic nervous
system toxicity.

1. Introduction

Methamphetamine (METH) is a highly addictive drug that
adversely impacts physical functions, brain functions, cog-
nition, and social support. Dependence on this drug is dif-
ficult to treat [1, 2] because of the severity of METH
withdrawal symptoms. In contrast to METH withdrawal,
which is characterized by sedation and depression, chronic
METH exposure is well correlated with increased depression
and hyperactivity [3] due to the stimulant actions of the drug.
However, stress can trigger paradoxical depression during
METH withdrawal despite the fact that the stimulant effect
of the drug is no longer present [4, 5]. Current evidence indi-

cates that this neurotoxic effect of METH is due to the
damage it induces in the dopaminergic (DAergic) nervous
system. METH competes with dopamine (DA) uptake, stim-
ulates DA efflux via the dopamine transporter (DAT) [6],
and decreases tyrosine hydroxylase (TH) activity [7]. When
administered in chronic doses, METH induces long-term
deficits in striatal DAergic markers, including the DAT,
TH, DA, and DAmetabolites [8–11]. To some extent, the loss
of DAT, TH, DA, and its metabolites is due to DAergic neu-
ron damage and the physical loss of axons [12], which is a
cause of several mental diseases and plays central roles in
the predisposition of chronic METH users to the develop-
ment of depression-like behavior. DA neurons project from
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the ventral tegmental area (VTA), which is an important part
of the mesolimbic DA system [13] and a key modulator of
motivated behaviors, reinforcement learning, and reward
processing [14, 15]. Dysfunction of this system has been
implicated in neuropsychiatric disorders such as substance
abuse disorders [16, 17] and depression [18]. While METH
addiction has led to intense study of the influence of VTA
DA neuron damage on abuse behaviors, much less is known
about the relationship between METH-induced depression-
like behavior and VTA DA neuron injury.

METH-induced neurotoxicity may be related to apopto-
sis [18], oxidative stress (OS) [19, 20], and inflammatory
changes [21]. The oxidative damage-inducing action of
METH may be mediated in part by reactive oxygen species
(ROS) [22]. Others have shown that exposure to METH
increases the content of malondialdehyde, a product of lipid
peroxidation by ROS, in brain regions of METH-exposed rats
[23] and METH users [24]. Additionally, some studies have
shown that METH dependence and the administration of
large doses of METH [25] induce long-term changes in the
brain structure, function, synaptic plasticity [26], and cell
death via apoptotic and neurotoxic effects [27].

Nuclear factor erythroid 2-related factor-2 (Nrf2) is a
fundamental regulator of antioxidant response element-
dependent transcription and plays a significant role in the
cellular adaptive response to OS [28]. Under unstressed con-
ditions, a low level of Nrf2 is maintained by Kelch-like ECH-
associated protein 1, while under OS conditions, Nrf2 is
released to activate antioxidant response elements, e.g., heme
oxygenase-1 (HO-1), in the nucleus [29].

Phosphatidylinositol 3-kinase (PI3K) is involved in vari-
ous cellular functions, such as cell growth, proliferation, dif-
ferentiation, motility, and survival, by activating protein
kinaseB (also knownasAKT) [30].Various reports havedem-
onstrated that the activation of the AKT signaling pathway in
different cell types is sufficient to prevent cell death induced by
various apoptotic stimuli or to inhibit growth factor-induced
cell survival by significantly inhibiting AKT signaling. Studies
have reported that activated nuclear Nrf2, in addition to hav-
ing antiapoptotic effects, further regulates several endogenous
redox-regulated enzymes, such as HO-1 and glutathione
cysteine ligase modulatory subunit (GCLM), via phosphory-
lated PI3K and phosphorylated AKT [31, 32]. Based on these
findings, we hypothesize that Nrf2-PI3K is likely the key
crosstalk factor linked toOS and apoptosis induced byMETH.

Tertiary butylhydroquinone (TBHQ), a commonly used
food antioxidant permitted by China (Health Standard
GB2760.2011), is widely found in oils, biscuits, and other
foods. The bodily oxidation of TBHQ can provide H+ radi-
cals, which can stop the reaction and thus play an antioxidant
role [33]. Furthermore, TBHQ induces phase II enzymes and
the Nrf2 signaling pathway and shows remarkable antioxi-
dant activity in various cell types and tissues. TBHQ was
reported to reduce OS-induced injury in mice with diabetes
by activating the Nrf2/ARE pathway [34] and to reduce the
apoptosis of human neural stem cells and other cell types
[35]. TBHQ also demonstrated the ability to repair nerve
cells in the brains of mice with brain injury [36]. Therefore,
in the current study, a model of chronic METH exposure

was established, and TBHQ was administered. Our hypothe-
sis was tested, and the findings indicated that chronic METH
exposure can induce DA neuron damage, probably via
increasing OS and apoptosis, and that these changes can be
alleviated by TBHQ.

2. Materials and Methods

2.1. Chronic Methamphetamine Exposure. Thirty male Wis-
tar rats (200 ± 10 g) were purchased from the Animal
Resource Center of China Medical University (certificate
number: Liaoning SCSK 2012-0005). All 30 rats were ran-
domly divided into a control group, a METH-treated group
(METH group), and a TBHQ administration group (METH+
TBHQ group). During the first week, intraperitoneal injec-
tions of methamphetamine at a dose of 10mg/kg were
administered to the rats in the METH and METH+TBHQ
groups, and METH was then administered twice per day
for 6 weeks at a dose that increased by 1mg/kg per week until
the sixth week, when the daily dose reached 15mg/kg [37,
38]. Furthermore, the rats in the control group were injected
with an equal volume of a 0.9% physiological saline solution.
After the administration of METH, the rats in the METH+
TBHQ group then received 12.5mg/kg TBHQ intragastri-
cally. The rats in the control and METH groups were intra-
gastrically administered an equal volume of 0.5% gum
tragacanth. All animals were housed in a room with con-
trolled temperature (18–22°C) and humidity (50%–70%) on
an alternating 12h light/12 h dark cycle and provided solid
food and water ad libitum. All procedures were performed
in accordance with the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health (NIH), and
all protocols were approved by the Institutional Animal Care
and Use Committee of Dalian Medical University. A sche-
matic representation of protocols, treatments, behavioral
tests, and biochemical analysis is presented in Figure 1.

2.2. Forced Swimming Test (FST). The FST was performed
according to previous reports [39, 40]. The behavioral appa-
ratus consisted of a cylindrical tank with water, and the mice
could not touch the bottom of the tank or escape. The tank
was made of transparent Plexiglas that was 30 cm high and
20 cm in diameter and filled with water at 22 ± 2°C to a depth
of 19 cm. The mice were placed in the cylinder for 5min, and
the session was recorded. The water was replaced with clean
water after each test. Three predominant behaviors were
observed in the FST: immobility (when a mouse floated in
the water without struggling and moved only enough to keep
its head above the water), swimming (when a mouse moved
horizontally in the swim cylinder, including crossing into
another quadrant), and climbing (upward-directed move-
ment of the forepaws, usually against the side of the swim cyl-
inder) [39, 41]. Scoring was performed by an independent
observer who was blinded to the treatment conditions. The
total time spent engaged in each activity was analyzed.

2.3. Tail Suspension Test (TST). The TST was performed
according to previous reports [42]. Each mouse was individ-
ually suspended by the tail to a vertical bar. The animals were
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fastened by the tail for 6min. The total duration of immobil-
ity was recorded during the last 4min of the 6min long test-
ing period. The mouse was judged to be immobile when it
ceased moving its limbs and body, making only those move-
ments necessary to breathe. The immobility time was scored
in real time by an independent observer who was blinded to
the treatments.

2.4. Immunohistochemistry (IHC). Rats were overdosed with
sodium pentobarbital and transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde. Their brains were
then extracted and postfixed in 4% paraformaldehyde in
deionized water before being transferred to gradient alcohol
solutions for dehydration. After dehydration, the brains
were embedded in paraffin and cut into 10μm thick coronal
paraffin sections. The sections were placed in an oven to
dry for 2 h and stored at room temperature until IHC was
performed [43].

Paraffin sections were hydrated in gradient alcohol solu-
tions before being transferred to ethylenediaminetetraacetic
acid (EDTA) for antigen repair and washed 3 times with
phosphate-buffered saline (PBS). The sections were blocked
with goat serum solution for 15min at room temperature,
incubated overnight at 4°C with rabbit anti-TH (1 : 200,
Proteintech, USA), and washed 3 times with PBS. Then,
the sections were incubated with appropriate amounts of
biotin-labeled goat anti-mouse/rabbit IgG at room tempera-
ture for 20min and washed 3 times with PBS. Subsequently,
the sections were incubated with the appropriate amount of
horseradish peroxidase-labeled streptavidin at room tem-
perature for 20min and washed 3 times with PBS. Diami-
nobenzidine (DAB) solution was applied to the sections
for 10 s–5min, and the sections were washed 3 times with
PBS. Hematoxylin was used to stain the cell nuclei. Five ran-
dom slices were selected from each group, and five randomly
selected visual fields in the VTA region from each slice were
observed. The mean optical density was quantified by Image-
Pro Plus 5.1 software.

2.5. In Situ TdT-Mediated dUTP Nick End Labeling (TUNEL)
Assay. The TUNEL assay was performed on tissues according

to the manufacturer’s instructions (TransGen Biotech,
China). Briefly, deparaffinized tissue sections were washed
with PBS 3 times. One hundred microliters of immunostain-
ing permeate (0.1% Triton X-100) was added and incubated
for 8–10min at ambient temperature followed by washing
with PBS for 5min. Tissues were incubated with 50μl of a
well-mixed labeling solution and 2μl of terminal deoxynu-
cleotidyl transferase (TDT) at 37°C for 60min in the dark
to allow the tailing reaction to occur and then washed with
PBS for 5min 3 times. Then, 100μl of immunostaining per-
meate (0.1% Triton X-100) was added and incubated for
5min at ambient temperature 3 times. One drop of antifade
solution was added to the area containing the treated section,
and the slices were mounted using glass coverslips and left to
dry for 5–10min [44]. Fluorescent cells were quantified by
Image-Pro Plus 5.1 software.

2.6. ROS Staining and Fluorescence Microscopy Imaging. Rats
were overdosed with sodium pentobarbital and transcardially
perfused with 0.9% saline followed by 4% paraformaldehyde.
Their brains were then extracted and postfixed for 3 h in 4%
paraformaldehyde in deionized water before being trans-
ferred to 30% sucrose in deionized water. The brains were
allowed to sink in the sucrose solution and were then cut
on a Leica cryostat into four series of 15μm coronal sections.
Frozen sections were fixed with cold acetone for 15min at
4°C, and the serial sections were stored at -20°C until immu-
nofluorescence (IF) analysis was performed [45].

ROS staining was performed according to the following
specifications: frozen sections were washed with PBS three
times for 10min each, incubated in the probe solution
(DCFH-DA) at 37°C for 30min, washed with PBS, stained
with DAPI, and sealed. The sections were then observed,
and images were taken with a fluorescence microscope.
The fluorescence intensity was quantified by Image-Pro Plus
5.1 software.

2.7. Western Blot Analysis. Nrf2, HO-1, PI3K, AKT, p-AKT,
and caspase-3 were analyzed by Western blotting. Rats were
anesthetized with isoflurane and immediately decapitated.
The brains were quickly dissected, and sagittal sections were
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Figure 1: A schematic representation of protocols, treatments, behavioral tests, and biochemical analysis.
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cut at a thickness of 30μm and stored at -80°C for Western
blot experiments and reverse transcription-polymerase chain
reaction (real-time PCR).

The samples were thawed, washed in ice-cold PBS, and
sonicated in KeyGen lysis assay buffer (KeyGen Biotech,
China). The samples were then sonicated, incubated on ice
for 30min, and centrifuged at 10, 000 × g for 20min at 4°C.
The protein concentration in the supernatant was deter-
mined by a Pierce BCA Protein Assay Kit (Life Technolo-
gies). Equal amounts of protein (20μg) were combined
with loading buffer, boiled for 5min, and loaded onto 8–
12% SDS-PAGEminigels. The separated proteins were trans-
ferred onto PVDF membranes (Merck Millipore, Darm-
stadt, Germany). The membranes were blocked with 5%
nonfat milk in TBST (0.1% Tween 20 in 20mM Tris-HCl,
pH 7.4, and 410mM NaCl) for 2 h at room temperature
and then incubated overnight at 4°C with Nrf2 (1 : 2000,
Proteintech, USA), HO-1 (1 : 2000, Proteintech), PI3K
(1 : 2000, Proteintech), AKT (1 : 2000, Proteintech), p-AKT
(1 : 2000, Proteintech), caspase-3 (1 : 2000, Proteintech), and
β-actin (1 : 200, Abcam, UK). The blots were washed with
TBST three times for 10min each, incubated for 1 h with
horseradish peroxidase-conjugated goat anti-rabbit or goat
anti-mouse IgG (1 : 5000; ZSGB-Bio, China), and washed
with TBST three times for 10min each. The bound antibod-
ies were detected by chemiluminescence using an ECLWest-
ern blotting detection system kit (GE Amersham Biosciences,
Buckinghamshire, UK) and exposed to ChemiDOC™ XRS+
Image Lab™ Software (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) [46].

2.8. Quantitative Real-Time PCR. Total RNA was isolated
from tissues using a TRIzol reagent (TaKaRa, China) accord-
ing to the manufacturer’s instructions and treated with
RNase-free DNase (TaKaRa). Single-stranded cDNA synthe-
sis was performed using AMV Reverse Transcriptase
(TaKaRa). PCR was performed using Taq DNAzyme
(TaKaRa) under standard conditions (10μl of 5x PCR Buffer,
28.75μl of ddH2O, 0.25μl of TaKaRa Ex Taq HS, 0.5μl of
each specific primer, and 10μl of cDNA) using a hot start
at 94°C for 4min; 30 cycles at 94°C for 30 s, 55°C for 30 s,
and 72°C for 1min; and a final extension at 72°C for 10min.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was

coamplified as an internal control in each reaction. The
primers for the target genes were as follows: Nrf2, forward
primer 5′-GTCCAAGGAGCAATTCA-3′ and reverse
primer 5′-TCGTCTTTAAGTGGCC-3′; PI3K, forward
primer 5′-CCACGACGATTGCTCAA-3′and reverse primer
5′-AGCCTGCACAGGAGTAA-3′; and caspase-3, forward
primer 5′-CAATGGTACCGATGTCGATG-3′ and reverse
primer 5′-GACCCGTCCCTTGAATTTCT-3′.

2.9. Statistical Analysis. Independent sample t-tests were per-
formed to detect differences between the mean values of the
groups. Data are expressed as the means ± SEMs for three
independent experiments and were analyzed by GraphPad
Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA,
USA). Differences were considered significant at p < 0:05.

3. Results

3.1. The Antidepressant-Like Effects of TBHQ on a Model of
Chronic METH Exposure. The depressive-like behaviors of
METH-treated rats and METH+TBHQ-treated rats were
evaluated using the FST and TST. The analysis showed that
immobility times in both the FST and TST were significantly
increased in the METH-treated rats compared to the control
rats (p < 0:01 and p < 0:001, respectively). However, com-
pared with the METH-treated rats, the METH+TBHQ-
treated rats showed a decreased immobility time (p < 0:01
and p < 0:01, respectively) (see Figures 2(a) and 2(b)).

3.2. The Administration of TBHQ Rescued Neuronal
Morphology in the VTA. To verify the damage to DA neu-
rons in the VTA induced by METH, we detected the TH
protein immunocontent by immunohistochemistry. The
number of TH-immunolabeled neurons was decreased in
METH-treated rats compared to that in control rats (see
Figure 3(a)). Quantitative analysis showed that the average
optical density was significantly decreased in METH-treated
rats compared with control rats (p < 0:001). Compared
with the METH-treated rats, the METH+TBHQ-treated rats
showed an increased average optical density (p < 0:05) (see
Figure 3(b)).
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Figure 2: The antidepressant-like effects of TBHQ in rats treated with METH: (a) forced swimming test; (b) tail suspension test. The values
represent the means ± SEMs (n = 5). ∗∗p < 0:01, ∗∗∗p < 0:001.
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3.3. The Antiapoptotic Effect of TBHQ in the VTA Induced by
METH.We detected the apoptosis of neurons by the TUNEL
assay to further verify the damage to neurons in the VTA
induced by METH. The number of positive cells with red
fluorescence signals was much higher in the METH group
than in the control group (see Figure 4(a)). Quantitative anal-
ysis showed that the number of positive cells was significantly
increased in METH-treated rats compared with control rats
(p < 0:05) but decreased in the VTA of METH+TBHQ-
treated rats compared with METH-treated rats (p < 0:05)
(see Figure 4(b)).

3.4. The Administration of TBHQ Decreased the Production
of ROS in the VTA. Increased ROS levels are an important
indicator of OS [47]. Figure 5(a) shows ROS staining in the
VTA. The METH-treated rats showed stronger green fluo-
rescence signals than the control rats. Compared to the
METH-treated group, the METH+TBHQ-treated group
showed distinctly less green fluorescence (p < 0:05) (see
Figure 5(b)).

3.5. Effects of TBHQ on the Gene and Protein Levels of Nrf2, a
Key Factor in the Antioxidant Stress Signaling Pathway, in the
VTA of METH-Treated Rats. Changes in the immunocon-
tent of Nrf2 partly reflected the degree of induction and
development of antioxidant stress. Real-time PCR was used
to detect Nrf2. The results showed that the Nrf2 gene was
downregulated in the METH-treated group compared with
the control group (p < 0:05). The Nrf2 gene in the METH+
TBHQ group was upregulated compared with that in the
control group and the METH-treated group (p < 0:05 and
p < 0:05, respectively) (see Figure 6(a)). Western blotting
was used to detect the Nrf2 protein inside and outside the
nucleus. Consistent with the gene level, both the intra- and
extranuclear levels of the Nrf2 protein in the VTA were sig-

nificantly downregulated in the METH-treated group com-
pared with the control group (p < 0:01, p < 0:05). In the
METH+TBHQ-treated group, these levels were upregulated
compared with those in the control group and METH-
treated group (p < 0:05, p < 0:01, p < 0:05, and p < 0:01,
respectively) (see Figure 6(c) and 6(d)).

3.6. TBHQ Increased the Immunocontent of HO-1 in the
VTA of METH-Treated Rats. HO-1, as a downstream factor
regulated by Nrf2 in the Nrf2/HO-1 signaling pathway, was
detected. Compared with that in the control group, the HO-
1 immunocontent in the METH-treated group was downreg-
ulated (p < 0:01), while in the METH+TBHQ-treated group,
the HO-1 immunocontent was upregulated compared with
that in the control group and METH-treated group (p <
0:05 and p < 0:01, respectively) (see Figure 6(b)).

3.7. Effects of TBHQ Treatment on PI3K and Caspase-3
Gene and Protein Immunocontent. The mRNA levels of
PI3K (see Figure 7(a)) and caspase-3 (see Figure 7(b)) were
detected, revealing that PI3K was significantly decreased in
METH-treated rats compared with control rats (p < 0:05).
However, PI3K immunocontent was increased in METH
+TBHQ-treated rats compared with METH-treated and con-
trol rats (p < 0:05 and p < 0:05, respectively). To further illu-
minate the increase in apoptosis, we assessed the mRNA
levels of caspase-3, revealing that they were upregulated in
METH-treated and METH+TBHQ-treated rats compared
with control rats (p < 0:05 and p < 0:05, respectively). Com-
pared with those in METH-treated rats, the mRNA levels of
caspase-3 were obviously reduced in METH+TBHQ-treated
rats (p < 0:05).

Similarly, caspase-3 protein levels were significantly
increased in METH-treated rats compared with control rats,
and PI3K protein levels were decreased (p < 0:01 and p <
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Figure 3: The administration of TBHQ increased the immunocontent of TH during treatment with METH. (a) Representative
immunohistochemical staining for TH in the VTA. (b) TH-positive cells were quantified by the mean optical density values. The data are
expressed as the means ± SEMs of three independent experiments. n = 5. ∗p < 0:05, ∗∗∗p < 0:001.
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0:05). Compared with the METH-treated rats, the METH+
TBHQ-treated rats showed decreased caspase-3 protein
immunocontent and increased PI3K protein immunocontent
(p < 0:01) (see Figures 7(c) and 7(d)).

3.8. Effects of METH and TBHQ Treatment on AKT and
p-AKT in the PI3K/AKT Signaling Pathway. To further
investigate the mechanism by which the antiapoptotic signal-
ing pathway is involved in the effects of TBHQ, Western
blot analysis was performed to detect the immunocontent
of AKT and p-AKT. The results showed that the AKT (see
Figure 8(a)) and p-AKT (see Figure 8(b)) immunocontent
levels were significantly decreased in METH-treated rats
compared with control rats (p < 0:05 and p < 0:05, respec-
tively). However, AKT and p-AKT immunocontent was
increased in METH+TBHQ-treated rats compared with

METH-treated rats and control rats (p < 0:01, p < 0:05, p <
0:05, and p < 0:05, respectively).

4. Discussion

As a powerfully addictive drug, METH damages multiple
organs, such as the brain, heart, and lungs [48–50]. This
study showed that chronic exposure of Wistar rats to
METH increased their immobility times in the FST and
TST, which have good predictive validity and allow the
rapid and economical detection of substances with potential
antidepressant-like activity [51]. METH induced neurotox-
icity in the VTA of rats by increasing ROS and apoptosis,
thus promoting changes in the structure and function of
DA neurons. METH inhibited Nrf2-mediated antioxidative
stress by downregulating Nrf2 and HO-1 and further
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Figure 4: TBHQ alleviated the apoptosis induced byMETH in the VTA. (a) Positive cells with a red fluorescence signal (arrows) were present
in the VTA as determined by the TUNEL assay. (b) Quantitative statistical analysis of TUNEL-positive cells. A minimum of three random
fields per group were used to count and calculate the percentage of positively labeled cells. The data are expressed as the means ± SEMs of
three independent experiments. n = 5. ∗p < 0:05.
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induced apoptosis by decreasing PI3K, AKT, and p-AKT
expression and increasing caspase-3 immunocontent. These
changes were reversed by treatment with the antioxidant
TBHQ through the upregulation of the Nrf2 immunocontent.
TBHQ alleviated METH-induced OS and apoptosis, possibly
through the interaction between Nrf2/HO-1 and PI3K/AKT.
PI3K/Nrf2 is likely the key crosstalk factor between OS and
apoptosis in METH-induced chronic neurotoxicity.

In this study, we found that in the VTA, the ROS levels
in Wistar rats were increased by chronic exposure to
METH but reversed by TBHQ, which is in accordance with
previous reports showing that OS damage in the nervous
system caused by METH can be attenuated by antioxidants
[52]. Redox imbalance and the generation of free radicals
can lead to OS [53]. ROS include ozone (O3), singlet oxy-
gen (1O2), hydrogen peroxide (H2O2), the superoxide anion
radical (O2

-), and the hydroxyl radical (⋅OH) [54]. Many
normal cellular activities produce ROS, and physiologically,
cells eliminate ROS by upregulating antioxidant proteins
such as superoxide dismutase, catalase (CAT), and glutathi-
one peroxidase (GPx) to prevent cell damage [55]. A variety
of exogenous factors, such as environmental toxicants, hyp-
oxia, hyperoxia, and stress stretching, can stimulate the
body to produce excessive ROS. When ROS are not effec-
tively removed by antioxidant enzymes, OS is induced
and damages cells. Therefore, the neurotoxicity of METH
may be due to excessive ROS production caused by chronic
exposure. TBHQ plays an antioxidant role in METH-
induced OS.

To further investigate the antioxidant mechanism of
TBHQ, a novel Nrf2 activator, intra- and extranuclear Nrf2,
in the VTA was detected in the model because it is proved
that TBHQ possesses an oxidizable 1,4-diphenolic structure

that confers its potent ability to dissociate the Keap1-Nrf2
complex [56]. Under normal conditions, Nrf2 is posttran-
slationally and constitutively regulated in the cytoplasm
by its antagonist Keap1 through targeted ubiquitination
[57]. However, upon OS, the activation of Nrf2 results in
the modification of Keap1 cysteine 151 and allows Nrf2 to
translocate into the cell nucleus and recruit small Maf pro-
teins to form a heterodimer [58]. The heterodimer can bind
to the antioxidant response element (ARE) and eventually
transactivate a battery of antioxidant enzymes, such as
NQO1 and HO-1 [59]. We found that METH significantly
decreased the gene and protein immunocontent levels of
Nrf2 and prevented its translocation to the nucleus, which
subsequently decreased the immunocontent of HO-1. How-
ever, the decrease in Nrf2 induced by METH was markedly
reversed by TBHQ treatment. It was also reported that
Nrf2 deficiency exacerbates METH-induced damage to
DA neurons in Nrf2 knockout (Nrf2-/-) mice, indicating
the involvement of Nrf2 in the pathogenesis of METH-
induced neurotoxicity [60]. TBHQ showed the ability to acti-
vate Nrf2-dependent HO-1 gene during inflammation-
induced oxidative stress, which probably restores the cellular
redox homeostasis thereby rendering protection against oxi-
dative stress-mediated cell death [61]. Combining these pre-
vious studies, our results demonstrate that TBHQ may
ultimately reduce the production of METH-induced ROS
by activating the Nrf2/HO-1 pathway, thus playing an anti-
oxidant role in the mouse model of METH chronic exposure.

Furthermore, we found high levels of apoptosis in the
VTA of rats treated with METH. Compared with those in
control rats, the number of DA neurons was reduced and
morphological changes were obvious in the DA neurons of
METH-treated rats. METH significantly increased the
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Figure 5: Effects of METH and TBHQ on ROS in rat VTA cells. (a) ROS production in the VTA was detected by the DCFH-DA assay. Green
indicates a typical positive cell, and blue indicates a nucleus. (b) Statistical analysis of the ROS average optical density; the average optical
density values were used to quantify ROS-positive cells. The data are expressed as the means ± SEMs of three independent experiments.
n = 5. ∗p < 0:05.
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immunocontent of caspase-3. However, the changes were
reversed by TBHQ treatment. The caspase family is a major
player in the apoptotic process. Caspase-3 is located down-
stream of the caspase family cascade and is the apoptotic
executive protein; it can amplify the apoptotic response and
play an important role in the apoptosis family. Caspase-3
activation and high immunocontent can cause apoptosis
[62]. Therefore, these results indicated that TBHQ can par-
ticipate in the protection of DA neurons by inhibiting apo-
ptosis. Based on these results together with those of the
behavioral tests, we deduced that chronic METH stimulation
can cause depression-like behavior in rats by increasing OS-
and apoptosis-induced damage of DA neurons in the VTA.
However, TBHQ attenuated METH-induced neurotoxicity
in DA neurons by increasing and activating antioxidative
stress and antiapoptotic abilities.

PI3K/AKT signaling is crucial for neuronal survival
through the inhibition of apoptosis. PI3K is a Ser/Thr
kinase and phosphatidylinositol kinase [63]. The Ser/Thr
kinase activity of PI3K activates the downstream target
AKT. Once AKT is activated, the biological response of
AKT that controls apoptosis is simultaneously activated
[64]. Research has shown that caspase-3 immunocontent
can be decreased by activating the PI3K/AKT pathway to
exert an antiapoptotic effect and improve neuronal damage
in damaged brain regions [65]. Our data presented herein
revealed that METH decreased the immunocontent of
PI3K, AKT, and p-AKT and that this decrease was markedly
reversed by TBHQ treatment. These results further indicate
that the activation of the PI3K/AKT pathway may participate
in TBHQ-mediated protection to reduce caspase-3 activation
and alleviate apoptosis.
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Figure 6: TBHQ increased the Nrf2 gene and protein immunocontent in the VAT of METH-induced rats. (a) Quantitative PCR analysis of
VTANrf2 mRNA levels. (b) RepresentativeWestern blot images and analysis of HO-1. (c, d) RepresentativeWestern blot images and analysis
of extranuclear and intranuclear Nrf2. The data are expressed as the means ± SEMs of three independent experiments. n = 5. ∗p < 0:05, ∗∗
p < 0:01.
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It has been reported that PI3K/AKT signaling is an
upstream pathway that regulates the nuclear translocation
of Nrf2 [66]. When the body is damaged by OS caused by
ROS, the phosphorylation of Ser/Thr residues is a key for
Nrf2 activation, and PI3K/AKT can phosphorylate these
residues [67]. Lee et al. reported that activation of the
hNQO1-ARE by TBHQ is mediated by PI3K [68]. In the
absence of an inducer, constitutively activated PI3K can also
increase the activity of the Nrf2 target gene NQO1 and the
level of glutathione [69]. In Nrf2 knockout cells, AKT shows
a decreased trend of responsiveness to platelet-derived
growth factor (PDGF) and/or insulin [70]. All of these stud-
ies suggest that the PI3K/AKT pathway increases the antiox-
idative effect of Nrf2. Therefore, we deduced that TBHQ
exerts antioxidative stress and antiapoptotic effects in
METH-induced DA neurons through activating Nrf2/HO-
1 and regulating the PI3K-AKT pathway. Inhibitors of

Nrf2 or PI3K need to be used to further verify this conclu-
sion (see Figure 9).

5. Conclusions

Chronic exposure to METH causes significant damage to DA
neurons in the VTA of experimental rats. The administration
of TBHQ has significant protective effects against METH-
induced damage based on both morphological and behav-
ioral assessments. Our study implies that Nrf2/PI3K is likely
the key crosstalk factor between OS and apoptosis in METH-
induced chronic neurotoxicity. Potentially, TBHQ success-
fully protects DA neurons from METH-induced neurotoxic-
ity via exerting an amplified effect on the Nrf2/HO-1
pathway, thereby reducing OS and protecting the normal sig-
nal transduction of the PI3K/AKT pathway and the antia-
poptotic ability of PI3K/AKT. Concurrently, the PI3K/AKT
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Figure 7: Effects of METH and TBHQ on the gene and protein immunocontent of PI3K and caspase-3. (a) Quantitative PCR analysis
of VTA PI3K mRNA levels. (b) Quantitative PCR analysis of VTA caspase-3 mRNA levels. (c, d) Representative Western blot images
and analysis of PI3K and caspase-3. The data are expressed as the means ± SEMs of three independent experiments. n = 5. ∗p < 0:05,
∗∗p < 0:01.
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pathway increases Nrf2 protein immunocontent and further
enhances the antioxidative capacity via the Nrf2/HO-1
pathway.
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