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Under physiological conditions, a balance between oxidants
and antioxidants exists. Reactive oxygen species (ROS) are
continuously generated by aerobic cells and eliminated
through scavenging systems to maintain redox homeostasis.
Disruption of redox homeostasis results in oxidative stress
and altered ROS signaling. Higher ROS levels can lead to
DNA mutation and genomic instability which can play
causal role in cancer development and progression. These
mutations coupled with distorted redox signaling pathways
orchestrate pathologic events inside cancer cells, resulting
in resistance to stress and death signals, aberrant prolifera-
tion, and inefficient repair mechanisms.

Cancer cells are energy intensive, owing to their high rate
of proliferation. However, due to impaired TCA cycle and
poor blood perfusion, cancer cells switch towards glycolytic
pathway for energy generation termed as “Warburg effect.”
Such pathways lead to a higher oxidative environment. The
oxidative environment is also enhanced by tumor-infiltrating
macrophages and neutrophils. Thus, cancer cells are used to
a high ROS environment. This redox imbalance allows for
protumorigenic cell signaling. In this issue, we explore the
relation between ROS and cancer. The issue comprises of
twenty original articles and comprehensive reviews.

Reactive oxygen species (ROS) mediates cisplatin-induced
cytotoxicity in tumor cells. However, when cisplatin-induced
ROS do not reach cytotoxic levels, cancer cells may develop
chemoresistance. Di Vito et al. reported the association of

ferritin heavy subunit (FHC)-ROS axis with cisplatin resis-
tance in ovarian cancer cells. Thus, implying that inhibition
of FHC might be a potential approach for restoring cisplatin
sensitivity of resistant ovarian cancer cells. The authors
investigated whether the modulation of H-Ferritin might
affect cisplatin-induced cytotoxicity in ovarian cancer cells.
H-Ferritin knockdown strengthened cisplatin-mediated ROS
increase and significantly restored sensitivity resistant ovarian
cancer cells.

Studies by Zhao et al. in osteosarcoma cells found that
metformin (drug for type 2 diabetes) suppressed the self-
renewal ability of osteosarcoma stem cells (OSCs) and
induced G0/G1 phase arrest by blocking the activity of
cyclin-dependent kinases. Metformin triggered apoptosis in
these cells, which promoted cell death via a ROS-dependent
mitochondria-mediated pathway. Hämäläinen et al. investi-
gated the expression of redox regulator nuclear factor
erythroid-2-related factor (NRF)1 and NRF2 in skin lesions
like naevi and melanoma from 172 patients. NRF1 and
NRF2 are transcription factors essential for maintaining
redox homeostasis and coordinating cellular stress responses.
The study found the association of redox microRNAs (miRs)
(miR-144, miR-212, and miR-510) with aggressive mela-
noma feature. This study opens up avenues to test these
redox miRs as possible prognostic value in larger cohorts.
The research article by Pires et al. described label-free mass
spectrometry- (MS) based proteomics of breast cancer (BC)
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plasma to investigate the differences between circulating pro-
teins between chemoresponsive and chemoresistant luminal
A breast cancer. Protein-protein interaction networks were
created utilizing using in silico tools. The study reports inter-
esting findings on differences in inflammatory, complement
system, and oxidative stress pathways in both BC phenotypes
which holds potential clinical implications. Moreira et al.
presented their findings about the antitumor effect of celas-
trol, a natural pentacyclic triterpenoid, in colon cancer cells
with acquired resistant to cytotoxic drugs. Yang et al. have
evaluated the anticancer and anti-invasive properties of
alpha-lipoic acid (ALA) in gastric cancer cells. ALA is a nat-
urally occurring thiol antioxidant which is known to exhibit
antiproliferative and cytotoxic effects on several cancers.
The study found that the Mucin 4 (MUC4) gene was strongly
expressed in human gastric cancer tissues. ALA administra-
tion reduced the proliferation and invasion of human gastric
cancer cells by suppressing MUC4 expression. Helfinger et al.
reported expression of Nox4 in macrophages and the role
played by them in determining the polarization and the
phenotype of macrophages. In the report by Acheva et al.,
authors showed epithelial to mesenchymal transition
(EMT) in lung cancer cells postexposure to oxidative stress
of gamma radiation. The authors conclude that induction
of EMT in bronchial epithelial cells by radiation requires
more than single acute exposure to gamma radiation and that
the presence of stromal component might enhance the effect
through free radical production and accumulation.

Gao et al. investigated the association of nitric oxide
metabolites and lung cancer incidence through a matched
case-control study based on the German ESTHER cohort.
The study deduced that subjects with high urinary nitrite/ni-
trate concentrations had an increased risk of lung cancer.
Butturini et al. highlighted plant-derived Sesquiterpene as a
potential for cancer therapeutics. The authors exhibited that
the compound downregulated STAT3 signaling leading to
an antitumor effect and correlated the anti-STAT3 activity
with their ability to decrease GSH levels in cancer cells. These
properties make them lead compounds for the development
of a new therapeutic strategy for cancer treatment.

In addition to these original works, Kim et al. listed a
comprehensive report on the ROS-inducing strategy in anti-
cancer therapy. The review by Xian et al. summarized the role
of ROS in cutaneous carcinogenesis and skin cancer progres-
sion. Akanji et al. provides a comprehensive account of
hypoxia-inducible factors (HIFs). In the review by Lv et al.,
the authors discussed recent understanding in the involve-
ment of Glutathione (GSH) in cell death pathways such as
apoptosis, necroptosis, ferroptosis, and autophagy. Goh
et al. performed online literature search to identify studies
reporting metabolic biomarkers of aerodigestive squamous
cell carcinomas (ASCC). Akbari et al. have focused on the
role of hydrogen sulfide in bladder, kidney, and prostate
malignancies.

In the review by Tataranni et al., the authors have
addressed the therapeutic potential of dichloroacetate (DCA)
in cancer therapy. DCA is a 150 Dalton, water-soluble acid
molecule, analog of acetic acid in which two of the three
hydrogen atoms of the methyl group have been replaced by

chlorine atoms. The authors have summarized recent reports
suggesting the employment of DCA in cancer therapy, in
combination with chemotherapy agents, radiotherapy, and
other chemical or natural compounds showing anticancer
properties. Paz et al. in their review have discussed the phar-
macological effects and toxicogenetic impacts of omepra-
zole in context of cancer. This extensive report highlights
that omeprazole therapy may induce genomic instability
and increase the risk of certain types of cancer and hence
advocates for taking adequate precautions, especially in
long-term therapeutic strategies. The review by Fiocchetti
et al. focused studies conducted on Neuroglobin (NGB), a
globin primarily described in neurons as an oxidative stress
sensor and cytoprotective factor against redox imbalance.

Although ROS sustain tumorigenesis and cancer progres-
sion, these can also be efficient therapeutic tools to fight
cancer. Oxidative stress-based therapies like radiotherapy,
chemotherapeutic agents, and photodynamic theory increase
ROS levels in the tumor niche and take advantage of the cyto-
toxic face of ROS for killing tumor cells by a nonphysiologi-
cally sudden, localized, and intense oxidative burst. Clinical
efficacy of anticancer therapies is often subdued by multidrug
resistance (MDR). Redox therapy by using redox-active
drugs or inhibitors of inducible antioxidant defense in tumor
microenvironment has reported to be effective against MDR
tumors. Further insight into such redox biology will enable
precisely targeted manipulation of ROS for effective medical
therapies against carcinomas.
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The formation of reactive oxygen species (ROS) by the myeloid cell NADPH oxidase NOX2 is critical for the destruction of
engulfed microorganisms. However, recent studies imply that ROS, formed by NOX2+ myeloid cells in the malignant
microenvironment, exert multiple actions of relevance to the growth and spread of neoplastic cells. By generating ROS, tumor-
infiltrating myeloid cells and NOX2+ leukemic myeloid cells may thus (i) compromise the function and viability of adjacent
cytotoxic lymphocytes, including natural killer (NK) cells and T cells, (ii) oxidize DNA to trigger cancer-promoting somatic
mutations, and (iii) affect the redox balance in cancer cells to control their proliferation and survival. Here, we discuss the
impact of NOX2-derived ROS for tumorigenesis, tumor progression, regulation of antitumor immunity, and metastasis. We
propose that NOX2 may be a targetable immune checkpoint in cancer.

1. Introduction

1.1. Distribution and Function of NOX Enzymes. The NOX
family of enzymes comprises seven structurally conserved
isoforms, i.e., NOX1-5 and DUOX1-2. The only known
function of these transmembrane multicomponent enzymes
is to catalyze the reduction of molecular oxygen to generate
superoxide (O2

-) or hydrogen peroxide (H2O2) [1, 2]. Super-
oxide is spontaneously or enzymatically converted to H2O2
that may be further converted to additional reactive oxygen
species (ROS), including myeloperoxidase- (MPO-) derived
hypochlorous acid and tyrosyl radical [3].

NOX enzymes differ in distribution between cell types in
their subcellular localization and composition of subunits.
NOX1 is mainly expressed in the colon, NOX2 on the lyso-
somal and plasma membranes of myeloid cells where it con-
tributes to phagocyte killing of microbes, NOX3 in the inner
ear and fetal tissues, NOX4 in the kidney, NOX5 in lymphoid
tissue and testis, and DUOX1-2 in thyroid and gastrointesti-
nal tissues [4, 5]. Low expression levels of NOX1 and NOX4
are also detected in myeloid cells [4, 6, 7], and NOX2 is min-
imally expressed by hematopoietic stem cells [8]. NOX2 is

further expressed at low levels by B cells that may take up
and, similar to myeloid cells, degrade microbial pathogens
by generating NOX2-derived ROS [9]. Additionally, within
dendritic cell (DC) phagolysosomes, NOX2 generates ROS
in a process that consumes protons leading to alkalization
of this compartment. This protects engulfed peptides from
complete degradation by lysosomal proteases, which facili-
tates their presentation to cytotoxic T cells [10–12].

1.2. NOX Enzymes in Cancer. ROS formed from NOX
enzymes have been implicated in carcinogenesis [13]. In
addition, several NOX enzymes are expressed in malignant
tissue and may contribute not only to cancer progression
and spread but also to apoptosis of malignant cells. NOX1
is implicated in colon cancer where its ROS-producing
activity may enhance tumor cell proliferation and metastasis
[14, 15]. Myeloid leukemic cells express high levels of NOX2
that compromises destruction of malignant cells by trigger-
ing ROS-induced apoptosis of adjacent antileukemic lym-
phocytes [16–19]. Stem cell expression of NOX2 has been
implicated in leukemogenesis by maintaining survival of
leukemic stem cells [8]. NOX2 is further expressed by EBV-
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infected gastric cancer cells to promote tumor progression
[20] and by non-small-cell lung cancer cell lines, where it
mediates tumor cell apoptosis [21]. NOX4 is overexpressed
in several forms of cancer, including breast cancer, where it
may enhance tumorigenesis [22], and prostate cancer, where
it promotes apoptosis [23]. Table 1 summarizes the proposed
physiological and pathophysiological functions of NOX
enzymes.

Additionally, ROS from all cellular sources, including
NOX-derived ROS, participate in redox signaling by oxidiz-
ing thiol groups on proteins, thus modifying cellular func-
tions and activation status. For example, ROS may oxidize
protein tyrosine phosphatases (PTPs) and protein kinase C
(PKC) with ensuing effects on differentiation, proliferation,
and survival of malignant cells [69–73].

1.3. The Myeloid NADPH Oxidase: NOX2. The first discov-
ered and by far most extensively studied member of the
NOX enzyme family, NOX2, is densely expressed by myeloid
cells such as monocytes, macrophages, and granulocytes [2].
NOX2 is a complex of membrane-bound and cytosolic
subunits that are spatially separated in resting cells. The
membrane-bound subunits, gp91phox (also referred to as
CYBB or NOX2) and p22phox (CYBA), constitute the cata-
lytic core of the oxidase. The subunits p47phox (NCF1),
p67phox (NCF2), and p40phox (NCF4) remain in the cytosol
as a complex. Activation of NOX2 may be induced by
pathogen-associated molecular patterns, danger-associated
molecular patterns, bacterial peptides, growth factors, and
cytokines, which trigger the cytosolic subunits p47phox

(NCF1), p67phox (NCF2), and p40phox (NCF4) to translocate
and assemble at the membrane [5, 74]. Two GTPases, Rac
and Rap, are also critical for NOX2 activation [75, 76]. In
its GTP-bound form, the cytosolic Rac interacts with p67phox

and translocates to the membrane. Rap1 is a membrane
protein with a partly unknown function that is required for
optimal activation of NOX2 components [77] (Figure 1).

Phagocytes are stimulated to generate NOX2-derived
ROS upon encountering microbes in a process referred to
as a “respiratory burst.” When the components of NOX2

assemble at the phagolysosome membrane, NOX2 generates
intracellular ROS, while assembly at the plasma membrane
leads to the formation of extracellular ROS [5, 78]. The
respiratory burst is critical for phagocyte-mediated killing
of microorganisms as highlighted by the susceptibility to bac-
terial and fungal infections in patients with chronic granulo-
matous disease, a rare genetic disorder caused by dysfunction
of NOX2 [79–81], and by studies in mice that are genetically
deprived of NOX2 [82]. NOX2 deficiency is also associated
with hyperactive lymphocytes and autoimmunity in mice
and humans, indicating that NOX2-derived ROS also
participate in controlling lymphocyte reactivity [83–85].
Additionally, monocyte-derived DCs express NOX2, and
the formation of NOX2-derived ROS by pathogen-activated
DCs is proposed to reduce the potential transmission of
pathogens to secondary lymphoid organs [86].

2. Redox Homeostasis

In addition to NOX-mediated formation of ROS, all cells
generate ROS during mitochondrial ATP generation. In the
process of oxidative phosphorylation, electrons pass through
the electron transport chain where the final electron acceptor
is oxygen, most of which is converted to water. Superoxide is
produced as a byproduct in this process due to incomplete
reduction of oxygen to water or premature electron leakage
to oxygen [87, 88]. Intracellular levels of ROS affect cellular
redox signaling and homeostasis, while ROS released into
the surrounding, in particular H2O2 that is relatively stable
and readily crosses cell membranes, may also affect adjacent
cells [19, 89–91]. Under resting conditions, when there is a
balance between ROS and antioxidants, redox signaling is
reversible and regulates physiological processes due to the
ability of ROS to reversibly oxidize cysteine residues to
thus alter protein function [92, 93]. During environmental
stress, infection, and inflammation, including cancer-related
inflammation, the cell and tissue concentrations of ROS may
increase beyond the capacity of the antioxidant defense sys-
tems. Such “oxidative stress”may result in irreversible oxida-
tion and damage to proteins, lipids, and DNA [92]. Details

Table 1: Tissue distribution, function, and cancer relevance of NOX enzymes.

Enzyme Tissue expression (high to low) Function Cancer relevance

NOX1 Colon, uterus, prostate [24–28] Repair of colon mucosa
Colon [14, 15, 29, 30] and

prostate [31] cancers

NOX2 Myeloid cells [8, 32–34]
Host defense against pathogens,
lymphocyte homeostasis, stem cell

maintenance, myeloid cell differentiation

Myeloid leukemia [35, 36], melanoma
[37, 38], lymphoma [32]

NOX3 Inner ear, fetal tissue [39–41] Otoconia synthesis, organogenesis Hepatocellular carcinoma [42]

NOX4 Kidney [43, 44] Oxygen sensing∗ Renal [45, 46] and ovarian [47] cancers,
glioma [48], melanoma [49]

NOX5 Lymphoid tissue, testis [50, 51]
Lymphocyte differentiation,

spermatozoa motility
Prostate cancer [52, 53], Barrett’s
esophageal adenocarcinoma [54]

DUOX1 Thyroid, respiratory tract [55–57]
Hormone synthesis, innate airway

host defense
Thyroid [58, 59] and lung cancer[60, 61]

DUOX2 Thyroid, gastrointestinal tract [55, 62–65]
Hormone synthesis, regulation of gut

microbiota/mucosa interactions
Thyroid [58, 66] and pancreatic

cancer [67, 68]
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regarding redox homeostasis and its impact on cancer have
recently and comprehensively been reviewed [94, 95] and is
beyond the major scope of this overview.

To avoid ROS-inflicted cell damage, several cellular sys-
tems that neutralize ROS are induced in an oxidative envi-
ronment. The transcription factor Nrf2 is a key regulator of
production of antioxidative enzymes within cells. In resting
conditions, Nrf2 is bound to Keap1 in the cytoplasm, which
prohibits Nrf2 from inducing gene transcription. Upon oxi-
dation of cysteine residues in Keap1, Nrf2 is released and
translocates to the nucleus where it binds to antioxidant
response elements [96]. This process stimulates the tran-
scription of Nrf2 target genes with cytoprotective functions.
These include NAD(P)H quinone oxidoreductase 1, which
catalyzes the reduction of reactive quinones that otherwise
cause oxidative stress [97], heme oxygenase-1 (HO-1) that
catalyzes the breakdown of heme [98], glutamate-cysteine
ligase catalytic and modifier that catalyzes the rate-limiting

step in synthesis of the endogenous antioxidant glutathione
(GSH) [99], and thioredoxin reductase 1 that reduces perox-
iredoxins of relevance to the detoxification of reactive perox-
ides, including H2O2 and peroxynitrite [100].

Other cellular antioxidant enzymes include superoxide
dismutase, catalase, glutathione peroxidase-1, peroxiredox-
ins, and thioredoxin. Together with the nonenzymatic anti-
oxidant GSH, these antioxidant enzymes are assumed to
provide the most efficient protection from oxidative damage
(Figure 2). Additional nonenzymatic scavengers of ROS
include naturally occurring metabolites, vitamins (such as
vitamins C and E) and iron chelators that prevent formation
of hydroxyl radicals in the Fenton reaction [101, 102].

3. ROS and Cancer

3.1. Cancer-Related Oxidative Stress. Cancer may be associ-
ated with oxidative stress, i.e., an imbalance between the
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Figure 1: NOX2 in its resting and activated states. In its resting state (a), the membrane-bound and cytosolic subunits of NOX2 are spatially
separated. Upon activation (b), the cytosolic subunits assemble with the membrane-bound subunits to generate O2
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H2O2. Catalase (CAT) metabolizes H2O2 into O2 and H2O. Glutathione peroxidase (GPx) detoxifies H2O2 by oxidation of reduced
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production and detoxification of ROS. Rapidly proliferating
cancer cells have a high energy demand and therefore exhibit
enhanced cellular respiration. Consequently, cancer cells
generate enhanced levels of mitochondrial-derived ROS
[89]. Growth factors and integrins, which are often produced
at enhanced levels in cancer tissues, also contribute to
enhanced NOX-derived ROS production [103] and, as
reviewed above, several cancer histiotypes exhibit dysregu-
lated expression of NOX enzymes [8, 14–17, 20–23]. Further-
more, solid and metastatic tumors are often infiltrated by
NOX2+ myeloid cells that may release ROS leading to an
oxidized tumor microenvironment [104–108]. The extracel-
lularly released ROS from myeloid cells affect redox regula-
tion in adjacent tumor cells and may inactivate T cells and
NK cells, thus compromising immune-mediated killing of
malignant cells [19, 90, 91, 109–111]. Hypoxia is a common
feature of the microenvironment of tumors that activates
the hypoxia-inducible factor (HIF) family of transcription
factors. HIFs mediate cellular adaptation to low oxygen levels
and may influence several aspects of cancer such as promot-
ing neovascularization [112], increasing cell survival [113],
stimulating metastasis [114, 115], and conferring resistance
to chemotherapeutics [116]. ROS may induce the activation
of HIF-1α, a member of the HIF family of transcription fac-
tors, and thereby stimulate HIF-related cancer events [117].

The arguably most established role of ROS in cancer is
its capacity to damage DNA with ensuing mutations and
risk of cancer initiation and progression. Typically, deoxy-
guanosine is oxidized to 8-oxo-2-deoxyguanosine that may
pair with adenine instead of cytosine, which promotes muta-
tions in oxidatively stressed cells [118–121]. Overexpression
of NOX enzymes, including NOX4, DUOX1, and DUOX2,
has been shown to generate excessive H2O2 that may cause
local tissue injury and DNA damage, thus resulting in the
formation of a premalignant niche. NOX-derived ROS may
thus contribute to tumor initiation and to tumor progression
by inducing further DNA damage [122, 123].

Moreover, many cancer-related events, such as cell cycle
proliferation, invasion, epithelial-to-mesenchymal transi-
tion, and metastasis are subject to redox regulation [47, 69–
71, 73, 124–130]. For example, growth factors such as PDGF
and EGF stimulate the PI3-K-AKT and RAS-MEK-ERK
pathways, which are key regulators of cell proliferation and
survival [131, 132]. These growth factors also stimulate
NOX enzymes to produce ROS. The kinases in the PI3-K
and RAS pathways phosphorylate target proteins, while PTPs
serve to remove phosphate groups from proteins. This phos-
phorylation/dephosphorylation circuit alters protein func-
tion and controls cellular functions [133–135]. ROS may
oxidize thiol groups in PTPs resulting in their inactivation.
As a consequence, signaling along these pathways is boosted
in an oxidative environment where PTPs are inactivated, and
cancer cells may thus respond more vigorously to stimulation
by growth factors [134, 135].

An additional example of the effects of ROS on PTPs is
the inactivation of PTPs in pancreatic cancer cells that results
in sustained activation of Janus kinase 2, which in turn acti-
vates signal transducer and activator of transcription (STAT)
and antiapoptotic proteins to enhance tumor cell survival

[72]. ROS may also oxidize and thus activate PKC; thereby,
ROS modulate several PKC-dependent activities within cells
[126, 136]. ROS have been proposed to enhance the tissue-
invasive properties of cancer cells by modulating the function
of mitogen-activated protein kinases via oxidation of PTPs
and PKC [124–126]. However, as overproduction of ROS
by cancer cells may trigger their apoptosis, the clinical effi-
cacy of many therapies relies on induced ROS production
in cancer cells, as further discussed below.

Tumor cells often show enhanced levels of antioxidative
enzymes, presumably to resist the toxicity from the genera-
tion of NOX- and mitochondria-derived ROS [89]. In addi-
tion, tumor cells may acquire mutations that further boost
antioxidative responses, thereby contributing to tumor cell
resistance to oxidative stress. Approximately 30% of human
lung cancers thus carry mutations in either Keap1 or Nrf2,
resulting in Nrf2 stabilization and enhanced production of
endogenous antioxidants [137]. One of the antioxidants con-
trolled by Nrf2 is HO-1 that reduces intracellular levels of
free heme; this, in turn, stabilizes the transcription factor
BACH1 to activate transcription of genes that promote glu-
cose uptake, glycolysis, and lactate secretion in the Warburg
reaction [138]. Accordingly, BACH1 activation was shown
to stimulate glycolysis-dependent metastasis of lung cancer
cells [137, 138]. Thus, an antioxidative response by tumor
cells, or antioxidative treatment strategies such as scavengers
of ROS, may enhance tumorigenesis and metastasis by mod-
ulating tumor metabolism in favour of glycolysis.

3.2. Targeting NOX2 in Experimental Cancer Models. The
development of knockout mice with NOX2 deficiency has
been instrumental in studies on the role of ROS in cancer
from sources other than mitochondria. Mice with deficiency
in the NOX2 subunit Ncf1 show reduced growth or incidence
of melanomas and the Lewis lung carcinoma tumors,
whereas the growth of spontaneously arising prostate
carcinoma or methylcholanthrene-induced sarcoma is not
affected [38, 139].

Studies in knockout mice imply a role for NOX2 in
metastasis. Mice deficient in the NOX2 subunit Cybb thus
show reduced lung metastasis after intravenous inoculation
of melanoma cells and a lower incidence of spontaneously
formed metastases from surgically removed melanomas
[37, 140, 141]. The targeting of NOX2 by systemic treatment
with the NOX2 transduction inhibitor histamine dihy-
drochloride (HDC) reduced the formation of lung melanoma
metastases in wild-type but not in Nox2-deficient mice.
Effects of NOX2 repression on hematogenous metastasis
were absent after the depletion of NK cells in vivo and absent
also in interferon-γ- (IFN-γ-) deficient mice. These results
thus imply that NOX2-derived ROS trigger the formation
of melanoma metastasis by downmodulating NK cell func-
tions, and that genetic or pharmacological inhibition of
NOX2 restores tumor cell clearance exerted by IFN-γ+ NK
cells [37]. These results were confirmed and extended by
Van der Weyden et al. showing that hematogenous metasta-
sis was markedly reduced in mice genetically depleted of any
of the major NOX2 subunits (Cyba, Cybb, Ncf1, Ncf2, and
Ncf4) and that tumor tissues of NOX2-deficient mice showed
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a marked increase of antineoplastic lymphocytes [141]. In
accordance with the latter finding, treatment with the
NOX2 inhibitor HDC resulted in enhanced NK cell counts
in the lungs of wild-type mice with pulmonary melanoma
metastases, but not in corresponding lungs from Nox2-
deficient mice [37].

HDC suppresses ROS formation by exerting agonist
activity at histamine type 2 receptors (H2Rs) [18] and thus
inhibits NOX2 signal transduction rather than directly inhi-
biting, e.g., oxidase function or assembly. The detailed mech-
anisms of NOX2 inhibition and the ensuing protection of
antineoplastic lymphocytes are incompletely understood.
Myeloid cells deficient of MPO still exerted immunosuppres-
sion towards NK cells, which was reversible by HDC-treat-
ment, thus suggesting that O2

- and H2O2 are more likely
mediators of NOX2-induced immunosuppression than
MPO-derived ROS such as, e.g., hypochlorous acid or tyrosyl
radicals [142]. Additionally, circumstantial evidence links the
NOX2-inhibitory properties of HDC to the PI3-K pathway.
Activation of PI3-K thus activates Akt and PKC that triggers
the assembly and ROS formation of NOX2 [143]. HDC sup-
presses NOX2-mediated ROS formation induced by fMLF
and other bacterial peptides, but does not affect PMA-
induced respiratory burst [144]. As fMLF activates the
PI3-K pathway [145] whereas PMA directly induces the
activation of PKC, these finding thus suggest that HDC,
by activating H2Rs, targets the PI3-K pathway upstream
of PKC in myeloid cells. In support for this hypothesis,
PI3-K inhibitors share the NOX2 inhibition exerted by
HDC and equally efficiently protect antineoplastic lympho-
cytes from apoptosis and dysfunction induced by adjacent,
ROS-producing myeloid cells [146].

Systemic treatment with HDC in vivo suppresses tumor
growth in several models of experimental cancer [147].
While these antitumor effects of HDC are likely pleiotropic,
it is noteworthy that beneficial effects of treatment with
HDC inmurine melanoma, lymphoma, andmammary cancer
were only observed in NOX2-sufficient mice [32, 35, 37, 148]
and that HDC only inhibited growth of NOX2+ and not
NOX2- leukemic cells in a xenograft setting [35]. Additionally,
the efficacy of HDC in reducing murine tumor growth and
metastasis relied on the presence of NOX2-expressing Gr1+

myeloid cells since the effect was lost upon Gr1+ cell depletion
[37, 148]. Furthermore, experiments using single-cell suspen-
sions from tumors, spleens, and lungs suggested that ROS for-
mation was confined to the Gr1+ cell fraction [37, 148]. These
findings, along with results showing that HDC does not
reduce metastasis after the depletion of NK cells, support the
hypothesis that HDC provides a less immunosuppressive
malignant microenvironment that favors NK cell-mediated
clearance of tumor cells [37, 83]. Additionally, treatment with
HDC was shown to increase the number of tumor-infiltrating
effector CD8+ T cells in murine lymphoma and to improve
the antitumor efficacy of immune checkpoint inhibitors
(anti-PD-1 and anti-PD-L1) [148], thus implying that
HDC may facilitate also T cell-dependent elimination of
tumor cells.

Monocytic leukemic cells recovered from patients with
acute myeloid leukemia (AML) frequently express functional

NOX2, and studies in xenografted mice support that NOX2
is relevant to the survival and expansion of monocytic
AML cells [35, 149]. NOX2-derived ROS have been pro-
posed to stimulate the transfer of prosurvival mitochon-
dria from stromal cells to AML cells [149]. Furthermore,
NOX2 inhibition by HDC reduced the expansion of xeno-
grafted NOX2+ but not of NOX2- human AML cells, pre-
sumably by hindering S-phase entry of leukemic cells [35].
These results illustrate that the targeting of NOX2 may
reduce malignant expansion independently of functional
cellular immunity.

In addition, results obtained in a mouse model of Kras-
induced myeloid leukemia showed that Kras+ NOX2-
deficient myeloid cells (Nox2-/-M-KrasG12D) expanded slower
than their NOX2-sufficient counterparts. In this model, treat-
ment of mice withN-methyl-histamine (an H2R-selective ana-
logue of HDC that shares the NOX2-inhibitory properties of
HDC) reduced leukemic expansion and prolonged the sur-
vival of NOX2-sufficient but not of NOX2-deficient mice. N-
Methyl-histamine-treated mice harbored leukemic cells with
reduced intracellular ROS levels, reduced DNA oxidation,
and reduced double-strandedDNA breaks [150]. These results
thus imply that NOX2-derived ROS may promote genomic
instability and malignant expansion in Kras-induced leuke-
mia. NOX2 may also support myeloid expansion of murine
Bcr-Abl1+ cells as transplantation of NOX2+Bcr-Abl1+ cells
into irradiated mice causes a more rapidly expanding and
severe leukemia than the transfer of NOX2-deficient Bcr-
Abl1+ cells [8, 151].

4. Myeloid-Derived Suppressor Cells and NOX2

4.1. Myeloid Cells within the Tumor Microenvironment. The
presence of cytotoxic lymphocytes, including CD8+ T cells
and/or NK cells, in the microenvironment of human cancer
tumors is typically prognostically favorable, while the pres-
ence of infiltrating myeloid cells often, although not invari-
ably, predicts poor survival [104–107, 152–159]. Hence, a
high ratio of tumor-infiltrating T cells to myeloid cells entails
favorable prognosis in several cancer forms including lung
cancer, bladder cancer, glioblastoma, prostate cancer, and
renal cell carcinoma [160–166]. In recent years, the neutro-
phil to lymphocyte ratio and the monocyte to lymphocyte
ratio in peripheral blood have emerged as readily available
and independent predictors of poor survival in several forms
of solid cancer [167], thus underscoring that myeloid cell-
induced immunosuppression may impact adversely on
cancer prognosis.

Myeloid-derived suppressor cells (MDSCs) are immature
and immunosuppressive myeloid cells that accumulate in the
tumor microenvironment and in the periphery in patients
with cancer. MDSCs comprise pathologically induced mye-
loid cells of the monocytic (M-MDSCs) and granulocytic
(G-MDSC) linages that suppress T cells and NK cells by sev-
eral mechanisms, including enhanced production of immu-
nosuppressive NOX2-derived ROS, arginase, nitric oxide
(NO), TGF-beta, and IL-10 [168]. MDSCs are thus assumed
to favor immune escape in cancer [169, 170]. MDSCs and
other myeloid cells are attracted to tumors in response to
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cytokines such as CCL2 and CSF1 for M-MDSCs and CXCL1
and CXCL8 for G-MDSCs [171]. Once in the tumor micro-
environment, M-MDSCs may differentiate into tumor-
associated macrophages (TAMs) or DCs. TAMs may also
originate from infiltrating monocytes and tissue-resident
macrophages [172]. MDSCs and TAMs may release soluble
molecules such as cytokines, prostaglandins, chemokines,
interleukins, and growth factors into the tumor microenvi-
ronment that may contribute to the formation of premeta-
static niches, promote angiogenesis, promote tumor cell
survival, and enhance tumor cell invasion [173, 174]. These
properties of MDSCs and TAMs may, in part, account for
the unfavorable association between myeloid cell tumor infil-
tration and prognosis.

TAMs exhibit either M1 or M2 polarization. The M1-
polarized TAMs express iNOS and TNF and are denoted
proinflammatory, whereas the M2-polarized TAMs produce
the L-arginine-depleting enzyme arginase and secrete IL-10
to compromise immune activation [171, 175]. M1 and M2
macrophages both express NOX2, although the expression
level is higher in M1 macrophages [176]. Mice lacking
NOX1 and NOX2 showed reduced M2macrophage polariza-
tion, while single knockout of NOX1 or NOX2 did not [6].
Hence, in the Lewis lung carcinoma model, wild-type and
NOX1/NOX2 double-knockout mice showed a similar
degree of TAM infiltration, while the content of M2-TAMs
was reduced in the double-knockout mice along with
reduced tumor growth [6]. These results imply that inhibi-
tion of NOX enzymes may favor M1 polarization in cancer;
however, studies of nonmalignant inflammation (spinal cord
inflammation in mice) suggest that inhibition of NOX2
instead reduces M1 polarization [177], and further studies
are required to define the impact of NOX enzymes onmacro-
phage polarization.

In contrast to MDSCs and M2-TAMs, the intratumoral
accumulation of other myeloid cells, such as DCs and M1-
polarized TAMs, may indicate favorable cancer prognosis
[178–181]. Tumor-infiltrating DCs initiate the induction of
tumor-specific T cell responses and are thus critical to evoke
antitumor immunity, and M1 polarized macrophages may
contribute in the killing of tumor cells [182]. While the favor-
able impact of the presence of M1-polarized macrophages in
cancer tumors is well established, the subdivision of macro-
phages into distinct populations is challenged by reports
showing that TAMs often display features of both M1 and
M2 subsets [183, 184].

4.2. Immunosuppression by MDSC-Derived ROS. Early stud-
ies showed that MDSCs displayed enhanced expression of
NOX2 as a result of the activation of the transcription factor
STAT3 [185, 186]. The formation of NOX2-derived ROS is
considered a major immunosuppressive action mediated by
MDSCs, in particular by G-MDSCs [148, 186, 187], and
ROS-producing MDSCs or other immunosuppressive mye-
loid cells thus induce apoptosis or dysfunction in adjacent
lymphocytes such as NK cells and T cells [19, 91, 188–190].
ROS induce activation of ERK1/2 in lymphocytes, which
results in PARP-1-dependent accumulation of poly-ADP-
ribose (PAR) and parthatanosis (a form of apoptosis) [191].

In addition, MDSC-derived ROS inhibit antigen-specific
CD8+ T cell responses and may thus selectively eradicate
antitumor T cell clones [188]. The immunosuppression
exerted by ROS towards T cells has been linked to nitration
of the T cell receptor (TCR) and occurs when ROS react with
NO to form peroxynitrite during MDSC-T cell interactions.
Nitration was proposed to induce a conformational change
of the TCR, and T cells thus display reduced affinity for
MHC-peptide complexes [192]. This effect was linked to
ROS as MDSCs with dysfunctional NOX2 did not suppress
antigen-specific T cell responses [186]. On a similar note,
MDSCs isolated from mice systemically treated with the
NOX2 inhibitor HDC produced lower levels of ROS and
were less prone to suppress T cells ex vivo [148].

4.3. ROS as Inhibitors of Myeloid Cell Differentiation.MDSCs
isolated from mice with myeloid cells that cannot generate
NOX2-derived ROS, i.e., Stat3 or Nox2 knockout mice, are
prone to differentiate towards mature macrophages and
DCs [186, 193] suggesting that NOX2-derived ROS inhibit
myeloid cell maturation and thus promote the accumulation
of immature MDSCs. Furthermore, the antioxidant N-acetyl
cysteine (NAC) was found to trigger differentiation of
MDSCs [194]. Similarly, all-trans-retinoic acid (ATRA),
which upregulates the antioxidant glutathione synthase and
thus reduces intracellular ROS, stimulates the differentiation
of MDSCs in murine tumor models and of MDSCs isolated
from cancer patients [195–198]. In agreement with these
reports, treatment with the NOX2 inhibitor HDC reduces
the accumulation of tumor-infiltrating MDSCs in EL-4
thymoma-bearing mice. The reduction of tumor-infiltrating
MDSCs was accompanied by augmented levels of intratu-
moral DCs and by improved maturation of human DCs from
monocytes [32, 148]. Figure 3 summarizes aspects of NOX2-
mediated regulation of myeloid cell differentiation in cancer.

5. Targeting ROS in Human Cancer

While low ROS levels in cells are reportedly mitogenic due to
the activation of the PI3-K-AKT and RAS-MEK-ERK path-
ways [131, 132], high ROS levels are toxic to numerous cell
types including cancer cells [92, 118–121]. Several chemo-
therapies, as well as radiotherapy and photodynamic therapy,
trigger excessive ROS production within cells. Oxidants may
thus contribute to the elimination of tumor cells and to the
toxicity of chemotherapeutics [199]. In addition, several
antitumor agents, including erlotinib and silibinin, trigger
overproduction of ROS via NOX enzymes, which contributes
to killing tumor cells [21, 23].

Despite that increased intracellular ROS levels may
induce killing of malignant cells, ROS have also been ascribed
protumorigenic properties. Antioxidative strategies have
thus been evaluated for human cancer therapy and preven-
tion. Such strategies include ROS scavengers such as NAC,
vitamin E, and beta-carotene that are aimed at reducing
oxidative stress [200–202]. These studies, as well as animal
experiments comprising the administration of ROS scaven-
gers in cancer treatment, have shown partly divergent results.
Whereas some studies support that antioxidants reduce the
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risk of cancer [200–202], other studies, in particular those
involving the administration of antioxidants to smokers to
prevent lung cancer, imply enhanced cancer risk by the
administration of antioxidants[203].

The mechanisms explaining the partly opposing results
in studies of broad antioxidants in cancer remain to be eluci-
dated. Recent studies imply that antioxidants trigger the acti-
vation of the transcription factor BACH1 that stimulates a
metabolic reprogramming of cancer cells in favor of glycoly-
sis, which enhances their capacity to metastasize [137, 138].
These findings may appear counterintuitive in light of the
abovereferenced reduction of metastasis induced by HDC
and other NOX2 inhibitors that act by reducing ROS levels.
However, a noticeable difference between global antioxidants
and HDC is that HDC targets NOX2-derived ROS formation
only in myeloid cells that coexpress H2R and NOX2. HDC or
other NOX2-inhibitory strategies are hence unlikely to alter
metabolically generated ROS.

ATRA is used in the treatment of acute promyelocytic
leukemia where the leukemic cells carry a PML-RARA trans-
location giving rise to a block in myeloid cell differentiation
and development of leukemia. ATRA releases this block
and allows the differentiation of immature leukemic promye-
locytes into mature granulocytes [204]. ATRA may also
promote the differentiation of MDSCs by neutralizing intra-
cellular ROS [195–198]. ATRA exerts antitumoral effects in

several murine models [205, 206] and has been investigated
in combination with immunotherapies such as IL-2 and
DC vaccines in renal cell carcinoma and non-small-cell lung
cancer [205–207]. The efficacy of ATRA combined with
ipilimumab is currently assessed in stage IV melanoma
(ClinicalTrials.gov identifier: NCT02403778).

The NOX2-inhibitor HDC is used in conjunction with
low-dose IL-2 within the EU to prevent relapse of AML in
the postchemotherapy phase [208]. HDC acts on H2Rs
expressed on the surface of normal and leukemic mye-
loid cells to inhibit production of NOX2-derived ROS
[208, 209]. In vitro studies support that HDC promotes
cellular immunity by protecting subsets of cytotoxic lympho-
cytes against ROS-induced inactivation [19, 91] and that
these effects of HDC are markedly enhanced by the coadmin-
istration of NK and T cell activators such as IL-2 [111];
however, complementary or alternative mechanisms are
conceivable, including HDC-induced differentiation of
AML cells [19, 35, 208]. While the side-effects of HDC/IL-2
were typically mild and transient with minimal impact on
global health [208, 210], the incidence of grade 1/2 arthralgia
and myalgia was slightly but significantly higher in treated
patients. It may thus be speculated that HDC/IL-2 induces
autoimmunity similar to that observed in NOX2-deficient
CGD patients and in experimental animals that are devoid
of functional NOX2 [83].
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Figure 3: Myeloid cell differentiation in healthy individuals and in cancer patients. Hematopoietic stem cells (SC) differentiate into immature
myeloid cells (IMCs) in bone marrow. In healthy individuals, IMCs rapidly differentiate into mature myeloid cell populations in the
periphery. In cancer, however, myeloid cell differentiation is often impaired, and the IMCs may be activated to become monocytic or
granulocytic myeloid-derived suppressor cells (M- and G-MDSCs, respectively) within tumors and in the periphery. MDSCs show
upregulated NOX2 expression and increased production of reactive oxygen species (ROS), in particular in the G-MDSCs. The M-MDSCs
may differentiate into tumor-associated macrophages (TAM) or dendritic cells (DC), and the differentiation may be inhibited by excessive
intracellular ROS levels.
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6. Conclusion

While details regarding the contribution by NOX2-derived
ROS for the induction and progression of cancer remain to
be elucidated, it seems likely that the impact of NOX2 is con-
fined mainly to primary and metastatic tumors that are infil-
trated by immunosuppressive NOX2+ myeloid cells and to
myeloid leukemias, where the malignant clone comprises
NOX2+ cells. In cancer, NOX2 may contribute to the immu-
nosuppression exerted by myeloid cells, in part by producing
extracellular ROS that trigger dysfunction in adjacent lym-
phocytes. Recent studies show that NOX2 promotes tumor
growth and metastasis and that intact NOX2 is crucial for
self-tolerance, thus fulfilling the criteria of an immune check-
point [83]. Inhibition of NOX2-derived ROS may thus
relieve immunosuppression in cancer and may act in synergy
with cancer immunotherapies such NK and T cell-activating
cytokines or checkpoint inhibitors.
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Omeprazole (OME) is commonly used to treat gastrointestinal disorders. However, long-term use of OME can increase the risk of
gastric cancer. We aimed to characterize the pharmacological effects of OME and to correlate its adverse effects and toxicogenetic
risks to the genomic instability mechanisms and cancer-based on database reports. Thus, a search (till Aug 2019) was made in the
PubMed, Scopus, and ScienceDirect with relevant keywords. Based on the study objective, we included 80 clinical reports, forty-six
in vitro, and 76 in vivo studies. While controversial, the findings suggest that long-term use of OME (5 to 40mg/kg) can induce
genomic instability. On the other hand, OME-mediated protective effects are well reported and related to proton pump
blockade and anti-inflammatory activity through an increase in gastric flow, anti-inflammatory markers (COX-2 and
interleukins) and antiapoptotic markers (caspases and BCL-2), glycoprotein expression, and neutrophil infiltration reduction.
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The reported adverse and toxic effects, especially in clinical studies, were atrophic gastritis, cobalamin deficiencies, homeostasis
disorders, polyp development, hepatotoxicity, cytotoxicity, and genotoxicity. This study highlights that OME may induce
genomic instability and increase the risk of certain types of cancer. Therefore, adequate precautions should be taken, especially
in its long-term therapeutic strategies and self-medication practices.

1. Introduction

Cumulative reports suggest that a high prevalence of gastro-
esophageal diseases and drug-induced side effects may result
in genomic instability (GI), leading to increased mutations
and carcinogenesis [1–3]. Omeprazole (OME) therapy can
alter the bacterial flora of the gastrointestinal tract, leading
to malabsorption, enteric infections, and acute or chronic
lesions in the stomach. This is due to the compensatory effect
in response to decreased acid production, resulting in the
destruction of the gastric glands and persistent hypergastri-
nemia, a denomination for atrophic gastritis [4].

Also,Helicobacter pylori infection and OMEmonotherapy
can cause atrophic gastritis associated with an increased risk of
mucosal dysplasia and gastric cancer [4]. Although these
events may be derived by different mechanisms, a common
theme is the involvement of reactive oxygen and nitrogen spe-
cies (ROS/RNS) in the human stomach and oncoprotein pro-
duction such as the cytotoxin-associated gene A (CagA) [5].

OME, especially for long-term use, may induce DNA
damage [6, 7]. Genotoxicity assays have been shown that
not only OME but all prazoles (e.g., esomeprazole, lansopra-
zole, pantoprazole, and rabeprazole) can induce chromo-
somal damages [8–11]. Upon understanding the overall
fact, this review aimed to sketch a current scenario on the
pharmacological effects and toxicogenetic risks of OME ther-
apy in the context of genomic instability and cancer.

2. Methodological Strategies

We conducted a systematic review of published manuscripts
to determine if exposure to OME during the treatment of
gastric disorders increases the risk of genomic instability
and cancer. The search criteria for this study includes publi-
cations in English using the keyword “Omeprazole,” which
was then paired with “genomic instability,” “genotoxicity,”
“cancer,” “gastritis,” “gastric ulcer,” and “gastric/stomach
cancer,” in the PubMed, Scopus, and ScienceDirect data-
bases. We excluded irrelevant reports that are not meeting
inclusion criteria, duplicated publications, and data dealing
with other prazoles than OME. The data obtained are listed
in Table 1. Out of the 6349 articles, only 202 met our inclu-
sion criteria (80 clinical reports, forty-six in vitro, and 76
in vivo studies). The selected articles were read in full.

3. Characterization of Scientific Reports

We have analyzed studies based on doses, side effects, drug
interactions, pharmacological effects, and toxicogenetic risks
(Table 2). The therapeutic use of OME is related to the treat-
ment of duodenal ulcers, gastric ulcers, gastric cancer, and
especially to gastroesophageal pathologies (42.4%) and
others (26.0%). Regarding in vitro studies, the models are

more related to other pathologies (90.0%), while for in vivo,
most studies are associated with the simulating gastric
pathologies. Few studies emphasize the use of antioxidants
during OME therapy. Also, the therapeutic use of OME in
clinical, in vivo, and in vitro studies varies between 10 and
40mg/kg, 40mg/kg, and 40μM to 25mM, respectively.

Regarding mechanisms of OME therapeutic action, clin-
ical studies emphasized mechanisms of proton pump inhibi-
tion (52.6%), acid and pH control (26%), and CYP219 and
CP3AY enzyme inhibition, which are involved in the pro-
cesses of OMEmetabolism. In a similar manner, in vivo stud-
ies are also correlated to proton pump inhibition (60%) and
metabolizing enzymes (14.3%), although about 18% empha-
sized studies related to aryl hydrocarbon receptors (AhR).
Around 27% of in vitro studies are about acid and pH con-
trol, and the same percentage for AhR and proton pump.

Clinical studies on toxicogenetic effects of OME are still
limited (5.3%). However, about 89.5% of them point out to
oxidative risks by ROS formation, which is also observed in
in vivo studies. ROS-mediated cytotoxic effects on test sys-
tems were also seen in in vitro and in vivo studies (Table 3).
In spite of the scarcity of toxicogenetic studies, the OME
mechanisms of action were correlated to genotoxicity by
applying bivariate correlation statistics, using the Spearman
correlation factor of r = 0:433∗ and p < 0:044 in nonclinical
studies and r = 0:577∗ and p < 0:005 in studies with cell cul-
tures. At clinical doses, there were correlations with genomic
instability (r = 0:300∗ and p < 0:032) and cytotoxicity
(r = 0:532∗∗ and p < 0:001). In studies of drug interactions,
toxicity was strongly correlated with the genomic instability
(r = 1:000 and p < 0:001).

4. Anatomophysiological Characteristics of
the Stomach

The stomach is divided into three portions: fundus, corpus,
and antrum pylorus, where the processes of digestion,
absorption, and protection take place. The lubrication and
protection of the gastric mucosa are maintained by enzy-
matic activity, during digestive process that contribute to
the maintenance of acidic pH by hydrogen ion secretion
[12]. The pyloric and oxyntic glands act on the gastric
mucosa. The former types are located in the antrum of the
stomach and have the same cell types as the oxyntic glands,
except the parietal cells that, when stimulated, release the
gastrin, mainly responsible for the secretion of gastric acid
[13]. The oxyntic glands, responsible for secreting hydro-
chloric acid (HCl), are located in the fundus and the corpus
of the stomach. They consist of somatostatin-producing D
cells; main cells, responsible for the secretion of pepsinogen;
enterochromaffin-like cells responsible for secretion of hista-
mine; parietal cells, which mainly secrete HCl and intrinsic
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factors; and mucosal cells, responsible for the secretion of
mucus and bicarbonate ions [14]. The enterochromaffin cells
are stimulated by gastrin or acetylcholine, releasing hista-
mine, which binds to H2 receptors found in the parietal cells,
stimulating the secretion of acid by the proton pump [15, 16].

Acetylcholine stimulates pepsinogen secretion by peptic
cells, HCl by parietal cells, and mucus by the mucous cells
[17]. The parietal cells, present in the gastric mucosa, when
stimulated, are responsible for the secretion of HCl through
the H+/K+ adenosine triphosphatase (H+/K+/ATPase–proton
pump) from the canalicular membrane [18].

4.1. Alteration of Gastric Mucosa

4.1.1. Inflammation. Gastritis is considered a superficial and
inflammatory lesion that can also compromise the integrity
of the stomach mucosa or duodenum and cause lesions in
deeper layers, resulting in gastric ulcers [19] and stomach
cancer [20]. The body has preepithelial defenses against gas-
tric lesions and protective factors such as the production of
bicarbonate and mucus, nitric oxide (NO), blood flow, pros-
taglandins, cell regulation, growth factors, nonprotein sulfhy-
dryl groups (SHs), and antioxidant defenses.

It is noteworthy that the lesions may be caused by alter-
ations in the balance between protection and aggression fac-
tors to the gastric mucosa [21]. Loss of mucosal protection,
derived from the deficiency in mucus secretion and bicarbon-
ate, favors the action of HCl [22]. Gastric secretion, pepsin,
free radicals, bile reflux, and ischemic processes are aggres-
sive factors to the tissue [23]. HCl and pepsin generate lesions
in the gastric mucosa that destabilize the gastric barrier and
cause acute inflammation [24].

Increased gastric HCl secretion is one of the most prom-
inent lesion signals, and its reduction is the main strategy for
preventing gastric lesions [25]. The unbalance between
harmful (HCl and pepsin) and protector agents characterizes
the acute inflammatory process [24, 26]. As a consequence of
chronic gastritis and stomach inflammations, peptic ulcers
and gastric cancer are the most frequent pathological alter-
ations [20, 27], especially during H. pylori infections [27].

4.1.2. Infection by Helicobacter pylori. H. pylori is described as
a bacterium whose reservoir is the human stomach [28, 29].
It is a gram-negative bacillus, with flagella, adhesion factors,
urease enzyme, cytosines, and proteases as virulence factors

[30]. H. pylori produces toxic enzymes, as well as induce
the release of gastrin, leading to an increase in gastric acid
secretion and pH, stimulating somatostatin release [26] and
hypergastrinemia. H. pylori also triggers a trophic effect and
hyperplasia of the enterochromaffin and parietal cells [31].

Infection with H. pylori may cause gastritis, gastric and
peptic ulcers, and even gastric cancer [32]. Gastric ulcer is
considered one of the major public health consequences that
occur due to many factors, especially the harmful activity of
gastric acid and pepsin [33]. Peptic ulcer is characterized by
acid peptic lesions in the digestive tract, which result in
mucosa ruptures (reaching the submucosa) that are generally
found in the proximal stomach or duodenum [34]. Gastric
lesions associated with H. pylori, with exposure to acid or
pepsin, are amplified and more aggressive [27]. In vivo stud-
ies indicate that the presence of H. pylori may lead to the
maintenance of chronic inflammatory responses, as well as
to other pathological disorders in the stomach mucosa [35].

The use of nonsteroidal anti-inflammatory drugs
(NSAIDs), stress, smoking, excessive alcohol consumption,
and the presence of H. pylori in the gastrointestinal tract
may reach the deeper layers of the muscular wall of the gas-
tric mucosa and cause gastric ulcers [19, 36].

5. Therapies for Gastric Lesions

Proton pump inhibitors (PPIs), such as OME, are frequently
used in gastric therapies [37, 38]. Other PPIs, such as lanso-
prazole, rabeprazole, pantoprazole, esomeprazole, and dex-
lansoprazole, are also used to inhibit HCl secretion [39].
These drugs are considered efficient in suppressing gastric
acidity [40]. PPIs present chiral sulfur in their chemical
structure and are activators of the AhR and inducers of
CYP1A metabolism genes in human hepatoma cells and pri-
mary human hepatocytes [41]. The product of these genes
may influence the pharmacokinetics and pharmacodynamics
of OME [42, 43].

PPIs activate and release sulfonamide or sulfenic acid,
thus inhibit gastric acid secretion by covalently (irreversible)
binding to the sulfhydryl group of cysteine in the extracellu-
lar domain of H+/K+-ATPase [44]. A reduction in gastric
acid secretion results in a faster lesion healing, depending
on the dose administered [45].

OME is a first-line drug for inhibiting gastric acid secre-
tion in the treatment of gastroesophageal reflux disease

Table 1: Publications found in the databases.

Keywords (paired with OME)
Databases

Number of articles
PubMed Scopus ScienceDirect

Genetic instability 0 2 0 2

Genotoxicity 21 11 9 41

Cancer 94 1219 27 1340

Gastritis 605 2276 160 3041

Gastric ulcer 121 1311 87 1519

Stomach/gastric cancer 24 373 9 406

Total 6349

OME: omeprazole.
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Table 2: Omeprazole studies published in scientific databases in relation to therapeutic use, mechanisms of action, dose/concentration, and
interactions with vitamins.

Parameters Clinical % (n = 80) Nonclinical %
In vitro (n = 46)# In vivo (n = 76)##

Analysis objects

Dose 15.8 — 13.3

Adverse effects 10.5 9.1 13.3

Drug interactions 26.3 9.1 —

Mechanisms of pharmacological action 42.1∗ 63.6∗ 53.4∗

Toxicogenic risks 5.3 18.2 20.0

Therapeutic use

Duodenal ulcer 15.8 — 26.7

Gastric ulcer 10.5 — 20

Gastroesophageal pathologies 42.4∗ 9.1 20

Gastric cancer 5.3 — 13.3

Other pathologies 26.0 90.9 20.0

Mechanism of action

Proton pump inhibition 52.6∗ 27.3 60∗

Acid and pH control 26.3 27.2 7.4

CYP219 and CP3AY enzyme inhibition 10.5 — 14.3

Effect of gastric distension 5.3 — —

Apoptosis and protein p53 5.3 — —

Activators of the receptor (AhR) — 18.2 18.3

Regulation ATPase in tumor cells — 9.1 —

Inhibition of interleukin- (IL-) 8 — 9.1 —

Inhibition of absorption of Na+ — 18.2 —

Not reported — — —

Dose/concentration

10mg/kg 5.3 — —

20mg/kg 66.7∗ — 6.7

30mg/kg 8.7 — 6.7

40mg/kg 19.3 — 20.2∗

20mM — 18.2 6.7

25mM — 18.2 6.7

40mM/ml — — 20

100mM — 9.1 —

1 μM — 7.28 1.26

2 μM — 7.28 1.26

3 μM — 7.28 1.26

4 μM — 7.28 1.26

5 μM — 7.28 1.26

40 μM — 18.1 6.7

100 μm/kg — — 10.0

200 μm/kg — — 10.0

Interaction with vitamins

Use of antioxidants — — 13.3

Without the use of antioxidants 100 100 86.7∗

#Concentration/ml. ##Dose/kg. CYP219 and CYP3AY (metabolizing enzymes). AhR: aryl hydrocarbon receptor; IL-8: interleukin 8. Chi-square test ∗p < 0:05.
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(GERD), peptic ulcer, and H. pylori infection [46]. Its mech-
anisms of action occur from selective and covalent activation
with H+/K+-ATPase, in particular of extracellular cysteine
813, leading to potent inhibition of gastric acid secretion
and triggering changes in the stomach flora [38]. Another
mechanism is by blocking the proton pump in the stomach
parietal cells, activating the heat shock protein (HSP70),
and the transforming growth factor beta (TGF-β) [47], with
consequent relief of symptoms and lesion healing [48].

5.1. Therapeutic Effects of Omeprazole and Suggested
Mechanisms. Several therapeutic effects have been suggested
for OME, such as gastroprotection [49], antioxidant [50],

anti-inflammatory [51], antinecrotic [52], and antiapoptotic
[53]. The mechanisms of action of these effects are presented
in Figure 1.

5.1.1. Gastroprotective Effect.OME gastroprotection is attrib-
uted to its ability to block the proton pump in the parietal
cells of the stomach, activating the HSP70 and the TGF-β
as mentioned above [47]. The expression of HSP70 mRNA
was observed in the gastric tissue of rats pretreated with
OME [54, 55]. This OME mechanism was reported for rats
at doses that varied between 10μM and 400mg/kg, as well
as 200μM/ml in regular epithelial cell lines (MDCK) and
mouse macrophage (RAW264.7) [55, 56].

Table 3: Characterization of omeprazole studies in relation to toxicogenetic effect, oxidative damage, and cytotoxicity.

Parameters Clinical % (n = 80) Nonclinical %
In vitro (n = 46) In vivo (n = 76)

Toxicogenetic effect

Mutagenicity 5.3 — —

Interaction with catalase — 9.1 —

Activation of AhR — 9.1 13.3

Not reported 94.7∗ 81.8∗ 86.7∗

Oxidative damage

Oxidation of thiols 10.4 18.2 20

Inhibition of cysteine interaction — 9.1 —

Interaction and oxidation of cysteine residues — 9.1 —

ROS induction 89.5∗ 63.6∗ 80∗

Cytotoxicity

Oxidation of thiols 50.5 18.2 20

Oxidation of cysteine residues 49.5∗ 18.2 -

ROS induction — 45.4∗ 80∗

AhR: aryl hydrocarbon receptors; ROS: reactive oxygen species. Chi-square test ∗p < 0:05.

Reduction of lipid peroxidation
(Biswas et al., 2003)
Expression of superoxide dismutase
(Song et al., 2016)

Proton pump inhibitor
Activation of the HSP70 and TGF-𝛽
(Albaayit et a., 2016)

Omeprazole
Pharmacological effects

Gastroprotection

Antioxidant
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Expression of Ntrk2 gene (inducer
and/or inhibitor of cell proliferation)
(Esteban et al., 1995) Reduction of neutrophils infiltration

(Song et al., 2016)Reduction of caspase 3
(Liu et al., 2016)
Reduction of Bcl-2
(Al Batran et al., 2013)
Reduction of mitochondrial calcium
(Muthuraman et al., 2011)
Reduction of protein Egr1 → induce
p53 expression
(Reed and Quelle, 2014)

Reduction of myeloperoxidase
(Goswami et al., 2016)
Reduction of E-selectin
(Mahmoud-Awny et al., 2015)
Increase of interleukins
(Mei et al., 2012)

Figure 1: Pharmacological effects of omeprazole and suggested mechanisms of action.
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In clinical studies, there is evidence of the OME gastro-
protective function at doses of 5 to 40mg/kg by mechanisms
associated with interaction with H2 receptors [57], pH con-
trol [58], inhibition of CYP2C19 enzymes [42, 43], and hista-
mine blockade [59]. OME in in vivo studies increased
prostaglandins and sulfhydryl compounds [60], increased
expression of BAX and caspases [61], and AhR and CYP1A
expression [41]. These mechanisms of action may be related
to other pathways that eventually cause genomic instability.
Table 4 shows the gastroprotective mechanisms of OME,
including its possible association with apoptosis and necro-
sis, as well as the risk of genomic instability.

5.1.2. Antioxidant and Anti-Inflammatory Effects. Several
in vivo studies indicate antioxidant activities of OME, due
to mechanisms associated with reduction of lipid peroxida-
tion at doses of 2 to 5mg/kg [50], 10mg/kg [70], and
20mg/kg [56]. Antioxidant activities of OME were also
reported considering gastric lesions in animals [51] and

in vitro studies in epithelioid MDCK, RAW264.7 [71], and
U-87 cells [72].

OME also has antioxidant activities (in vitro), by blocking
hydroxyl radical (⋅OH), preventing apoptosis and necrosis
[73], inducing nicotinamide adenine dinucleic acid (NADPH)
kinase oxidoreductase production [74], and increasing endog-
enous antioxidants [72]. In vivo and in vitro studies report
inhibition of necrosis by activation of TNF-α, interleukin B
[75], and proinflammatory cytokines [76]. OME at 20mg/kg
presented antioxidant activity through mechanisms associated
with increased superoxide dismutase (SOD) enzyme produc-
tion [77, 78], as well as glutathione peroxidase (GPx) and
reduced glutathione (GSH) at 30 and 40mg/kg [51, 79].
In ethanol-induced gastritis rats, OME modulated mucosal
lesions through its antioxidant and anti-inflammatory
activity [80]. However, clinical studies regarding OME
antioxidant activities have not yet been reported.

There are reports of in vivo studies, in which OME had
effects over increased blood flow of the gastric mucosa and

Table 4: Gastroprotective effects of OME and mechanisms of action that may lead to protection and/or risk of genomic instability.

Dose/concentration Study Test system Mechanisms of action
Prevention/risk
of DNA damage

References

5-40mg/kg Clinical Human (n = 94558) H2 receptor antagonists and PPIs Oxidative stress [57]

20 and 40mg/kg Clinical — pH control Not identified [58]

20, 40, and 100mg/kg Clinical Human (n = 12)
Inhibition of CYP2C19,

pharmacokinetics, gastroprotection
of microdoses

Oxidative stress [42, 43]

10mg/14 days Clinical Human (n = 32) Gastroprotection Not identified [62]

20mg/kg Clinical Human (n = 75) Histamine blockage Not identified [59]

— Clinical Human (n = 17489) Mechanisms involved in the
gastric diseases

Oxidative stress [63]

20mg/kg Clinical Human (n = 70) Pharmacokinetics-antiulceratives Not identified [64]

20mg Clinical Human (n = 199) Better action in patients with
CYP 2 C1Q PM phenotype

Not identified [65]

20mg+amoxicillin
750mg

Clinical Human (n = 268) Antacids, dose-dependent,
CYP2C19 polymorphisms

Infection, oxidative
stress

[66]

0.7, 1.4, and 4mg/kg In vivo Horses
Pharmacokinetic and

pharmacodynamic mechanisms
Not identified [67]

15, 30, and 60mg/kg In vivo Rats
Reduced necrotic damage,

increased mucosal and gastric
acid secretion reduction

Not identified [52]

200 g/ml In vivo Rats
Increased prostaglandins synthesis

and sulfhydryl compounds
Oxidative stress [60]

40mg/kg In vivo Rats
Inhibition of caspase 1,

AC-YVAD-CMK, silencing of
inflammasome NLRP3

Inhibition of apoptosis [61]

40mg/kg In vivo C57BL1 mice (n = 6) Upregulation of BAX and caspase
3 → increased cell necrosis

Induction of apoptosis
and necrosis

[61]

20mg/kg In vivo Rats
Gastric protection, inhibition of

H+/K+-ATPase system
Not identified [68]

15mg/kg In vivo Rats
Decreases blood flow, increased
glycoproteins, prostaglandins,

necrosis factor (TNF-α)
Not identified [69]

1-100 μM In vitro
Human hepatocyte

cell line
Activation of AhR and induction

of CYP1A
Catalytic activities [41]

PPIs: proton pump inhibitors; TNF-α: tumor necrosis factor-alpha.
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expression of gastric glycoproteins [69] that is used as a pre-
cise and sensitive marker for the gastric mucosal status.
Moreover, OME also plays a significant role as an antiacid,
pepsin-resistant, and ulceration protector, which helps to
protect the mucosal integrity [81] and reduces neutrophil
infiltration [69].

Other mechanisms of action of OME, observed in ani-
mals and in cell cultures, relate to the anti-inflammatory
marker cyclooxygenase (COX)-2 [77] and NSAIDs, which
inhibit COX-1 and COX-2 that cause gastric ulcerogenic
effects [82] and to the increase in the neurotrophic tyro-
sine kinase receptor type 2 (Ntrk2) [83]. OME also
reduced TNF-α capacity (in vivo) [84]. OME can exert
its anti-inflammatory effect through increasing the anti-
inflammatory cytokines and autoimmune pathologies
[85]. Proinflammatory cytokines, particularly TNF-α and
nuclear factor kappa B (NF-κB), are inducers of apoptosis
[86]. NF-κB pathway is correlated to gastric lesions in
response to TNF-α and IL-1 signaling [77, 87]. TNF-α is
involved in inflammatory induction, lesion, and carcinogen-
esis in several tissues, including the gastric mucosa [87].

In clinical studies, OME can also act in reducing the
effects of proinflammatory markers, such as IL-1β [56, 72],

monocyte chemoattractant protein-1 (MCP-1) [88], and IL-
6 [87]. In cell cultures, esomeprazole has anti-inflammatory
activity through mechanisms associated with suppression of
proinflammatory proteins, including proteins of cell adhe-
sion molecule 1, nitric oxide synthase, TNF-α, and interleu-
kins (e.g., IL-1β and IL-6). The anti-inflammatory activity
is associated with antioxidant activity by the induction of
cytoprotective proteins induced by heme oxygenase-1 (HO-
1), as well as by inhibition of fibroblast proliferation [89].
OME also has anti-inflammatory effects through reduction
of E-selectin [56] and myeloperoxidase (MPO) [90], which
can cause damage to proteins, lipids, and DNA through
ROS formation [91]. In summary, other OME mechanisms
of action as an antioxidant and/or anti-inflammatory and
its protective effects and/or risk of genomic instability, as well
as toxicity, are presented in Table 5.

5.1.3. Antiapoptotic and Antinecrotic Effects. Apoptosis
induction is one of the mechanisms for inducing acute gastric
lesion [95]. OME presented antiapoptotic effects (in vivo)
associated with reduction of caspase 3 expression [90], as well
as reduction of BAX [54] and mitochondrial calcium [96].
Other studies indicate that OME has antiapoptotic activity in

Table 5: Antioxidant and/or anti-inflammatory activities of OME and its protective effects and/or risk of genomic instability.

Activities Dose/concentration Study Test systems Mechanism of action Preventive approach References

Antioxidant
2, 10, and
20mg/kg

In vivo Rats
Induction of CYP1A1,

antihyperoxia
Prevention of

oxidative damage
[92]

Antioxidant 10.0μM
In vitro:

cell culture
Human lung
fetal cells

Upregulation of NADPH
kinase oxidoreductase-1
via Nrf-2 expression not
dependent on Nrf-2

Prevention of
oxidative damage

[74]

Antioxidant
2 and 5mg/kg

(dose-dependent)
In vivo Rats

⋅OH scavenging capacity,
prevention of apoptosis
by nuclear fragmentation

Prevention of
oxidative damage
and apoptosis

[73]

Antioxidant/
anti-inflammatory

8.49 g/ml In vivo Rats

Reduction of hemorrhages
and inflammation,
preserving the

endoplasmic reticulum

Protection of
oxidative stress

[80]

Antioxidant
Antineuropathic

50mg/kg In vivo Rats

Inhibits NF-κB, releases
cytokines, protects

cranial cruciate ligament
(CCL) damage induction,
reduces oxidative stress,

increases several
internal antioxidants

Protection of
oxidative damages

[72]

Antitoxicity 5μg/ml In vitro Tumor cells

Cytochrome P450
metabolism (CYP450),
CYP2C19, CYP3A4,

C4P2CY

Toxicity prevention [93]

Anti-inflammatory 300μM In vivo Mice
Inhibition of TNF-α
and interleukin

Antiapoptosis
prevention of
oxidative stress

[75]

Anti-inflammatory Not reported In vivo Microglia
Inhibition of

proinflammatory
cytokines

Prevention of
oxidative damage

[76]

Anti-inflammatory
0.5, 1.5, and
10μg/ml

In vitro MRC-5 cells Antibacterial effect
Protection from
bacterial infection

[94]
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the gastric and intestinal tissues, showing reduction of lesions
through antioxidant processes and anti-inflammatory activity
through expression of Ntrk2 gene (inductor/inhibitor of cell
proliferation) [97] and reduction of protein Egr1, which influ-
ences the increase of protein p53 [98].

Mitochondrial permeability transition pore is associated
with apoptosis due to free radical production, calcium accu-
mulation [99], and increase in mitochondrial ATP, which is
linked to the maintenance of cellular respiration [96] and
reduction of mitochondrial cytochrome C [100]. OME in
gastric lesion models reduced ulcerative lesions [50], the inci-
dence of gastric hemorrhages [101], prevented visible lesions
with edema, erosions, and necrosis in gastric endothelial cells
[102, 103], and reduced vascular permeability [104]. OME
exerted an antinecrotic effect in rats at 10μM and 60mg/kg
doses [52] by increasing the gastric mucosal barrier [60]
and reducing the necrotic area induced by skin suspension
in the animal model [105].

5.2. Adverse Effects of Omeprazole and Suggested
Mechanisms. Figure 2 shows the adverse effects of OME. Evi-
dences suggest that OME treatment can alter the gastrointes-
tinal bacterial flora in response to decreased acid formation
[106, 107] and increased gastrin production that causes
hypergastrinemia. These events can result in gastric polyps,
increased risk of bacterial infection, especially H. pylori, and
gastric cancer as a consequence of the decreased somatostatin
release from D cells [108].

Chronic therapies can induce electrolyte and cobalamin
deficiency, interrupted bone homeostasis, hypergastrin, and
acid secretion (rebound effect) in humans [109]. Atrophic
gastritis is characterized by the destruction of the gastric
glands and persistent hypergastrinemia [4].

Several studies have been reported that long-term OME
use in the treatment of gastritis causes anomalies in the gas-
tric mucosa, such as parietal cell hyperplasia, dilatation of
canaliculi in the stomach fundus, corpus and antrum, and
projection of cytoplasmic protrusions into the canaliculus
lumen [110]. Common side effects observed in the literatures
include headache, diarrhea, nausea, constipation, abdominal
pain, pruritus, rebound acid hypersecretion, malabsorption,
vitamin B12 deficiency, and hypotension.

Long-term use of PPIs is also associated with pathological
alterations, such as protrusions of parietal cells, dilation of
oxyntic glands [110], and development of fundic gland
polyps, resulting from a trophic effect on parietal cells
[111]. PPIs induce bone fractures [112], enteric infections
[113], destruction of gastric glands that induce atrophic gas-
tritis [114], being capable of compromising the immunolog-
ical system [115], and increasing the risk of morbidity and
mortality of patients [116].

Adverse side effects subsequent to long-term OME expo-
sure include severe hypomagnesia [117] and hypocalcemia
associated with vomiting, nausea, diarrhea, muscle cramps,
and seizures are in relatively low frequency [118]. OME has
effects against ulcerative damages induced in the gastric
mucosa of rats and mice [56, 61], being able to block the pro-
ton pump in the parietal cells of the stomach [47] and activat-
ing HSP70 [119].

In summary, OME gastroprotective activities may
induce various adverse effects reported in clinical studies
such as diarrhea, nausea, constipation, immune deficiencies,
fracture induction, vitamin B12 deficiency [120], allergies,
respiratory infections, hypo- and hyperglycemia, and elec-
trochemical changes [121]. It is important to emphasize that
therapeutic clinical studies highlighted toxicity due to
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Figure 2: Adverse effects of omeprazole.
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increased liver enzymes [122], while in in vivo and in vitro
studies, toxicity has been reported by the oxidation of thiols,
sulfonamides [123], caspase 3, and PARP cleavage [124].
Adverse effects of OME may be associated with apoptosis
and tumor induction, immune changes, hyperplasia, inflam-
mation, and polyp formation, which may imply in genomic
instability (Table 6).

6. Toxicological Risks and Genomic Instability
Induced by Omeprazole

Genetic variations induced by genomic instability are
involved in the processes of initiation, progression, and resis-
tance to therapy [132]. In the treatment of gastrointestinal
disorders, drugs are intermittently or long-term used, and
genotoxic risks must be assessed [6, 7]. Toxicogenetic assess-
ment plays an important role in human health [133] and
many drugs can be carcinogenenic due to the mechanisms
associated with genotoxicity [134]. Thus, it is important in
any drug therapy to evaluate the benefits against the risks,
especially long-term drug treatment [6, 7].

Studies in animals showed that some drugs induced gen-
otoxicity through DNA damage, as well as micronuclei for-
mation [10, 11, 135]. OME can induce DNA damage by

mechanisms involved with oxidative damage, genotoxicity,
and mutagenicity (Figure 3).

6.1. Oxidative Damage. Oxidative stress is an important
parameter for chemical carcinogenesis [136]. ROS are con-
tinuously generated in cells through aerobic metabolism
and exogenous sources, including drugs, pesticides, and
other environmental factors [137]. This process occurs
when the amount of substances responsible for oxidative
damage exceeds the capacity of the endogenous antioxi-
dant system [138]. As a consequence, there are alterations
in the process of cell signaling, regulation, activation, apo-
ptosis, and necrosis [139].

ROS can cause several types of damage in distinct bio-
molecules, including DNA, proteins, lipids, carbohydrates,
and amino acids; cause ruptures, alterations in guanine
and thymine bases, and translocations across the sister
chromatids. These alterations can lead to inactivation of
tumor-suppressing genes, such as TP53 and ATM; or lead
to increased protooncogenes gene expression [140]. ROS
can also promote genomic instability and tumorigenesis
through increased glucose metabolism and hypoxia adap-
tations and mutations, which contribute to the abnormal
cell growth, angiogenesis, and apoptosis resistance [140].

Table 6: Mechanisms of adverse effects of omeprazole, which may be associated with prevention and/or risk of genomic instability.

Dose/concentration Study Study model Mechanisms of action
Prevention/risk for
genetic material

References

10 and 20mg/kg Clinical —
Proton pump and histamine
receptors, hyperplasia, gastric
atrophy, carcinoid tumors

Apoptosis, tumor
induction

[125]

— Clinical Human (n = 113)
Characterization of H. pylori
associated with gastritis,
therapeutic complications

Not reported [126]

— Clinical
Meta-analysis

review
Hypomagnesemia Not reported [42, 43]

5, 10, 20, and
40mg/kg

Clinical Human (n = 764)
Adverse effects: diarrhea,
nausea, constipation,
immune deficiencies

Immunological
changes

[127]

5 and 40mg/kg Clinical
Human (n = 170)

(review)

Induction of fractures,
vitamin B12 deficiency,

and diarrhea
Apoptosis [120]

20mg/kg Clinical
Patients with

gastric disorders,
case studies

Induction of allergies,
respiratory infection,

hepatotoxicity, electrochemical
changes, hypo- and

hyperglycemia, diarrhea

Apoptosis [121]

20 and 40mg/kg Clinical Case study
Deficiency of vitamin

B12, anemia
Not identified [128]

20 mg/kg Clinical Case study
Induction of

gastroesophageal reflux
Metastases,

hyperplasias, polyp
[129]

— Several Several
Intestinal nephritis,
hepatitis, polyps,

metaplasia, pneumonia
Cancer [130]

— Clinical Human (n = 298) Adverse effects on cysts
and polyps

Lung cancer and
pancreatic cancer

[131]

0.83–1.6mg/kg In vivo Cats
Heartburn, hypergastrinemia,

hypersecretions
Oxidative stress [109]
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There are reports that OME can amplify oxidative stress
as a result of gastritis, damaging the gastric mucosa rather
than accelerate its healing [4]. Excess ROS can result in inhi-
bition of the gastric acid pump in parietal cells that leads to
the release of sulfone, sulfite, and hydroxy-OME [141].
Effects of hyperoxia, inflammation, oxidative stress, and vas-
cular lesions are amplified with OME administration of
25mg/kg in rats along with the lung and alveolar vascular
simplification promoted by AhR [142].

ROS are responsible for modifications in mitochondrial
permeability [143], causing mutations and damage to the
mitochondrial DNA and the respiratory chain [144, 145].
OME can impart cytotoxicity of hyperoxia and induce ROS
in lungmicrovascular endothelial cells, by producing hydrogen
peroxide rather than acute hyperoxic lesions (in vitro) [146].

6.2. Genotoxic Effects. Genomic instability caused by drugs
can be associated with genotoxicity induction [6, 7, 134]. In
vivo studies suggest that OME can promote DNA damage
[147] through the formation of covalent adduct with DNA
in experimental animals [148]. Assessment of genotoxicity
of chemicals, including the identification of their mecha-
nisms of action, is important to establish distinctions among
carcinogens, especially in the pharmaceutical industry [134].
Drugs that are potentially inductors of genetic instability
must have to be monitored before consumption [133].

CYP1A1-inducible chemicals, such as benzo [a] pyrene
and 2,3,7,8-tetra-chlorodibenzo-dioxins, usually have
adverse effects related to genomic instability (mutagenic, car-
cinogenic, and teratogenic). However, studies indicate that

OME does not induce carcinogenesis, but it may amplify
the effects of environmental carcinogens [148]. Nevertheless,
studies on DNA damage and chromosomes are necessary
and relevant [149], since in silico studies showed that OME
can cause genotoxicity and mutagenicity through the forma-
tion of chromosomal aberrations and micronuclei [150].

At the molecular level, hypo- or achlorhydria triggers the
formation of N-nitrosamines, which may induce DNA dam-
age and provoke nuclear abnormalities, such as micronuclei,
pyknosis, and karyorrhexis [41]. OME does not have a direct
mutagenic effect [151], but DNA breaks are a result of oxida-
tive stress [81] in events originated from elevated ROS levels,
which cause oxidative damage to cell proteins, membrane
lipids, and genetic materials (e.g., DNA, RNA) [152].

6.3. Toxicity of Omeprazole. To understand the mechanisms
of drug toxicity, it is necessary to verify drug-drug interactions,
the formation of reactive metabolites, and individual sus-
ceptibility by genetic polymorphisms in drug-metabolizing
enzymes [153]. Gastric lesions are characterized by
increased production of ⋅OH and protein oxidation, especially
in gastric ulcers [73], which are related to lesion severity [78],
producing highly toxic lipid derivatives that may modify cell
function and even cell death [79].

OME induces hepatotoxicity in pregnant women, as
observed by the reduction of aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) enzymes [122].
Hepatotoxic and nephrotoxic effects, thrombocytopenia,
acute interstitial nephritis, anaphylactic reactions, gyneco-
mastia, and impotence have been seen in the long-term
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Caspase independent cell death
(Canitano et al., 2016)
Apoptosis via caspases
(Morimura et al., 2008)
Hyperoxia and free radicals production
(Patel et al., 2015)

Cellular acidification
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Expression of p21
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Figure 3: Toxicogenetic effects of omeprazole reported in clinical and nonclinical studies.
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OME use [154]. Several mechanisms are involved in drug
hepatotoxicity; among those is the disassembly of actin fibrils
that may result in cell lysis by changes in membrane trans-
port pumps, as well as apoptosis by activation of the TNF-α
[155]. Hepatic toxicity leads to hepatic lesions that disappear
after discontinuation of the drug [156].

The PPIs can induce cytotoxicity through autophagic
mechanisms, such as alterations in pH homeostasis [157].
OME presented cytotoxic effects in marine microalgae Tetra-
selmis sp. through hyperpolarization of cytoplasm and mito-
chondrial membranes, as well as by cell acidification and
ROS generation [158]. Moreover, OME exerted toxic and
cytotoxic effects in rabbit gastric gland cells that were attrib-
uted to oxidative processes [4].

More recent studies indicate that OME has antitumor
activity against multiple myeloma as a single agent, and asso-
ciated with chemotherapy, due to its cytotoxic activity as an
apoptosis inductor, independently of caspases [159]. OME
presented antitumor effects in association with chemother-
apy in rectal cancer patients, including reducing the side
effects of the treatment [160]. These effects were also
observed in fibrosarcoma and colon cancer cells, suggest-
ing that its use associated with anticancer drugs can be a
promising therapy against malignant tumors [161].

Studies report that OME presents synergistic effects in rec-
tal cancer chemotherapies [161]. Several mechanisms are pro-
posed for the antitumor effect of Na+/K+ pump inhibitors
[162], such as cell death stimulators via caspases, apoptosis
inductors [163–166], an inhibitor of the V-ATPase activity,
and turn tumors chemosensitive [167].

Antitumoral effects of OME were also described in stud-
ies with several cancer cell lines, including Heya8-MDR,
SKOV3-TR, ES-2, and RMG-1; colon carcinoma cells
(320WT and 320MUT) [168], neuroblastoma cells (SH-
SY5Y), human microglia (THP), myeloma RPMI8226,
U266, human gastric cancer (HGC-27), glioblastoma (U-87),
human colon cancer (HCT-116 and HCA-7) cells, and
Jurkat T lymphocytes at concentrations between 10 and
106μM [169, 170].

In xenographic model of colon carcinoma and colon
cells, antitumoral effects were also observed through increase
expression of immediate early response gene X-1 (IEX-1), a
stress-sensitive gene [171–173]. Other mechanisms have
been suggested for the OME antitumor effect, such as reduc-
tion of Bcl-2 [174–176], Bcl-xL, and survivin [176], as well as
reduction of other antiapoptotic proteins [177, 178].

In human gastric cancer cells (HGC-27) and polymor-
phonuclear neutrophils, OME exerted an antitumoral effect
through increase in caspase 3 [123], apoptotic proteins [90],
and cleavage of poly [ADP-ribose] polymerase 1 (PARP-1)
[124, 169, 170]; OME was cytotoxic in colon cells through
increased gastrin secretion and increasing expression of
IEX-1. Moreover, OME showed antitumor effects in different
carcinomas [172, 173] through mechanisms associated with
reduction of Bcl-2 and Bcl-xL expression [176] and in che-
moresistant cells (HeyA8-MDR, SKOV3-TR) in association
with the anticancer drug paclitaxel [168].

In relation to genotoxicity in clinical studies, it has been
reported for clastogenic effects and oxidative stress mecha-

nisms [179] and hydroxylation induction and sulfoxidation
in OME doses of 20 to 40mg/kg [180]. Sulfonamide metabo-
lites have also been reported as mechanisms for genotoxicity
in in vivo studies [181]. Additionally, there are other mecha-
nisms associated with DNA damage, including ornithine
decarboxylase induction as a marker of cell proliferation
[182], micronuclei induction [147], transcriptional changes
[97], hyperplasia, hypertrophy, and other cellular alterations
(Narimar et al., 2009).

OME antitumor effects in clinical studies are rare, but
some have shown synergistic effects with antitumor drugs
on modulating tumor acidity and apoptosis [160]. In
in vitro studies, antitumor mechanisms have been related to
expression of V-ATPase [168], inhibition of miR203-3p
[183], and downregulation of metastatic CXCR4 proteins
[184] and miRNAs [185]. In summary, other mechanisms
indicative of genotoxicity, toxicity, and cytotoxicity of OME
are shown in Table 7.

7. Carcinogenic Effects of Omeprazole

Severe pathological alterations on the stomach mucosa can
lead to peptic ulcer and gastric cancer [20], especially due
to complications with H. pylori infection and exposure to
acid and pepsin [46, 107]. Gastric cancer is the 15th leading
cause of death by cancer, more frequent in men and mostly
influenced by age, diet, and stomach diseases, including H.
pylori infection [193].

Studies are still controversial, but H. pylori can be associ-
ated with gastric carcinoma by mechanisms related to
increased ROS/RNS and oncoprotein formation [194]. Gas-
tric pathologies are commonly related to increased levels of
gastrin [195, 196]. Atrophic gastritis, resulting from mono-
therapy with OME in the context of H. pylori infection, has
been associated with an increased risk of mucosa dysplasia
and gastric cancer [114].

Carcinogenicity studies are preliminary to the approval
and commercialization of pharmaceutical products, includ-
ing cytogenetic in vivo and in vitro assays [197–199].
Brambilla and his colleagues report that, out of 535 med-
ications, 279 showed positive results for carcinogenicity in
animal tests. Thus, the indication of drugs should consider
the risk/benefit in relation to the carcinogenicity and
should prioritize new therapeutic intervention strategies
[6–11, 200].

Studies have shown that after chronic gastritis, atrophy,
intestinal metaplasia, and dysplasia, there are increased risks
for gastric cancer [27, 57], especially with H. pylori infection
[201]. Esomeprazole can induce acid suppression, leading to
indigestion and amplifying risks of bacterial infections that
generate atrophic gastritis [108, 202].

Long-term use of OME may relate to the cell prolifera-
tion and carcinoid tumors [203]. Menegasse et al. [204]
concluded that proliferative changes of the oxyntic mucosa
occur in individuals with chronic use of PPIs, with statisti-
cal significance in association with age and proliferative cell
alterations [205]. Several studies reported that acid-
suppressing drugs increase risks of polyp formation and/or
gastric cancer due to nitrosamine production and
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Table 7: Mechanisms indicative of genotoxicity, toxicity, and cytotoxicity of OME and their implications for prevention and/or risk of
genomic instability.

Activities
Dose/

concentration
Study Study model Mechanism of action

Prevention/risk for
genetic material

References

Genotoxicity
20 and
40mg/kg

Clinical
Endoscopy
biopsy

DNA damage, clastogenic
effects, oxidative stress

Genomic instability,
genetic risks

[179]

Genotoxicity
20 and
600mg

Clinical Human (n = 57)
Interaction between genetic

variations, CYP2C19
hydroxylation, and

sulfoxidation

Oxidative stress [180]

Genotoxicity 20mg/kg Clinical Human (n = 33) Cytogenetic change:
micronuclei formation

Genomic instability [186]

Genotoxicity 20mg/kg In vivo Rats

Cytogenetic alterations,
breaks of sister chromatids,
micronucleus formation,
chromosomal alterations

Genetic instability,
cytogenetic damage

[186]

Genotoxicity — In vivo Rodents Sulfonamide metabolites Reactivity with DNA [150]

Genotoxicity 1-100 μM In vivo Rats
Activates sulfonamide
groups, inhibition of

DNA synthesis
DNA damage [181]

Genotoxicity
30 and

100mg/kg
(p.o.)

In vivo Rats
DNA synthesis, oxytocin
decarboxylase induction

Cell proliferation [182]

Genotoxicity 30mg/kg In vivo Rats
Micronuclei formation,

cellular alteration,
cell proliferation

Chromosomal
instability,

genomic instability
[147]

Genotoxicity
10 and

100mg/kg
In vivo Rats

Cell proliferation and
replication

Genomic instability [187]

Genotoxicity — In vivo Rats
Transcriptional changes
in the gastric mucosa

Changes in
inflammatory

regulation genes and
immune response

[97]

Genotoxicity 20ml/kg In vitro Rats Hyperplasia Genomic instability [188]

Toxicity 40mg/kg Clinical Case study
Increased ALT and

AST levels
Induction of apoptosis [122]

Toxicity — Clinical Human
Inflammatory, CYP2CI9

enzyme variation,
acute nephritis

Genomic instability [189]

Toxicity
30 and
60mg/kg

Clinical —

Microsomal hepatic
inhibition, oxidase
function, blocking of
H+/K+-ATPase system

Oxidative damages [190]

Toxicity — Clinical Human (n = 2,634)
Interaction between

anti-inflammatory and
proton pump inhibitors

Apoptosis [191]

Toxicity 40mg/kg Clinical Human Neutropenia Nontoxic effect [191]

Toxicity 100 μM In vivo Rats

Oxidation and toxicity,
thiol oxidation, conversion

of OME to thiolytic
sulfonamides, binding
to cysteine residues of
H+/K+-ATPase system

Oxidative damages [192]

Toxicity
0.0001 and
50mM

In vitro
Polymorphonuclear

neutrophils
Apoptosis, sulfhydryl

groups
Apoptosis [4]

Toxicity 0.0001mM In vitro
Jurkat cells,
lymphomas

Cleavage caspase 3
and PARP

Apoptosis [123]
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hypergastrinemia. Decreased gastric acidity, due to gastric
atrophy or to hypochloridria, may favor bacterial coloniza-
tion, increasing the cancer risk [206]. OME (20mg) induces
gastric hyperplasia and polyps that increase with therapy
and regress with discontinuation, independently of H.
pylori infection [129].

Also, studies report that OME reacts with DNA and
induces cancer in rodents [150]. OME, at high dose (30
mg/kg), was shown to induce carcinogenesis in the anterior
stomach by influencing the levels of acid phosphatase
(ACP) and N-acetyl-β-D-glucosaminidase (NAG) in the
serum and spleen [207]. Other evidence showed that OME
can induce hypergastrinemia and colorectal tumors [208].

PPIs are associated with H. pylori-induced chronic atro-
phic gastritis, metaplasia, and carcinoma [209]. Atrophic
gastritis usually happens during monotherapies with OME,
possibly resulting in dysplasia and gastric cancer [210].

In summary, other mechanisms of OME activity may
also include carcinogenic risks due to its effects of hyper-

gastrinemia and metaplasia [211]. Other mechanisms are
also pointed out in in vivo studies such as ROS induction,
oxidation of 8-DHD6 [212, 213], premalignant lesions
[214], cell cycle alterations, genotoxicity, hyperplasia, and
inhibition of liposomal hydrolases [215]. Several studies
indicative of OME-mediated carcinogenicity are summa-
rized in Table 8.

8. Conclusion

Studies on the mechanisms of action of OME are still contro-
versial. As a gastroprotectant agent, it blocks proton pump,
activates HSP70 proteins and TGF-β, exerts antioxidant
activity, reduces lipid peroxidation, and activates expression
of antioxidant defenses, without differentiation of doses
and/or concentrations. Additionally, in in vitro and in vivo
studies, anti-inflammatory effects of OME have been related
to increased gastric flow, increased anti-inflammatory
markers (COX-2, IL-10A, and IL-6), and antiapoptotic

Table 7: Continued.

Activities
Dose/

concentration
Study Study model Mechanism of action

Prevention/risk for
genetic material

References

Antitumoral
neoadjuvant

20 and
40mg/kg
(i.v.)

Clinical Human (n = 127)
Modulation of tumor
acidity, apoptotic

cell death

Inhibition of cell
proliferation

[124]

Antitumoral 80mg/kg Clinical Human (n = 94) Synergistic effects with
antineoplastic drug

Apoptosis [160]

Antitumoral
50, 100, and
200 μM

In vitro
Human

melanoma cells
Cytotoxic effect Apoptosis [87]

Antitumoral 10-40mg/kg In vitro, in vivo
Ovary cancer

(n = 44) patients
Expression of V-ATPase,
inhibition of V-ATPase

mRNA protein

Apoptosis and
cytotoxicity

[159]

Antitumoral 100 μg/ml In vitro

CP-A (ATCC
CRL-4027)

CP-B (ATCC-
CRL4028) cells

Inhibits cell cycle growth
(arrest cell cycle at G0/G1)
by inhibiting miR203a-3p

Induction of
apoptosis

[168]

Antitumoral
200 and
300 μM

In vitro

Breast cancer
(MCF, SKBR₃
MDA–MB-468)

cell lines

Decreases MDA-MB,
decreases expression of
prometastatic proteins
and the expression
of C-X-C chemokine
receptor 4 (CXCR4)

Prevention of
metastasis and
inhibition of cell
proliferation

[183]

Antitumoral 10mg/kg In vivo Rats
Decreases NO levels,

decreases the expression
of TNF-α and B catechins

Apoptosis [184]

Antitumoral
10 and
30mg/kg

In vitro
HeLa cervical
cancer line

Expression of ATPase
via SiRNA

Cell proliferation [70]

Antitumoral
50 and

200 μg/ml
In vitro

Pancreatic cancer
cell lines

Interaction with ATPase
function regulators,

modulation of liposomal
transport

Apoptosis [22]

Antitumoral
100, 200, and
300μM/l

In vitro
Esophageal

adenocarcinoma
(KYSE410)

Control intra and
extracellular pH,

expression of miRNAs

Antiproliferative
effect

[165]

Antitumoral 160 μM In vitro Melanoma cells
Acidification and

alkalinization of tumors,
NADPH oxidase dysfunction

Autophagy,
oxidative stress

[185]
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activity by reducing caspase 3, Bcl-2, mitochondrial calcium,
and expression of NTRK2 and GGR1 genes. However, OME
adverse effects, especially in vivo, such as changes in bacterial
flora, enteric infections, gastric gland destruction, polyp for-
mation, hypomagnesia, hypocalcemia, hyperplasia, intestinal
metaplasia, electrolyte deficiency, and immunological com-
ponent changes, may relate to the consequences of genomic
instability. In summary, besides the gastroprotective effects,
the adverse effects of OME may be due to its DNA damage
capacity by inducing oxidative stress, apoptosis and necro-
sis, immunological alterations, cell proliferation, autophagy,
and tumors.
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Introduction. Aerodigestive squamous cell carcinomas (ASCC) constitute a major source of global cancer deaths. Patients typically
present with advanced, incurable disease, so new means of detecting early disease are a research priority. Metabolite quantitation is
amenable to point-of-care analysis and can be performed in ASCC surrogates such as breath and saliva. The purpose of this
systematic review is to summarise progress of ASCC metabolomic studies, with an emphasis on the critical appraisal of
methodological quality and reporting. Method. A systematic online literature search was performed to identify studies reporting
metabolic biomarkers of ASCC. This review was conducted in accordance with the recommendations of the Cochrane Library
and MOOSE guidelines. Results. Thirty studies comprising 2117 patients were included in the review. All publications
represented phase-I biomarker discovery studies, and none validated their findings in an independent cohort. There was
heterogeneity in study design and methodological and reporting quality. Sensitivities and specificities were higher in
oesophageal and head and neck squamous cell carcinomas compared to those in lung squamous cell carcinoma. The metabolic
phenotypes of these cancers were similar, as was the kinetics of metabolite groups when comparing blood, tissue, and
breath/saliva concentrations. Deregulation of amino acid metabolism was the most frequently reported theme. Conclusion.
Metabolite analysis has shown promising diagnostic performance, especially for oesophageal and head and neck ASCC subtypes,
which are phenotypically similar. However, shortcomings in study design have led to inconsistencies between studies. To
support future studies and ultimately clinical adoption, these limitations are discussed.

1. Introduction

Squamous cell carcinomas of the aerodigestive tract (ASCC)
constitute a major health burden globally, with an estimated
4.3 million new cases and 2.6 million deaths annually [1].
Poor survival that is associated with ASCC reflects their often
delayed presentation to medical professionals, such that
many patients are not suitable for curative therapy [2–5].
Whilst the ability to diagnose ASCC at an early stage is asso-
ciated with improved long-term survival, current strategies
have inadequate diagnostic performance and are not recom-
mended in national guidelines. There remains an unmet clin-
ical need to develop reliable noninvasive and cost-effective
methods for the early detection of ASCC.

ASCC arise from nonkeratinising stratified squamous
epithelium lining the upper digestive tract (lips to lower
oesophagus) and respiratory tract. This convenient location

renders ASCC suitable for noninvasive testing using breath
and saliva. The use of proteomics and genomics has histori-
cally been at the forefront of diagnostic studies. However,
these techniques provide monothematic information and
are less suited to point-of-care technologies needed for
large-scale application [6]. Metabolites may be more appeal-
ing as they are amenable to noninvasive sampling and trans-
latable to point-of-care analytical tools [7]. For example, in
upper gastrointestinal adenocarcinoma (the other major
ASCC subtype), exhaled metabolites have demonstrated
promise for detecting treatable disease stages [8–10]. How-
ever, progress in this field has been hampered by inadequate
standardisation, inconsistent quality assurance, and evolving
analytical technology [11–14].

The purpose of this systematic review is to summarise
progress of ASCCmetabolomic studies. The specific objectives
are (i) to assess methodological quality, (ii) to summarise the
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discriminatory performance of the proposed metabolic bio-
markers, and (iii) to describe emerging metabolic themes
for these cancers.

2. Materials and Methods

2.1. Literature Search. This review set out to identify all stud-
ies that measured differences in metabolites between patients
with ASCC and relevant controls. A systematic literature
search was conducted in accordance with the recommenda-
tions of the Cochrane Library and MOOSE guidelines [15].
The following databases were searched: Medline (1946–pres-
ent) via OvidSP, Ovid Embase (1947–18th January 2019), and
Cochrane Library. Three strings using the following search
terms were used: biomarkers; metabonomics; metabolic pro-
filing; volatile organic compounds; magnetic resonance spec-
troscopy; mass spectrometry; and squamous cell carcinoma.
All variations in spelling including a truncated search term
using wild card characters and “related articles” function
were used in combination with the Boolean operators AND
OR. Full details of the search strategy were provided as a sup-
plementary file. The reference lists of identified articles were
also searched to identify other potentially relevant studies.

Two independent reviewers (YMG, PB) screened the
titles and abstracts of all studies identified by the primary
electronic search. The full texts of potentially relevant articles
were retrieved to assess eligibility for inclusion. Included
studies were those where metabolomic techniques to identify
biomarkers of ASCC were performed in treatment-naïve
human subjects. Studies were excluded if they reported on
mixed cancer subtypes where results for ASCC could not be
separately determined. Studies that did not report named
biomarkers of ASCC, animal and in vitro studies, studies
not published in the English language, and review articles
and conference abstracts were also excluded. A third reviewer
(SA) was consulted in the case of a disagreement.

2.2. Definitions. Metabolomics is defined as “the global and
unbiased definition of the complement of small molecules
in biofluids, tissues, organs, or organisms” [16]. Biomarkers
were defined as a naturally occurring molecule, which were
significantly different in a disease state. ASCC included
tumours affecting squamous mucosa of the oral cavity, oro-
pharynx, lung, and oesophagus.

2.3. Outcome Measures. The following data items were
extracted from included publications: year of publication,
country of origin, study design, recruitment time, total num-
ber of participants, tumour of origin, biomarker phase,
tumour stage, analytical platform used, sample type, number
of compounds identified, compounds noted to be increased/-
decreased in cancer, statistical analysis performed, prediction
model used, sensitivity and specificity, and area under the
receiver operating characteristic (ROC) curve derived from
diagnostic models.

2.4. Statistical Analysis. Statistical analysis was performed
using R (version 3.2.1, The R Project for Statistical Comput-
ing, http://www.r-project.org). Using the sensitivity, specific-
ity, and area under the ROC curves derived from individual

published models, bivariate meta-analyses were performed
to create pooled point estimates of the hierarchal summary
ROC curve of VOC analysis in accordance with previously
validated methods [17].

2.5. Metabolite Analysis. All metabolites identified were
classed in accordance to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway, and statistical analysis was
performed using the pathway analysis module in MetaboA-
nalyst version 4.0. Metabolites determined to be significantly
increased or decreased in each study were selected. Data pre-
processing included name check against the Human Metab-
olome Database (HMDB), data checks, and missing values.
Parameters used to analyse this data were the hypergeo-
metric test for overrepresentation analysis and the relative-
betweenness centrality test for pathway topology analysis
based on the KEGG pathway library [18–20]. Normalisation
was performed using the weighted means of identified
metabolite that were increased/decreased in squamous cell
carcinoma (SCC) in each sample type. The mean proportion
of each compound identified was analysed as the proportion
of the total number of compounds identified per metabolite
class per study, divided by the total number of compounds
identified in total in each SCC site subtype, multiplied by
the total number of studies; this compound was identified
in Figure 1.

2.6. Quality Assessment. Study quality was assessed with three
tools: first, Quality Assessment of Diagnostic Accuracy
Studies-2 (QUADAS-2) checklist [21] to assess methodolog-
ical bias. Second, the Standards for Reporting of Diagnostic
Accuracy Studies (STARD) checklist [22, 23] was used to
assess general reporting quality of a clinical diagnostic tool.
Third, the Chemical Analysis Working Group- (CAWG-)
Metabolomics Standard Initiative (MSI) criteria was used as
this focused on the reporting quality of metadata of metabo-
lomic studies [14]. The CAWG-MSI Metabolite Identifica-
tion Levels were used to summarise studies’ identification
rigour: level 1 (most confident, at least two orthogonal analyt-
ical data types, e.g., retention time, isotope labelling), level 2
(one data type, spectral similarity to commercial library), level
3 (one data type related to a spectral or chemical property).

3. Results

A systematic literature search identified a total of 30 studies
comprising of a total of 2117 subjects of which 1144 had a
diagnosis of ASCC (Figure 2). Details of included studies
were provided in Table 1. All studies were Phase I biomarker
discovery studies. Of the 30 included studies, 18 were from
Asia and the Far East [8, 9, 11–26], seven from Europe [27–
33], three from North America [34–36], and two from the
Middle East [37, 38]. ASCC tumour sites identified were
the head and neck (n = 17), oesophageal (n = 8), and lung
(n = 5). The majority of studies compared patients with can-
cer to normal controls and or benign conditions [16, 25, 26,
28, 29, 34, 38–43].

Liquid chromatography mass spectrometry (LC-MS)
was the most commonly used analytical platform (n = 14)
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followed by gas chromatography mass spectrometry (GC-
MS, n = 12). Sample types used in these studies were tissue
(n = 10), saliva (n = 13), plasma (n = 13), urine (n = 5), and
breath (n = 6). Several studies used more than one analytical
platform [34, 35, 38, 40] and/or sample types for analysis
[34, 35] (Table 1). Eight studies used targeted methods,
and 22 studies untargeted methods. All studies that used
untargeted methods covered a large range of commonly
identified metabolites, ranging from small fatty acids to

larger glycolipid and carbohydrate metabolites. Only five
studies identified volatile compounds [26, 30, 36–38].

3.1. Quality. Assessment of bias and applicability of out-
comes were analysed with QUADAS-2 (Table 1). The
QUADAS-2 was divided into risk of bias of the following:
patient selection, diagnostic test, reference standard, and
patient flow and timing. Additionally, this test investigated
applicability of patient selection, diagnostic test, and

1/(total number of
compounds identified per
metabolite class in each study)

Total number of compounds
identified in each SCC subtype

Total number of studies
that identified compound

Figure 1: Equation for weighted means of each identified metabolite. Key: SCC: squamous cell carcinoma.
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reference standard to the systematic review. There was an
overall low risk of bias of these diagnostic tests and high
applicability of these studies to the review question. In this
QUADAS-2 analysis, the nature of patient flow and timing
of sample analysis was least reported in studies in this
review (n = 11) [16, 28–30, 33, 36, 39, 40, 44].

General reporting quality of a clinical diagnostic tool was
assessed by the STARD checklist (Table 1). The STARD score
for reported studies ranged from 21 to 37 with a mean of 29.4
(±4.76 S.D) where the maximum score is 41. More than 75%
of studies reported inclusion and exclusion criteria, described
the reference test and standards, and reported potential bias
and analysis of diagnostic accuracy well. However, more than
two thirds of studies failed to clearly demonstrate patient
recruitment protocol, specifically, how patients were identi-
fied and recruited, the nature of recruitment, e.g., consecutive
or random series and [22, 37, 40, 41, 45–47] sample size esti-
mation [35, 42, 48], participant flow [24, 31, 35, 39, 49, 50],
and adverse effects as a consequence of the diagnostic tool.

Reporting of clinical demographics was not consistent in
each study. Of the 30 studies, only 10 fully reported all clini-
cal demographics [28, 30, 34, 35, 38, 41, 43, 47, 49, 51], 13
reported at least patient age, gender, and clinical stage [16,
25, 26, 31, 36, 39, 40, 42, 45, 46, 48, 52, 53]. Seven studies
did not report differences in metabolite profile at different
tumour stages [24, 27, 29, 32, 36, 37, 46]. In these seven stud-
ies, four compared differences in metabolic profile between
cancer and noncancer cohorts [24, 27, 32, 37].

Definitions of normal control differed most in tissue sam-
ple analysis, where Zhang et al. specified normal adjacent
control tissue samples a minimum of 5 cm from the tumour
site [54] in contrast to the other five tissue studies that used
adjacent normal controls [26, 29, 45, 46, 53] without demon-
strating adequacy of tissue clearance. Of all 30 studies in this
review, only Shoffel-Havakuk et al. used patients with benign
histology as controls [37]. No tissue study used normal sam-
ples from patients with no endoluminal pathology, which is
pertinent as metabolic field effects exist in endolumens [55].
Various exclusion criteria were given to control donors’ char-
acteristics, including use of nonsteroidal anti-inflammatory
drugs within the past week, antibiotic treatment and con-
sumption of specific food, history of mucosal disorder,
chronic and/or systemic disease such as diabetes, autoim-
mune disorders, heart disease, infection, and liver disease.
Twenty-six studies involving biofluids or breath used healthy
volunteer controls, one additionally used patients with
benign diseases [24, 25, 27, 28, 30–43, 46–49, 51, 52, 56,
57]. The definition for healthy volunteers was based on his-
tory (six studies) or endoluminal study (18 studies).

Reporting of metadata in metabolomics datasets was
assessed using CAWG-MSI [14] (Supplementary Table 2). A
summary of the minimum reported metadata is summarised
in Table 1. Twenty of the 30 studies included in this
systematic review used relative quantification of compounds
[16, 24, 25, 28, 29, 31, 33–38, 40–43, 45, 48, 49, 52], whilst
10 included studies provided absolute quantification of
compounds [27, 30, 32, 39, 46, 47, 51–53, 56]. Despite the
availability of reporting guidelines for metabolomics analysis,
only three studies reported greater than 50% of the CAWG-

MSI criteria [34, 39, 52]. Overall, studies reported sample
preparation, experimental analysis, and instrumental
performance well. However, the majority (80%) did not
provide method validation data [16, 24, 25, 27, 28, 30–38,
40–42, 45–49, 51, 52, 54, 56]. Thirteen studies that analysed
relative quantification of metabolites identified used either
internal standards or normalised the results to allow for
instrument variation [16, 24, 25, 29, 33–36, 40–42, 45, 49].
Six of the 10 studies that used absolute quantification did
not report accuracy or precision validation data for their
method on the instrument [30, 44, 46, 47, 51, 56] whilst
two of 10 studies reported the limits of quantification and
detection of their method [39, 52]. Out of 30 studies, only
12 declared evidence of data preprocessing [25, 29, 33, 34,
36, 37, 40, 41, 43, 45, 48, 49]. Levels one, two, and three
metabolite identification were reported in nine [25, 27, 30,
32, 36, 39, 40, 46, 52], 15 [16, 24, 26, 29, 33, 34, 37, 42, 43,
45, 47, 49, 51, 56, 58], and six [28, 31, 35, 38, 41, 48]
studies, respectively. Only two of the 30 studies reported
all of the statistical aspects suggested by the CAWG-MSI
guidelines [59].

3.2. Discriminatory Features. The highest sensitivity of
oesophageal squamous cell cancer (OSCC) diagnosis was
reported by Zhang et al. at 97.4% with a specificity of 95%
and AUC of 0.988 [44]. Jin et al. reported the highest specific-
ity at 96.67% with a sensitivity of 90% and AUC of 0.964 [42].
The highest sensitivities and specificities of lung squamous
cell cancer (LSCC) were poorer with Handa et al. reporting
the highest sensitivity of 97.4% [28] and Sanchez-Rodriguez
et al. reporting the highest specificity of 68% and AUC of
0.7 [30]. The highest sensitivity, specificity, and AUC were
reported for head and neck squamous cell cancer (HNSCC):
100%, 96.7%, and 0.997, respectively (Table 1). However, no
groups subsequently validated their initial findings in inde-
pendent cohorts. Of the 6 studies which reported AUC >
0:90, a high risk of bias was not present and CAWG-MSI
metabolite identification was level 1 or 2.

3.3. Metabolic Themes. A total of 181 metabolites identi-
fied were associated with an increase or decrease in con-
centration in patients with ASCC compared to their normal
controls (Supplementary Table 3). These compounds were
identified in a range of sample types including tissue,
plasma, urine, saliva, and breath. The majority were amino
acids, carboxylic acids, or fatty acids, and these were more
commonly identified in tissue, saliva, and plasma samples.
The least common metabolites identified were vitamins,
nitrogen, and sulphur containing compounds (Supplementary
Figure 1). Sixty-eight compounds that changed in ASCC
were reported in more than one study. These metabolites
were selected based on metabolites that were identified to
be increased or decreased in cancer in different studies. Of
these, 27 compounds were noted to be involved in amino
acid and lipid metabolism (Supplementary Table 4). All
biomarkers showed a consistent increase or decrease in the
sample types across different studies (see Supplementary
Tables 3 and 4).
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A particularly deregulated pathway was branched
chain amino acid metabolism (BCAAs, see Figures 3 and 4
and Supplementary Table 3). There were 36 significant
differences in BCAA concentrations, or their downstream
metabolites, across 12 studies [25, 28, 34–36, 39–41, 43, 45,
46, 49]. The QUADAS-2 risk of bias was low for nine
of these studies [34–36, 40, 41, 45–47, 49]. Five of these
studies were of good quality and five of fair quality as
assessed by the STARD checklist. One study reported the
minimum metadata required from the CAWG-MSI checklist
[39]. Of these 12 studies, two reported level 1 metabolite
identification [35, 39], seven reported level 2 [25, 28, 36,
41, 43, 45, 60], and three reported level 3 metabolite
identification [34, 40, 46].

3.4. Influence of Anatomical Location on Metabolic Themes.
LSCC (n = 9) had the lowest number of metabolite classes
compared to OSCC (n = 20) or HNSCC (n = 18) (Figure 3).
Common metabolites that were identified in all ASCC sites
were amino acids, fatty acids, carbohydrate, nitrogen com-
pounds, and organic acids. OSCC and HNSCC appear to
demonstrate similar metabolic profiles compared to LSCC
(see Figures 3 and 4). Metabolic pathways commonly deregu-
lated in both OSCC and HNSCC mainly concerned amino
acid mobilisation, uptake, and polymerisation; lipid synthe-
sis; and alternative energy. All twelve studies demonstrating
BCAA deregulation were either OSCC or HNSCC. These
compounds were increased in tissue and saliva but decreased
in cancer patients’ plasma. Breakdown products of BCAA,
alpha-ketoisocaproic acid (KIC), alpha-ketoisovaleric acid
(KIV), and alpha-ketomethylvaleric acid (KMV) were
reported in three metabolomic studies [35, 42, 48] related
to OSCC and HNSCC. However, the design and reporting
heterogeneity meant these site-specific results should be
approached with caution, and further detailed analyses were
not performed.

3.5. Influence of Biosample Type on Metabolic Themes. There
was an overall positive deflection in the proportion of metab-
olites present in the tissue, saliva, urine, and breath of ASCC
patients and a negative deflection in plasma (Figure 3). This

was particularly evident for amino acids. Metabolites in
ASCC saliva samples were more similar to tissue than
plasma. In particular, increased BCAAs were identified in tis-
sue and saliva of patients with ASCC. In contrast, plasma
BCAAs were decreased in ASCC plasma and not identified
in urine or breath. This trend was also noted in other amino
acids. BCKAs were decreased in the plasma of ASCC
patients, but the proportions of fatty acids increase and
decrease were similar in tissue samples. However, the design
and reporting heterogeneity meant these sample-specific
results should be approached with caution, and further
detailed analyses were not performed.

4. Discussion

This systematic review provides an overview of progress in
ASCC metabolic biomarker studies. The principal findings
of this review were (i) favourable diagnostic performance of
metabolic biomarkers for the detection of OSCC and
HNSCC but not LSCC in pooled analysis, (ii) shared meta-
bolic features of OSCC and HNSCC, and (iii) suggestion of
a consistent role of the KEGG amino acid metabolic pathway
in ASCC. Additionally, comparing sample types suggests
metabolites are often depleted in the circulation and enriched
in both tumour tissue and luminal surrogates, suggesting
a model for ASCC biomarker kinetics. From the design
perspective, clinical methodology and reporting quality was
of a reasonable standard, but analytical methodology and
reporting quality were often of a poor standard, and no stud-
ies performed exceptionally in both aspects.

ASCCs all have high mortality due to late disease detec-
tion. Currently, there are no screening strategies for any sub-
type of sufficient accuracy and quality to support political
endorsement. Pooled analysis of identified studies regarding
the detection of ASCC gave an area under the curve (AUC)
of 0.927 with sensitivity of 85.7% (95% CI 78.9–92%), respec-
tively. This diagnostic performance compares favourably to
existing screening programmes such as faecal occult blood
testing for colorectal cancer and cytological cervical screen-
ing test that currently are associated with lower sensitivity
and specificity [61, 62]. Although the studies were generally
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of an exploratory nature without extensive validation, these
results are encouraging and suggest metabolic biomarkers
of ASCC may provide novel screening tools to identify
high-risk populations, provided these efforts can progress
to high-quality validation studies with appropriate power.
The finding that the six studies reporting the highest AUC
values had good clinical design and used targeted metabolo-
mic methods suggests methodological rigour and hypothesis-
driven metabolomics generate the best results.

In both discriminatory performance and metabolic
themes, HNSCC and OSCC clustered away from LSCC,
suggesting the underlying biology of those cancers is better
suited to metabolic biomarker studies. Both HNSCC and

OSCC arise from normally resident squamous cells, whereas
LSCC arise from metaplastic squamous cells, perhaps
explaining LSCCs’ relative metabolic heterogeneity. More-
over, genomic studies suggest LSCC to be distinct from
HNSCC and OSCC [63–65]. Nonetheless, the relatively
lower number of quantified metabolites for LSCC suggests
this cancer warrants further study, perhaps using the similar
analytical approaches from the best OSCC/HNSCC studies.

Despite using weighting to account for multiplicity from
untargeted approaches, the heterogeneity in study design and
quality, and the lack of independent validation, made com-
prehensive biological interpretation of the observed meta-
bolic difference speculative. An exception to this was BCAA
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Figure 4: Metabolic pathways involved in all ASCC: (a) all metabolic pathways, (b) amino acid metabolism, (c) lipid metabolism, and (d)
carbohydrate metabolism.
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metabolism, which was a consistent theme in across the
ASCC subtypes. There were 36 significant differences in
BCAA concentrations or their downstream metabolites,
across 12 studies [25, 26, 28, 34–36, 41–43, 46, 56, 66]. This
was far more than any other metabolite group. Increased
BCAAs were observed in ASCC tissue samples from four
studies [26, 36, 45, 53], and decreased BCAA levels in
cancer-blood samples were observed in two studies [42, 56].
These differences were often stark. This suggests uptake of
BCAAs into ASCCs against the concentration gradient.
BCAAs constitute 35-40% of human protein and are thus
essential amino acids necessary for protein synthesis in rap-
idly dividing cells [67]. They also have additional proproli-
ferative effects. For example, leucine potently activates the
mammalian target of rapamycin complex 1 [60, 68–70] and
BCAA deamination is a major source of glutamine for alter-
native energy [68, 71]. Thus, BCAA metabolism is emerging
as critical mediators of transformation and treatment escape
in a number of malignancies including other squamous can-
cers [72, 73] and the present finding of consistent BCAA
reprogramming in ASCC warrants further targeted study.

Metabolomic biomarker analytics has evolved consid-
erably in the last 15 years, and that progress is reflected
in the design heterogeneity of the included studies. Criti-
cal appraisal of analytical design using CAWG-MSI gen-
erally revealed a low standard. In contrast, only six of
the studies included in this review demonstrated poor
STARD/QUADAS-2 scores (score of less than 25), indi-
cating a reasonable quality of clinical design and reporting
(Supplementary Table 1). A key issue with metabolomic
studies is the compromise between metabolomic coverage
and unambiguous compound identification. Several studies
used untargeted methodologies [16, 25, 26, 28, 29, 31, 33–
38, 40–43, 45, 47–49, 51, 53] or more than one platform [3,
8, 9, 12] to increase their metabolomic coverage, although
none used ultra-high coverage techniques such as Fourier-
transform ion cyclotron resonance mass spectrometry
(FT-ICR). No studies did not meet their objectives, or
overstated their conclusions; however, this suggests that
significant aspects of the ASCC metabolome have not been
explored. Six studies that performed targeted methodology
achieved level 1 identification of compounds of interest [27,
30, 32, 39, 46, 52], and two further studies used only
commercially available spectral libraries for confirmation of
their compound of interest [24, 56].

Additionally, our critical review has highlighted the
following recurrent shortcomings in the current ASCC meta-
bolomic literature: (i) lack of a clear sample size calculation;
(ii) poor description of patient recruitment and inade-
quate description of clinical metadata; (iii) poor description
of method validation; (iv) inconsistent quality assurance,
especially replicate analysis; (v) biomarker performance fre-
quently reported as multivariable models rather than clinical
metrics; and (vi) lack of model validation data, either using
internal cross-validation, or independent validation cohorts
or studies. Using the CAWG-MSI checklist during study
design would help to mitigate these issues [14].

A potential limitation was that more patients included in
this review had late-stage disease (n = 548) rather than early-

stage disease (n = 331), and that the case mix was usually just
reported rather than subject to subgroup analysis. Typically,
the clinical motivation for the work was early cancer detec-
tion, which seems at odds with test populations enriched
for late-stage disease, without subgroup analysis. However,
the majority of these studies were performed in tertiary cen-
tre settings, which meant that patients would typically have
been on a curative pathway. Thus, the observed metabolic
differences can detect treatable disease, which provides a
platform for further studies powered to detect truly early dis-
ease. It should also be noted that more than half of the articles
in this review were performed in China and Japan and may
not be applicable to Western populations.

5. Conclusion

This review summarised progress in using metabolites to
identify patients with ASCC. There was significant heteroge-
neity in methodology and quality; however, especially for
OSCC and HNSCC, metabolites showed promise for mini-
mally invasive diagnosis. These two ASCC subtypes had sim-
ilar metabolic phenotypes, with deregulation of amino acid
metabolism particularly pronounced. Comparative analysis
of different sample types suggested a kinetics model for
amino acids across the endolumen. To aid the development
of future studies and ultimately clinical translation, the sum-
marised recurrent methodological weaknesses must be
addressed, especially with respect to analytical design.
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Redox homeostasis is essential for the maintenance of diverse cellular processes. Cancer cells have higher levels of reactive oxygen
species (ROS) than normal cells as a result of hypermetabolism, but the redox balance is maintained in cancer cells due to their
marked antioxidant capacity. Recently, anticancer therapies that induce oxidative stress by increasing ROS and/or inhibiting
antioxidant processes have received significant attention. The acceleration of accumulative ROS disrupts redox homeostasis and
causes severe damage in cancer cells. In this review, we describe ROS-inducing cancer therapy and the anticancer mechanism
employed by prooxidative agents. To understand the comprehensive biological response to certain prooxidative anticancer drugs
such as 2-methoxyestradiol, buthionine sulfoximine, cisplatin, doxorubicin, imexon, and motexafin gadolinium, we propose and
visualize the drug-gene, drug-cell process, and drug-disease interactions involved in oxidative stress induction and antioxidant
process inhibition as well as specific side effects of these drugs using pathway analysis with a big data-based text-mining
approach. Our review will be helpful to improve the therapeutic effects of anticancer drugs by providing information about
biological changes that occur in response to prooxidants. For future directions, there is still a need for pharmacogenomic studies
on prooxidative agents as well as the molecular mechanisms underlying the effects of the prooxidants and/or antioxidant-
inhibitor agents for effective anticancer therapy through selective killing of cancer cells.

1. Introduction

Reactive oxygen species (ROS) are generally defined as
chemically reactive molecules containing oxygen, produced
as a result of cellular metabolism [1]. A moderate level of
ROS plays an essential role in the cellular signaling that
regulates cell proliferation and cell survival [2]. However,
an increase in ROS levels can damage cellular components
such as lipids, proteins, and DNA, causing an imbalance
between cellular reduction-oxidation (redox) conditions and
resulting in the disruption of homeostasis [3]. Chronically
increased ROS cause severe cellular damage and lead to carci-
nogenesis by modulating cell signaling in biological processes
including cell proliferation and survival, angiogenesis, and
metastasis [4, 5].

Anticancer therapies based on oxidative damage through
the acceleration of accumulative ROS or the defective antiox-
idant system in cancer cells have been developed [2, 6]. Due
to uncontrolled metabolic processes during hyperprolifera-
tion, cancer cells have a higher basal ROS level than normal
cells [7]. Adaptation to excessive ROS conditions in cancer
cells has been reported, suggesting they have a higher level
of antioxidative capacity and ROS than normal cells [2].
ROS-inducing approaches rely on the fact that increasing
the ROS level over the cytotoxic threshold can selectively kill
cancer cells. The elevated ROS level breaks the redox homeo-
stasis and consequently causes cancer cell death. If exogenous
ROS-generating agents are triggered, the redox-imbalanced
cancer cells become more vulnerable than normal cells,
thereby leading to cell death [8] (Figure 1). Accordingly,
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prooxidative agents have been investigated as anticancer
drugs that interrupt redox adaptation and eventually induce
cytotoxicity in ROS-dependent cancer cells [9].

In this review, we summarize the mechanisms underly-
ing the effects of anticancer drugs utilized in oxidative
stress-inducing chemotherapy for direct or indirect ROS
generation. To grasp the biological alterations mediated by
prooxidative drugs, the drug-focused pathways were ana-
lyzed and visualized using big data-based network analysis
software. We also suggest crucial therapeutic strategies for
anticancer drugs and provide information regarding poten-
tial side effects and drug resistance based on the results of
the pathway analysis.

2. Basic Concepts of ROS: Generation
and Elimination

Oxygen is an essential molecule for maintaining metabo-
lism and life in organisms. However, the metabolism of oxy-
gen produces highly reactive molecules called ROS, a major
source of oxidative stress. There are many types of ROS,
including superoxide (O2

⋅-), hydroxyl radicals (OH⋅), hydro-
gen peroxide (H2O2), and singlet oxygen (1O2) [10]. The cel-
lular redox state refers to the balance between the oxidized

and reduced states in cells. In living organisms, redox
equilibrium is important for cellular homeostasis [11]. As
previously demonstrated, the impairment of redox homeo-
stasis mediated by an excess of oxidized biological molecules
is associated with cellular toxic effects [12]. Accordingly,
proper regulation of the redox status through ROS genera-
tion and elimination is crucial.

Most endogenous ROS are mainly generated in the
mitochondrial electron transport chain (ETC) and NADPH
oxidase complex (NOX) [13, 14]. During oxidative phos-
phorylation, the leakage of electrons by ETC complexes I
and III occurs in the inner mitochondrial membrane, leading
to the reduction of oxygen into superoxide. Subsequently,
superoxide dismutase (SOD) converts superoxide into
hydrogen peroxide in the intermembrane space or the matrix
of mitochondria [8, 14]. Hydrogen peroxide can be converted
into hydroxyl radicals in the presence of Fe2+ [15]. Likewise,
NOX, a transmembrane enzyme complex consisting of seven
subunits, catalyzes the oxidation of NADPH by transferring
electrons to molecular oxygen, leading to the production of
superoxide [16].

To avoid endogenous ROS overproduction, cells have
diverse defense systems to eliminate ROS using antioxi-
dant molecules and enzymes such as glutathione (GSH),
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Redox capacity

Antioxidants
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Redox capacity

Exogenous ROS

Antioxidants

Redox capacity
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Antioxidants

Cancer cellNormal cell
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Antioxidants

Antioxidants Antioxidants

ROS
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Cell
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Figure 1: Differential ROS levels in normal and cancer cells. Normal cells have a lower basal ROS level than cancer cells. In normal cells, a
moderate ROS level is essential to promote cell proliferation and survival whereas an excessive ROS level has detrimental effects such as tumor
progression and angiogenesis. The redox balance in cancer cells is readily regulated by increasing antioxidant processes. Once the ROS level
exceeds the redox capacity in cancer cells, severe oxidative stress occurs, resulting in cancer cell death via the activation of apoptosis,
autophagic cell death, and necroptosis.
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peroxiredoxin (Prx), thioredoxin (Trx), SOD, and catalase
[17]. GSH protects cellular components against oxidative
damage through interactions with a cofactor of GSH per-
oxidase (GPx) and/or participation in other antioxidant
components [18, 19]. In the presence of NADPH, GSH
reductase catalyzes the reduction of GSH. Two reduced
GSH molecules are oxidized into GSH disulfide (GSSG)
via a reaction with GPx, which catalyzes the reduction of
hydrogen peroxide to water and oxygen molecules through
the redox cycle [20, 21]. GSH deficiency has been shown
to reduce tissue ascorbate levels and increase oxidative
stress, ultimately resulting in diverse disorders such as
mitochondrial disease, hepatic injuries, and HIV [19, 22, 23].
Several anticancer drugs and xenobiotics have been devel-
oped for GSH-targeted chemotherapies or detoxifying
agent-based chemoprevention [24]. Both Prx and Trx,
which contain cysteine residues with redox-reactive thiol
groups, can scavenge hydrogen peroxide via thiol/disulfide
exchange [25]. Hydrogen peroxide is reduced by Prx, which
is simultaneously oxidized to form a disulfide bond, and Prx
is subsequently reduced by transferring the disulfide bond
to Trx [26]. In the presence of NADPH, Trx is reduced
by a reaction with Trx reductase [27, 28]. SOD catalyzes
the breakdown of superoxide to molecular oxygen and
hydrogen peroxide using metal ion cofactors including
copper, zinc, and manganese [29, 30]. Catalases reduce
hydrogen peroxide to water and oxygen with a manganese
ion cofactor [31].

Although cellular antioxidant systems have a vital role in
balancing endogenous ROS levels and the redox status for
cell protection against oxidative stress [32, 33], exogenously
prooxidants-induced ROS levels and an ineffective cellular
defense system result in significant imbalance between
prooxidants and antioxidants [34], possibly enabling cellular
damage and cell death.

3. Application of ROS Induction for
Anticancer Strategies

A lot of anticancer therapies have employed antioxidant
supplements as a strategy to prevent or treat cancer cells.
tert-Butylhydroquinone (tBHQ) mediates the dissociation
of Nrf2 via oxidative modification of the Keap1 cysteine res-
idues by ROS generated during the metabolic process [35].
Nrf2 activation promotes the regulation of downstream cyto-
protective genes, which play important roles in cancer pre-
vention [36]. Selenocompounds exhibit anticancer effects
through potentiating the antioxidative defense system from
ROS-induced cellular damage [37, 38] and through redox
modification of redox-active, cysteine-rich regions of protein
kinase C (PKC), a receptor for tumor promoters [39, 40].

However, controversial issues remain regarding the che-
motherapeutic activities of antioxidants. Indeed, it has been
widely reported that Nrf2 activation contributes to chemore-
sistance in cancer cells [41–44]. Additionally, a high concen-
tration of tBHQ has been reported to increase carcinogenic
risk [45, 46]. The efficacy and safety of selenium are also
actively discussed due to its toxicity and side effects [47,
48]. Thus, chemotherapies involving antioxidants may not

be sufficient to kill cancer cells and further studies are needed
to determine whether they have unexpected adverse effects.

ROS has double-edged sword characteristics in terms of
its low-dose cell signaling and high-dose cytotoxicity [49].
A mild level of ROS regulates cell development and homeo-
stasis, whereas a high level inflicts severe cellular damage
[50, 51]. Cancer cells are more sensitive to the presence of
prooxidants and the inhibition of antioxidants due to their
excessive ROS levels [52–54]. The ROS-inducing approach
for killing cancer cells relies on oxidative stress-dependent
cytotoxic effects through apoptosis, necroptosis, and autoph-
agic cell death [55].

In the early stages, cancer cells exhibit uncontrolled cell
growth and proliferation via the modulation of transcription
factors and are vulnerable to DNA damage [56, 57] through
therapeutic strategies focused on inducing genetic damage
using radiation or oxidative stress [58–60] (Figure 2). In the
late stages, metastatic cancers undergo metabolic changes
such as increased endogenous antioxidant levels to buffer
oxidative stress conditions [61]. Indeed, the GSH/GSSG ratio
tends to be lower in circulating melanoma or metastatic can-
cers, suggesting that late-stage cancers have better antioxi-
dant processes than early-stage cancers [62, 63]. Although
NADPH-independent catalase activity has been reported to
decrease with cancer progression [64], the remarkable anti-
oxidant capacity is one of the reasons for chemoresistance
in advanced cancer cells [65, 66]. ROS-inducing and/or
antioxidant-suppressing approaches can be applied appro-
priately for the treatment of malignant cancer cells. Oxidative
stress-modulated therapeutics for attacking cancer cells are
being actively researched in the anticancer field [67, 68].
The cell-killing potential of ROS has been harnessed for anti-
cancer therapies with two major approaches: direct ROS gen-
eration and antioxidant process inhibition [6].

3.1. Direct ROS Generation. Electrons derived from
metabolism and respiratory processes are representative
ROS sources in cells [69]. Impairing the respiratory cycles
with the alteration of radical intermediates produces super-
oxide by which motexafin gadolinium and anthracyclines
function [69–71]. Motexafin gadolinium, an avid electron
acceptor, enhances the therapeutic index of radiotherapy,
since it can inhibit the repair activities of cancer cells after
irradiation [72, 73]. It is effective in patients with brain
tumors, brain metastases, and pediatric gliomas [72]. Indeed,
anthracycline-based anticancer drugs such as doxorubicin
can induce the chelation of intracellular iron, leading to
the accumulation of hydroxyl radicals and ultimately to cell
death [74]. These drugs are effective for malignant lympho-
mas, acute leukemia, and diverse solid tumors [75]. Cis-
platin, a well-known anticancer agent with cross-linking
activity, directly damages mitochondrial DNA (mtDNA),
which leads to ETC impairment [76]. It can also interfere
with DNA replication and consequently induce oxidative
stress to target cancer cells [77]. The drug is effective for
diverse cancer types, especially ovarian cancer [78, 79]. 2-
Methoxyestradiol is known to inhibit ETC complex I [80],
inducing mitochondrial production of hydrogen peroxide
[81]. Subsequently, it rapidly activates c-Jun N-terminal
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kinase (JNK), resulting in cytochrome c release and caspase-9
activation to initiate apoptosis [82, 83]. The drug can pro-
mote the therapeutic capability of other anticancer agents
[84–86]. In vitro and in vivo studies have demonstrated that
2-methoxyestradiol-mediated chemotherapy can inhibit
malignant cell proliferation as its own activity or in combina-
tion with synergistic drugs [87–90]. The ROS-accelerating
anticancer agents described above are listed in Table 1.

Although anticancer drugs with direct ROS-accumulating
activity have been shown to be effective for treating different
types of cancer, the effects on normal cells are still controver-
sial as they damage not only cancer cells but also normal
cells. For instance, the radiosensitizer motexafin gadolinium
interrupts the DNA repair process and causes injuries to
surrounding normal cells [91]. Additionally, anthracyclines
induce cardiotoxicity since their metabolites (e.g., oxygen-
centered free radicals) can cause heart failure or cardiomyop-
athy, with a higher risk for younger patients [92–94].
Cisplatin-induced ototoxicity has been reported, attributed
to its direct binding to DNA and consequent activation of
the inflammatory cascade [95]. Additionally, liver function
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Figure 2: Anticancer therapeutic strategies attacking early-stage and late-stage cancer cells. (a) Early-stage cancer cells simply enable recovery
of the disrupted redox status using antioxidants/antioxidative process accelerators. Briefly, chemotherapy with radiation or oxidative stress
inducers is used to remove these cancer cells, in which significant DNA damage occurs. (b) Late-stage cancer cells have higher basal ROS
levels and antioxidative activities than normal or early-stage cancer cells. In this case, cancer cells can be killed by redox homeostasis
disruption following severe cytotoxic effects mediated by direct ROS inducers and/or antioxidant inhibitors. Prooxidative agents hold
promise for potent cancer chemotherapy. The double-lined arrows and double-lined squares indicate the direction of anticancer molecules
for movement and in cancer cells, respectively.

Table 1: Mechanism of action of ROS-inducing anticancer drugs.

Name Mechanism of action Reference

Direct ROS generation

Motexafin gadolinium
Accepts electrons to
form superoxide

[69]

Doxorubicin
Induces chelation
of iron to generate
hydroxyl radical

[74]

Cisplatin
Damages mtDNA

and ETC
[76]

2-Methoxyestradiol
Inhibits ETC
complex I

[80]

Antioxidant process inhibition

Buthionine sulfoximine
Binds to enzyme
related to GSH

synthesis
[101]

Imexon
Binds to thiol to
GSH activity
disruption

[102, 103]

4 Oxidative Medicine and Cellular Longevity



abnormalities, fatigue, and diarrhea have been reported in
patients treated with 2-methoxyestradiol [85, 96, 97].

3.2. Antioxidant Process Inhibition. Although direct ROS
induction is one of the effective strategies for treating malig-
nant cancer cells [98], its combination with the disruption of
antioxidative processes leads to the best results for overcom-
ing the resistance characteristics of cancer cells. Depletion of
GSH activity is regarded as an indirect method of generating
oxidative stress. Cells can synthesize GSH via an ATP-
dependent process catalyzed by glutamate-cysteine ligase
(GCL) and GSH synthetase [99, 100]. For instance, buthio-
nine sulfoximine, a typical GSH synthesis inhibitor, can bind
to the GCL site that normally binds to the acceptor amino
acid [101]. Imexon, a small-molecule chemotherapeutic
agent, is widely used to treat advanced cancers of the breast,
lung, and prostate. It can disrupt GSH activity by binding to
the thiol functional group of reduced GSH [102, 103] and
subsequently deplete the GSH pool for antioxidative activity.
Due to a decrease in the GSH level by imexon treatment, loss
of the mitochondrial membrane potential and the accumula-
tion of oxidative stress occur in cancer cells.

Although anticancer therapy needs to disrupt, both
directly and indirectly, the redox adaptation status of cancer

cells, the inhibition of antioxidative enzyme has deleterious
side effects on normal cells in tissues and organs. For
instance, buthionine sulfoximine is known to be associated
with cardiac hypertrophy and heart failure by inducing solu-
ble epoxide hydrolase [104]. Imexon has potential side effects
in normal cells due to its cytotoxicity [105–107]. For the
future direction of oxidative stress-accelerating anticancer
therapy, further study is needed to identify ways to not only
reduce the side effects but also increase cancer cell-specific
killing efficiency. For instance, cotreatment with antioxidant
supplements that attenuate cisplatin-mediated nephrotoxi-
city through Nrf2 signaling has been investigated [108].
Moreover, plant-derived phytochemicals such as flavonoids
and carotenoids that act as both antioxidants and prooxi-
dants to improve the therapeutic effects and to reduce the
cytotoxic effect have been reported [109–111].

4. Pathway Analysis to Understand the
Process of Prooxidative Cancer Therapy

Identifying biological changes in cancer cells caused by
anticancer drugs is meaningful to improve their therapeu-
tic effect. Although several mechanism studies have been
actively conducted to determine the mode of action of
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Table 2: List of proteins, cell processes, and diseases targeted by anticancer drugs.

Drugs Target type Relation Relation effect Target

2-Methoxyestradiol

Protein

Expression
Positive BAX, TP53

Negative HIF1A, IL6, PCNA, TNF, VEGFA

Regulation
Positive CASP9, MAPK8

Negative BCL2, HIF1A, SOD2

Cell process Regulation
Positive

Apoptosis, autophagy, cell cycle arrest, cell death, DNA damage,
mitochondrial damage, oxidative stress, ROS generation

Negative
Angiogenesis, cell cycle, cell growth, cell invasion, cell proliferation,

cell survival, mitochondrial respiration, tumor growth

Disease Regulation Negative
Atherosclerosis, breast cancer, hepatocellular carcinoma, melanoma,

pancreatic cancer

Buthionine
sulfoximine

Protein

Expression
Positive BCL2, HMOX1, JUN, NFE2L2, SOD2, TNF

Negative GPX1, IL6, NOS2

Regulation
Positive BCL2, CASP3, MAPK14

Negative GCLC

Cell process Regulation
Positive

Apoptosis, autophagy, cell death, cytotoxicity, DNA damage,
lipid peroxidation, oxidative stress, ROS generation

Negative Cell growth, cell proliferation, tumor growth

Disease Regulation
Positive Cataract, liver injury, necrosis, neurotoxicity, toxicity

Negative Hepatocellular carcinoma, lung cancer

Cisplatin

Protein

Expression
Positive

ABCC1, BAX, BBC3, BECN1, CASP3, CASP8, CASP9, CYCS,
DDIT3, FAS, FASLG, GPT, H2AFX, HMOX1, IL1B, IL6, JUN,

NFE2L2, NOS2, TNF, TP53

Negative BCL2, SOD2, XIAP

Regulation
Positive CASP3, CASP7, CYCS, G6PD, MAPK14, MAPK3, MAPK8, TP53

Negative SOD1

Cell process Regulation
Positive

Apoptosis, autophagy, cell cycle arrest, cell death, cytotoxicity,
DNA damage, lipid peroxidation, mitochondrial damage,

oxidative stress, ROS generation

Negative
Angiogenesis, cancer cell growth, cell growth, cell invasion,

cell proliferation, cell survival, tumor growth

Disease Regulation

Positive
Acute kidney injury, kidney disease, liver injury, necrosis,

neurotoxicity, renal dysfunction, toxicity

Negative
Breast cancer, colorectal cancer, gastric cancer, hepatocellular
carcinoma, lung cancer, lymphoma, melanoma, metastasis,

ovarian cancer, pancreatic cancer

Doxorubicin

Protein

Expression
Positive

ABCC1, BAX, BBC3, BECN1, CASP3, CASP7, CASP8, CASP9,
CAT, CYCS, DDIT3, FAS, FASLG, GPX1, H2AFX, HMOX1,

IL1B, IL6, MAPK3, MAPK8, NFE2L2, NOS2, SOD1, TNF, TP53

Negative BCL2, PCNA, VEGFA, XIAP

Regulation
Positive

ANXA5, CASP3, CASP7, CASP8, FAS, GPT, IL6, MAPK14,
MAPK3, MAPK8, NOS2, TP53

Negative HIF1A

Cell process Regulation
Positive

Apoptosis, autophagy, cell cycle arrest, cell death, cytotoxicity,
DNA damage, lipid peroxidation, mitochondrial damage,

oxidative stress, ROS generation

Negative
Angiogenesis, cancer cell growth, cell growth, cell proliferation,

cell survival, DNA repair, mitochondrial respiration, tumor growth

Disease Regulation

Positive
Acute kidney injury, kidney disease, liver injury, necrosis,

neurotoxicity, renal dysfunction, toxicity

Negative
Breast cancer, colorectal cancer, gastric cancer, hepatocellular
carcinoma, lung cancer, lymphoma, melanoma, metastasis,

ovarian cancer, pancreatic cancer
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anticancer drugs for cancer treatment, the efficacy and toxic-
ity of anti- and prooxidants remain controversial. In this
regard, pathway analysis has the advantage of comprehen-
sively elucidating the molecular network involved in the
response to certain drugs. However, very few studies have
been performed to explore biological modulation during
treatment with prooxidant anticancer agents. In this review,
we explore and visualize key information on drug-gene,
drug-cell process, and drug-disease relationships for six
anticancer drugs abovementioned with prooxidative activity
(2-methoxyestradiol, buthionine sulfoximine, cisplatin, doxo-
rubicin, imexon, and motexafin gadolinium) using a text
mining-based biological network analysis tool, Pathway Stu-
dio ver. 12.2 (Elsevier, USA). This database provides informa-
tion describing the relationships between the entities including
the drugs, genes, cell processes, and diseases through a curated
resource based on text mining from biology articles.

Each drug molecule was first inputted to build a net-
work, and then the genes, cell processes, and diseases asso-
ciated with the drugs were analyzed based on data provided
in five or more references (Figure 3). Cisplatin and doxoru-
bicin had the largest networks, implying that these two
drugs have been extensively studied compared to the others,
while imexon and motexafin gadolinium had the fewest
connections. Figure 3 comprehensively illustrates the bio-
logical pathways including the target genes, key cellular pro-
cesses, and target types of cancer that can be positively or
negatively affected by these anticancer drugs. There were
two types of relationships in the identified networks:
Expression and Regulation. In Expression relationship, the
drug alters the protein abundance by affecting the levels of
transcript or protein stability. In Regulation relationships,
the drug directly or indirectly changes the activity of the
genes, cell processes, and diseases. In addition, we evaluated
the possible side effects related to the prooxidant anticancer
drugs such as neurotoxicity and cardiovascular diseases.
Table 2 summarizes the detailed information obtained from
pathway analysis regarding the relationship of each drug
with the targeted genes, cell processes, and diseases. We also
explored the association of drug resistance with each drug
through network analysis.

Based on the high number of references in the pathway
analysis, we found that 2-methoxyestradiol is not only a
potent inhibitor of HIF1A and VEGFA, which play impor-

tant roles in angiogenesis [112], it also activates MAPK8,
which triggers apoptosis [113]. Consistent with these results,
2-methoxyestradiol has been shown to be closely associated
with cellular processes such as apoptosis, cell proliferation,
and angiogenesis. Breast cancer, melanoma, and pancreatic
cancer were predicted to be major targets for this drug,
and atherosclerosis can also be attenuated due to its antian-
giogenetic effects. Moreover, 2-methoxyestradiol-mediated
autophagy promoting cancer cell survival could lead to drug
resistance [114].

Buthionine sulfoximine was shown to effectively inhibit
GCLC, blocking GSH synthesis [115]. The expression of
GPX1 was also found to decrease while that of NFE2L2,
HMOX1, and SOD2 increased in direct response to GSH
depletion [116]. Oxidative stress, apoptosis, and cell death
were identified as the main cell processes induced by buthio-
nine sulfoximine-mediated GSH inhibition. Hepatocellular
carcinoma and lung cancer were predicted to be the main tar-
get diseases, and cataract can be evoked by increased lipid
peroxidation in the lens [117]. The increased NFE2L2 can
upregulate ABCC1, which is a cell membrane transporter
protein [118]. Accordingly, increased drug efflux through
the transporter leads to drug resistance [119]. Buthionine
sulfoximine-mediated autophagy can also negatively affect
drug sensitivity.

Cisplatin was shown to significantly induce expression
of the well-known tumor suppressor TP53 as well as proa-
poptotic genes such as TNF, BAX, CASP3, and FAS, while
decreasing antiapoptotic BCL2 and XIAP expression. Con-
sistently, cell processes including apoptosis, ROS generation,
DNA damage, and mitochondrial damage were found to
be significantly induced by cisplatin treatment. Diseases
effectively targeted by cisplatin were predicted to be ovar-
ian, lung, gastric, and breast cancer. However, cisplatin-
induced proinflammatory cytokines IL1B, IL6, and TNF are
at risk of causing side effects such as acute kidney injury
and renal dysfunction. Cisplatin also plays important roles
in drug resistance by inducing autophagy and activating
NFE2L2 and ABCC1, which elevate drug efflux.

Doxorubicin was shown to have similar effects to cisplatin
on targeted genes and cell processes. It also significantly
increases TP53, BAX, TNF, CASP3, and FAS expression
and decreases BCL2 and XIAP expression, promoting apo-
ptosis. Oxidative stress, DNA damage, and lipid peroxidation

Table 2: Continued.

Drugs Target type Relation Relation effect Target

Imexon

Protein
Expression Negative HIF1A

Regulation Positive CASP3, CASP9

Cell process Regulation
Positive Apoptosis, cell cycle arrest, oxidative stress

Negative Cancer cell growth, cell cycle, cell growth, tumor growth

Disease Regulation Negative Lymphoma, melanoma, multiple myeloma, splenomegaly

Motexafin gadolinium

Protein Regulation Negative HMOX1, TXN

Cell process Regulation
Positive Apoptosis, cell death, cytotoxicity, oxidative stress, ROS generation

Negative Cell proliferation, cell survival, DNA repair, tumor growth

Disease Regulation Negative Atherosclerosis, cerebral neoplasm, glioblastoma, lung cancer, metastasis
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were suggested to be doxorubicin-mediated cell processes.
Doxorubicin is mainly used to treat breast, ovarian, and lung
cancer as well as lymphoma, but there is a risk of heart failure
and neurotoxicity. Drug resistance in doxorubicin was pre-
dicted to be attributable to increased autophagy and the
upregulation of NFE2L2 and ABCC1.

Imexon was found to positively regulate the activity of
CASP3 and CASP9 which have critical roles in apoptosis.
Oxidative stress and cell cycle arrest can be stimulated by
imexon, which was predicted to have therapeutic effects on
multiple myeloma and splenomegaly.

Motexafin gadolinium was shown to inhibit the activity
of TXN and HMOX1, leading to apoptosis. It was suggested
to exhibit anticancer effects by promoting ROS generation
and oxidative stress and by disrupting the DNA repair pro-
cess. Motexafin gadolinium was expected to target diseases
including lung cancer and cerebral neoplasm.

5. Conclusions

Redox homeostasis plays an essential role in maintaining
diverse cellular processes [120]. The disruption of redox
homeostasis is being actively investigated in the field of che-
motherapy since cancer cells can be effectively killed by accel-
erating their oxidative stress state. In this review, we
presented an overview of ROS-inducing anticancer therapy
and the anticancer strategy using prooxidative agents in
terms of direct and indirect ROS accumulation. For a com-
prehensive understanding of biological network of prooxi-
dant drugs and molecular targets, our pathway analysis
highlighted the crucial effects of each anticancer drug on
genes, cell processes, and diseases related to ROS generation
and antioxidant inhibition. Our explanation of changes in
biological processes relevant to specific drugs and potential
side effects would be meaningful for better understanding
of the toxicological aspects as well as for predicting the
efficacy of chemotherapies using prooxidative anticancer
drugs with undetectable side effects. Although several pre-
vious studies have investigated the modes of action for
prooxidant drugs, pharmacogenomic studies evaluating
the drug treatments are still required to elucidate the exact
anticancer mechanisms and potential molecular targets.
Our review will help researchers better understand the
current gene-targeting anticancer strategies involving pro-
oxidative drugs in order to overcome their controversial
side effects.
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Background. Metastasis and invasion are the main causes of mortality in gastric cancer. To improve the treatment of gastric cancer,
the development of effective and innovative antitumor agents toward invasion and proliferation is needed. Alpha-lipoic acid (ALA),
a naturally occurring thiol antioxidant, showed antiproliferative and cytotoxic effects on several cancers. So it is feasible to explore
whether ALA can be used to inhibit proliferation and invasion in human gastric cancer. Methods. The expression of MUC4 in
human gastric cancer tissues was assayed by immunohistochemistry. Then, we performed in vitro cell proliferation and invasion
analysis to explore the antitumor effect of ALA using AGS, BGC-823, and MKN-28 cells. To further explore the mechanism of
ALA-mediated downregulation of MUC4, we cotransfected human gastric cancer cells with STAT3 siRNA and STAT3
overexpression construct. ChIP assays were carried out to find the relationship between MUC4 and STAT3. Results. We found
that the MUC4 gene was strongly expressed in human gastric cancer tissues. Meanwhile, ALA reduced proliferation and invasion
of human gastric cancer cells by suppressing MUC4 expression. We also found that STAT3 was involved in the inhibition of
MUC4 by ALA. Mechanistically, ALA suppressed MUC4 expression by inhibiting STAT3 binding to the MUC4 promoter region.
Conclusion. ALA inhibits both proliferation and invasion of gastric cancer cells by suppression of STAT3-mediated MUC4
gene expression.

1. Introduction

Gastric cancer is the fifth most common cancer throughout
the world, and it is the third leading cause of mortality related
to cancer [1]. Most gastric cancer patients have had adjacent
organs or distant metastasis, which is the main cause of death
in gastric cancer patients. Although there has been great
progress in gastric cancer treatment in the clinic, the out-
comes of gastric cancer patients are still not satisfied [2].
Thus, it is necessary to find effective and innovative antitu-

mor agents which can inhibit proliferation and invasion of
gastric cancer.

The stability of redox plays a vital role in the normal
growth of cells. However, there is continuous and abundant
production of reactive oxygen species (ROS) in tumor cells,
which promote tumor growth by causing DNA damage and
reprogramming cell metabolism [3]. The overproduction of
ROS without proper management is called oxidative stress.
Alpha-lipoic acid (ALA) is a coenzyme of pyruvate dehydro-
genase and glycine decarboxylase synthesized inmitochondria
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[4]. As a powerful antioxidant, ALA can not only clear the
excessive ROS directly but also regenerate endogenous
antioxidants such as vitamin C, vitamin E, coenzyme Q10,
glutathione, and ALA itself [5]. ALA affects the process of
free radical scavenging in cells, such as increasing glutathione
synthesis and regulating activity of transcription factors [6].
Nowadays, ALA is widely used in the clinical treatment
of diseases associated with excessive oxidative stress, such
as diabetic peripheral neuropathy [7]. In recent years,
ALA has been used as an anticancer agent in experimental
studies of different cancers and achieved satisfying results
[8, 9]. However, the underlying molecular mechanism is
still unclear.

Mucins are high-molecular-weight glycoproteins, which
can maintain integrity and lubricate and protect surfaces of
epithelia [10]. To date, at least eighteen different mucin
genes have been identified [11]. Mucin 4 (MUC4) is
membrane-bound mucin, which is expressed in normal
gastric mucosa and gastric cancer [12]. Recent research
demonstrated that MUC4 is involved in the oncogenesis,
differentiation, proliferation, invasion, and migration of
tumors and can be used as a reference indicator for the eval-
uation of some tumor conditions. It has been reported that
activator protein- (AP-) 2α inhibits MUC4 expression which
in turn suppresses proliferation and invasion of pancreatic
cancer cells [13]. Besides, the expression of MUC4 is medi-
ated through upregulation of signal transducer and activator
of transcription (STAT) in pancreatic cancer and gastric
cancer [10, 14].

The current study was carried out to identify the
effects of ALA on human gastric cancer progression. We
found that MUC4 was upregulated in gastric cancer com-
pared to normal tissues. ALA decreased STAT3 binding to
MUC4 promoter region, repressed MUC4 expression, and
consequently inhibited proliferation and invasion of human
gastric cancer cells. Our data provide an in-depth mechanism
by which ALA inhibits proliferation and invasion of gastric
cancer cells, which validates the clinical use of ALA as a
potential agent to enhance treatment outcomes in gastric
cancer patients.

2. Materials and Methods

2.1. Patients and Samples. A total of 240 patients were diag-
nosed with gastric adenocarcinoma and underwent radical
gastrectomy at Renmin Hospital of Wuhan University from
June 2014 to July 2015. None of them received either preop-
erative chemotherapy or radiotherapy. Preoperative written
consent was obtained from each patient. Primary lesion and

(a) (b)

(c) (d)

Figure 1: Expression of MUC4 in human gastric tissues. (a) Negative expression of MUC4 in normal gastric samples located away from
cancer (400x). (b–d) Low, modest, and high expression of MUC4 in gastric cancer cells, respectively (400x).

Table 1: The expression of MUC4 in the gastric cancer tissues and
normal gastric tissues.

Groups n
MUC4 expression

p
Negative Positive

Gastric cancer tissues 240 56 184 <0.001
Normal gastric tissues 240 160 80
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corresponding noncancerous tissues were kept during opera-
tion and then were embedded in paraffin for immunohisto-
chemistry. The depth of invasion was observed by the
surgeon during the operation. Lymph node metastasis was
observed by pathological examination. Distant metastasis
was confirmed according to imageology such as computed
tomography and positron emission tomography. All patients
were followed up until August 2018, with a total of 12 cases
(5% patients) lost in follow-up period. This study was
approved by the Ethics Committee of Renmin Hospital of
Wuhan University.

2.2. Cell Culture and Reagents. Human gastric cancer cell
lines are as follows: AGS, BGC-823, and MKN-28 cells.
AGS cell line was purchased from American Type
Culture Collection (ATCC, Manassas, USA); BGC-823
and MKN-28 cell lines were gifts from Tongji Medical
College, Huazhong University of Science and Technology
(Wuhan, China). The cells were cultured in Roswell Park
Memorial Institute- (RPMI-) 1640 medium supplemented
with 10% fetal bovine serum (FBS). Cells were maintained in
a 37°C incubator with 5% CO2. All cell lines tested negative
for mycoplasma. Alpha-lipoic acid and TNF-α were pur-
chased from Solarbio (Beijing, China). Anti-MUC4 antibody,
anti-STAT3 antibody, and specific primary antibody were
purchased from Sigma-Aldrich.

2.3. Immunohistochemistry. Paraffin-embedded tissue sam-
ples were cut into 4μm thick sections and mounted on
poly-L-lysine-coated slides. Samples were dewaxed in xylene
and rehydrated using a graded series of ethanol solutions.
After deparaffinization, endogenous peroxidase activity was
blocked by incubation in a 3% peroxide-methanol solution
at room temperature (RT) for 10min, and then, antigen
retrieval was performed at 100°C in an autoclave for 7min.
Samples were then incubated at RT for 30min. Afterward,
sections were washed with phosphate-buffered saline (PBS)
3 times, 5min each time. They were then incubated with rab-
bit anti-MUC4 antibody (Sigma-Aldrich, USA). Thoroughly
washing with PBS was then performed, and primary anti-
body binding was visualized under a microscope.

2.4. Cell Transfection. Cells were plated in 6-well plates with
RPMI-1640 medium supplemented with 10% medium FBS
for 24h before transfection. Transfections were performed
using siRNAs and Lipofectamine RNAiMAX (Thermo
Fisher) transfection reagent diluted in RPMI-1640 medium.
Indicated plasmids were transfected using Lipofectamine
2000 (Thermo Fisher) according to the manufacturer’s
instruction.

2.5. Quantitative Real-Time PCR (qRT-PCR). The total RNA
was extracted from tissues using TRIzol Reagent (Thermo
Fisher, USA) according to the manufacturer’s instructions.
Then, RNA was reverse transcribed to cDNA with 1μg total
RNA, using reverse transcriptase and Oligo dT primers
(Takara, Japan). The cDNA was then amplified with specific
primers by PCR. The primers used for PCR were listed below.
The conditions for qRT-PCR were as follows: 95°C for 3min,
followed by 40 cycles of 10 s at 95°C,10 s at 60°C, and 15 s at

70°C, followed by heating from 65°C to 95°C. Primers
for qRT-PCR are listed as follows: MUC4 forward primer
5′-CTTCAGATGCGATGGCTACA-3′ and reverse primer
5′-GTTTCATGCTCAGGTGCTCA-3′, STAT3 forward
primer 5′-GGCCATCTTGAGCACTAAGC-3′ and reverse
primer 5′-CGGACTGGATCTGGGTCTTA-3′, 18S rRNA
forward primer 5′-CGGCTACATCCAAGGAA-3′ and reverse
primer 5′-GCTGGAATTACCGCGGCT-3′.

2.6. Western Blotting. Total protein was extracted from cells
and its concentration was measured by BCA Protein Assay
Kit (Solarbio, China). The protein samples were separated
by SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes. After blocking, the membranes were
incubated with specific primary antibodies overnight at 4°C
and secondary antibody for 1 h at room temperature. Protein
expression levels were normalized to β-actin. Densitometric
scanning (Bio-Rad) was used to determine relative protein
band intensity.

2.7. MTT. Cells were digested into a single cell suspension
and were seeded into a 96-well plate at 5000 cells per well

Table 2: Correlations between MUC4 expression and clinic-
pathologic factors.

Characteristics n
MUC4 expression

p
Negative Positive

Age

≥65 112 9 103 <0.001<65 128 47 81

Gender

Male 159 42 117
0.114

Female 81 14 67

Tumor size

≥5 cm 144 28 116
0.081<5 cm 96 28 68

Tumor location

Upper 25 10 15 †0.103

Middle 87 29 58 ‡0.144

Lower 128 31 97 ††0.071

Depth of invasion

T1+T2 102 36 66 <0.001
T3+T4 138 20 118

TNM stage

I+II 110 40 70 <0.001
III+IV 130 16 114

Lymph node metastasis

Present 134 20 114
0.001

Absent 106 36 70

Distant metastasis

Present 34 25 9 <0.001
Absent 206 31 175

Note: †upper vs. lower; ‡middle vs. lower; ††upper and middle vs. lower.
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in 200μL. After coincubating with indicated concentration of
ALA for 24 h, MTT solution (5mg/mL, prepared with PBS,
pH = 7:4, Solarbio, China) was added into the medium at
10μL per well. Cells were incubated for another 4 h, then
the culture was terminated, and the supernatant was carefully
absorbed and discarded. 100μL DMSO was added to each
well and oscillated for 10min to fully melt the crystallites.
The wavelength of 490nm was selected to determine the
absorbance of each well.

2.8. Matrigel Invasion Assay. The cell invasion assay was per-
formed using the BioCoat™ Matrigel apparatus (Corning
Inc., USA), with RPMI-1640 medium supplemented with
10% medium FBS as the chemoattractant in the lower
chamber. AGS cells (105) in 300μL were added to the upper
chamber, with or without addition of ALA or anti-MUC4, to
invade the Matrigel for 24 h. Noninvading cells on the upper
surface were removed, and invading cells on the lower
surface were stained with the Diff-Quick stain kit (Solarbio,

China). The number of invasion cells was counted by a phase
contrast microscope.

2.9. Chromatin Immunoprecipitation. The chromatin immu-
noprecipitation assay (ChIP) kit was purchased from
Abcam, United Kingdom. Briefly, AGS (6:0 × 106) cells were
fixed with 1% of formaldehyde. Genomic DNA was sheared
to lengths ranging from 200 to 1000 bp with a Sonic Dis-
membrator (Fisher Scientific): Ampl 80%, 3 seconds on, 10
seconds off, for 10 cycles. One percent of the cell extract
was taken as “input,” and the rest of the extract was incu-
bated with anti-STAT3 or control IgG overnight at 4°C,
followed by precipitation with protein A agarose beads.
The immunoprecipitates were sequentially washed with a
low salt buffer, a high salt buffer, a LiCl buffer, and with
TE buffer. The DNA-protein complex was eluted and pro-
teins were then digested with proteinase K. The DNA was
detected by qRT-PCR analysis, and the data obtained by
qRT-PCR for specific antibody were normalized to IgG
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Figure 2: Alpha-lipoic acid inhibits the expression of endogenous MUC4 in human gastric cancer cells. (a) When cell confluence was 60%,
AGS, BGC-823, and MKN-28 cells were incubated with 0, 0.5, 1, or 2mM ALA for 24 h in RPMI with 10% FBS. After incubation, MUC4
mRNA in the cell lysates was examined by RT-PCR. (b) AGS cells were incubated with 0, 0.5, 1, 2, or 2.5mM ALA for 24 h in RPMI with
10% FBS. Then, MUC4 protein was tested by western blotting. (c) AGS, BGC-823, and MKN-28 cells were incubated with 0, 0.25, 0.5, 1, 2,
or 2.5mM ALA for 24 h, and then, the viability was tested by the MTT method. Data represent mean ± SD from 3 independent
experiments. ∗p < 0:05 compared to the control group.
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control andplotted as percent input. qRT-PCRwasperformed
using two different sets of primers: Primer set 1: 5′-TCATAC
AGCCCCAAGGTCGC-3′ (sense) and 5′-TAGCCGGGTTC
CTGGGTCC-3′ (antisense), corresponding to the MUC4
promoter region 3251–3373 (NCBI sequence, accession num-
ber AF241535), and Primer set 2: 5′-GAAAAGGGTGATTA
GCGTGG-3′ (sense) and 5′-TCCCCTCAGGCGGCTG
GCC-3′ (antisense), corresponding to the 3528–3632 region
of MUC4 promoter.

2.10. Statistical Analysis. Statistical differences were deter-
mined by two-tailed t-test in two-group comparisons. The
correlation between MUC4 and tumor clinicopathologic
characteristics was analyzed by the chi-square test. p < 0:05
was considered statistically significant. IBM SPSS Statistics
version 21.0 and GraphPad Prism version 7.0 were used to
analyze data.

3. Results

3.1. MUC4 Gene Was Strongly Expressed in Human Gastric
Cancer Tissues. To identify the expression of MUC4 in
human gastric cancer and normal gastric tissues, we per-
formed immunohistochemistry staining on normal gastric
samples located away from cancer (n = 240) and gastric can-
cer (n = 240), respectively. As shown in Figure 1, the expres-
sion of MUC4 in normal gastric samples was negative
(Figure 1(a)), and the expression of MUC4 in gastric cancer
was positive by contrast (Figures 1(b)–1(d)). As shown in
Table 1, the expression of MUC4 showed positive in 184
out of 240 gastric cancer tissues, while the expression of
MUC4 showed positive in 80 out of 240 normal gastric
tissues. These results thus demonstrated that MUC4 is
significantly upregulated in human gastric cancer tissues
compared with normal gastric tissues (Table 1, p < 0:001).
Additionally, chi-squared tests demonstrated significant
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Figure 3: Alpha-lipoic acid inhibits TNF-α-induced MUC4 in gastric cancer cell lines. (a) AGS, BGC-823, and MKN-28 cells pretreated with
the indicated concentrations of ALA for 24 h were treated with 20 ng/mL TNF-α for 4 h. After TNF-α treatment, RT-PCR was performed to
analyze theMUC4mRNA. (b) AGS, BGC-823, andMKN-28 cells pretreated with 0, 0.5, 1, or 2mMALA for 24 h in RPMI with 10% FBS were
treated with or without 20 ng/mL TNF-α. And then, western blotting was performed to analyze the expression of MUC4 at protein levels.
(c) The pGL3-MUC4 promoter construct-transfected AGS cells were pretreated with the indicated concentrations of ALA for 24 h, then
incubated with 20 ng/mL TNF-α for 4 h and luciferase activity was determined using a luminometer. Data represent mean ± SD from 3
independent experiments. ∗p < 0:05 compared to only TNF-α treatment group.
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correlations between the expression of MUC4 and age, depth
of invasion, TNM stage, lymph node metastasis, and distant
metastasis (Table 2).

3.2. Alpha-Lipoic Acid Significantly Inhibits Endogenous
MUC4 Expression in Human Gastric Cancer Cells. To iden-
tify the effect of ALA on the endogenous expression of
MUC4 in human gastric cancer cells, we incubated AGS,
BGC-823, and MKN-28 cells with 0, 0.5, 1, or 2mM ALA
for 24 h in RPMI with 10% FBS when cell confluence was
60%. MUC4 mRNA in the cell lysates was examined by
RT-PCR. As shown in Figure 2(a), ALA significantly inhib-
ited the endogenous MUC4 expression in gastric cancer cells
in a dose-dependent manner. Complementarily, AGS cells
were incubated with 0, 0.5, 1, 2, or 2.5mM ALA for 24 h in
RPMI with 10% FBS, then MUC4 protein was measured by
western blotting. As shown in Figure 2(b), ALA significantly
inhibited the expression of endogenous MUC4 in AGS cells.
We next sought to examine the effect of ALA on the viability
of human gastric cancer cells; for this, AGS, BGC-823, and
MKN-28 cells were incubated with 0, 0.25, 0.5, 1, 2, or
2.5mM ALA for 24 h followed by MTT assay. As shown in
Figure 2(c), significant decreases of cancer cell viability were
detected in cells treated with 1, 2, and 2.5mM ALA.

3.3. Alpha-Lipoic Acid Inhibits TNF-α-Induced MUC4 in
Gastric Cancer Cells. We sought to determine whether ALA
can suppress TNF-α-induced MUC4 in human gastric
cancer; to this end, we pretreated AGS, BGC-823, and
MKN-28 cells with the indicated concentrations of ALA for
24 h followed by exposure of the cells with 20ng/mL TNF-α
for 4 h. After TNF-α treatment, RT-PCR was performed to
analyze the MUC4 mRNA. As shown in Figure 3(a), TNF-α
significantly induced MUC4 expression, and pretreatment
of ALA significantly inhibited TNF-α-induced expression of
MUC4 in gastric cancer cells. Complementarily, AGS,
BGC-823, and MKN-28 cells pretreated with 0, 0.5, 1, or

2mM ALA for 24 h in RPMI with 10% FBS were treated with
or without 20 ng/mL TNF-α. And then, western blotting
showed that the expression of MUC4 was significantly
decreased in the presence of ALA (Figure 3(b)). In addition,
the pGL3-MUC4 promoter construct-transfected AGS cells
were pretreated with the indicated concentrations of ALA
for 24h, then incubated with 20 ng/mL TNF-α for 4 h. Lucif-
erase activity was determined using a luminometer. As
shown in Figure 3(c), the relative MUC4 luciferase activity
was significantly decreased in cells treated with ALA at
higher concentrations. Taken together, ALA inhibits TNF-
α-induced MUC4 in gastric cancer cells.

3.4. Alpha-Lipoic Acid Inhibits AGS Cell Invasion by
Suppressing MUC4 Expression. We then tested whether
ALA suppressed invasion of the gastric cancer cells. Matrigel
invasion assay showed that the number of relative invading
cells was significantly decreased in the ALA-treated group
compared with the control group and anti-MUC4 showed a
similar effect (Figure 4(a)). Interestingly, the effect can also
be observed after TNF-α treatment (Figure 4(b)). In addition,
the higher the concentration of ALA, the fewer number of
relative invading cells was observed (Figure 4(c)).

3.5. STAT3 Is Involved in the Inhibition of MUC4 by Alpha-
Lipoic Acid. It has been reported that STAT3 plays a role in
human gastric cancer development. To identify whether
STAT3 is involved in inhibition of MUC4 by ALA in gastric
cancer cells, the STAT3 siRNA was cotransfected with pGL3-
MUC4 promoter construct into AGS cells pretreated with
2mM ALA. After incubation with 20 ng/mL TNF-α for 4 h,
the luciferase was determined using a luminometer. The rel-
ative MUC4 luciferase activity was significantly decreased in
STAT3-transfected AGS cells compared to the control group
(Figure 5(a)). Complementarily, STAT3 overexpression con-
struct was cotransfected with a pGL3-MUC4 promoter
construct into AGS cells. The transfected cells pretreated
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Figure 4: Alpha-lipoic acid inhibits invasion of AGS cells by suppressing MUC4 expression. (a) AGS cells were incubated with either 2mM
ALA or 200 ng/mLMUC4 antibody in a BioCoat™Matrigel apparatus with 8μM pore membrane for 24 h. (b) AGS cells were incubated with
20 ng/mL TNF-α in the presence or absence of 2mMALA or 200 ng/mLMUC4 antibody in a BioCoat™Matrigel apparatus for 24 h. (c) AGS
cells were incubated with 20 ng/mL TNF-α in the presence of 0-2.5mM alpha-lipoic acid or 200 ng/mLMUC4 antibody. After incubation, the
cells that invaded the lower surface of the chambers were counted using a phase contrast light microscope after staining with a Diff-Quick
Stain kit. Data represent the mean ± SD from 3 independent experiments. #p < 0:05 versus control; ∗p < 0:05 versus TNF-α only.
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with or without 2mM ALA were incubated with 20 ng/mL
TNF-α for 4 h, and then, the MUC4 luciferase activity was
determined using a luminometer. As shown in Figure 5(b),
the relative MUC4 luciferase activity was significantly higher
in STAT3 overexpression cells than in cells only incubated
with ALA. These two assays indicated that the expression
of MUC4 gene is regulated by STAT3. Furthermore, to
explore the role of STAT3 in the inhibition of MUC4 by
ALA in gastric cancer cells, AGS, BGC-823, and MKN-28
cells were incubated with 0, 0.5, 1, or 2mM ALA for 24h in
RPMI with 10% FBS when cell confluence was 60%. After

incubation, STAT3 mRNA in the cell lysates was examined
by RT-PCR. There was no significant difference between
the STAT3 mRNA levels in cells incubated with indicated
concentrations of ALA (Figure 5(c)). In addition, AGS,
BGC-823, and MKN-28 cells pretreated with 0, 0.5, 1, 2, or
2.5mM ALA for 24h in RPMI with 10% FBS were treated
with or without 20 ng/mL TNF-α. And then, western blotting
was performed to analyze p-STAT3 and STAT3protein levels.
There was no significant difference between the p-STAT3 and
STAT3 protein levels of cells incubated with indicated
concentrations of alpha-lipoic acid. Taken together, STAT3
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Figure 5: The role of STAT3 in the inhibition of MUC4 by alpha-lipoic acid in gastric cancer cells. (a) The STAT3 siRNA was cotransfected
with pGL3-MUC4 promoter construct into AGS cells pretreated with 2mM ALA. After incubation with 20 ng/mL TNF-α for 4 h, luciferase
activity was determined using a luminometer. (b) STAT3 overexpression construct was cotransfected with a pGL3-MUC4 promoter construct
into AGS cells. The transfected cells pretreated with or without 2mM ALA were incubated with 20 ng/mL TNF-α for 4 h, and then, MUC4
luciferase activity was determined using a luminometer. (c)When cell confluence was 60%, AGS, BGC-823, andMKN-28 cells were incubated
with 0, 0.5, 1, or 2mM ALA for 24 h in RPMI with 10% FBS. After incubation, STAT3 mRNA in the cell lysates was examined by RT-PCR.
(d) AGS, BGC-823, and MKN-28 cells pretreated with 0, 0.5, 1, 2, or 2.5mM ALA for 24 h in RPMI with 10% FBS were treated with or
without 20 ng/mL TNF-α. And then, western blotting was performed to analyze p-STAT3 and STAT3 protein level. Data represent the
mean ± SD from 3 independent experiments.
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was involved in the inhibition of MUC4 by ALA, but its
expression level was not affected.

3.6. Alpha-Lipoic Acid Inhibits STAT3 Binding to the MUC4
Promoter Region. Figure 6(a) shows the schematic represen-
tation of MUC4 promoter. The two putative STAT-binding
sites aswell as the primers used for chromatin immunoprecip-
itation experiments (Primer set 1 and Primer set 2) are shown.
AGS cells were treated with 2mM ALA overnight and then
exposed to 20 ng/mL TNF-α for 4 h or without TNF-α treat-
ment, followed by ChIP assay using anti-p-STAT3 and PCR
primers covering 2 different regions of the MUC4 promoter.
As shown in Figure 6(b), ALA inhibits STAT3 binding to site
2 in the MUC4 promoter region.

4. Discussion

In the present study, we demonstrated the inhibitory effect of
ALA on human gastric cancer cell proliferation and invasion.
The possible mechanism of this inhibitory effect was through
suppression of MUC4. ALA inhibited STAT3 binding to the
MUC4 promoter region, reduced the expression of MUC4,
which in turn inhibited the proliferation and invasion of gas-
tric cancer cells. To our knowledge, this is the first study
showing the effect of ALA on resistance to cell proliferation
and invasion in gastric cancer.

MUC4 protects cancer cells during hematological trans-
mission and promotes the invasion and colonization of can-
cer cells to metastatic sites [15]. Many studies have shown
that high MUC4 expression in the gastric cancer is related

to the poor prognosis, such as lymph node metastasis and
vascular invasion, which is the main cause of death in
patients with gastric cancer [16]. We performed immunohis-
tochemistry staining, the results showed positive MUC4
expression in gastric cancer tissues compared with normal
tissues (Figure 1 and Table 1, p < 0:001), which is in accor-
dance with known study results. Immunohistochemistry of
prognostic factors showed that there were significant differ-
ences in MUC4 expression under different conditions such
as ages, depth of invasion, TNM stage, lymph node metasta-
sis, and distant metastasis (Table. 2, p < 0:05). MUC4 has
been further studied as a target for treating various types of
cancer, such as breast cancer [17] and colorectal cancer
[18]. Since MUC4 was closely related to gastric cancer, it
may be possible to suppress gastric cancer by regulating
MUC4 expression.

It has been reported that ALA has a protective effect on
gastric ulcer in rats because of its antioxidant and anti-
inflammatory properties [19]. In view of the inhibitory effect
of ALA on the proliferation and metastasis in various cancer
cells [6], we treated gastric cancer cells with ALA and found
that 1mMALA can reduce the viability of gastric cancer cells
(Figure 2(c)). Its inhibitory effect on gastric cancer cells may
be related to the inhibition of MUC4 expression (Figures 2(a)
and 2(b)).

TNF-α and IL-6 can both induce MUC4 gene expression.
To explore the mechanism, we found that the effect of ALA
on gastric cancer cells might be related to STAT3. Therefore,
we hope that the drugs or factors can induce exogenous
MUC4 without affecting the expression level of STAT3.
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Figure 6: Alpha-lipoic acid inhibits STAT3 binding to the MUC4 promoter region. (a) Schematic representation of MUC4 promoter. The
two putative STAT-binding sites as well as the primers used for chromatin immunoprecipitation experiments (Primer set 1 and Primer set 2)
are shown. (b) Binding of p-STAT3 to MUC4 promoter by ALA with or without TNF-α treatment. AGS cells were treated with 2mM ALA
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However, it has been reported that IL-6 may activate STAT3,
leading to transcriptional upregulation of downstream
growth-related genes [20]. On the contrary, TNF-α induces
MUC4 through independent STAT3 pathway (such as
NF-κB pathway). Therefore, we use TNF-α to increase exog-
enous MUC4 in our study [17]. TNF-α-induced MUC4 was
significantly decreased in both mRNA and protein level after
being treated with ALA, and the effect was positively corre-
lated with ALA concentration (Figure 3). In addition, we also
proved that ALA inhibited gastric cancer cell invasion much
strongly than anti-MUC4, which suggested that the inhibi-
tory effect of ALA on gastric cancer was partly by suppression
of MUC4 (Figure 4). These experiments demonstrated that
ALA inhibited both endogenous MUC4 and MUC4 induced
by TNF-α in gastric cancer cells, which may contribute to its
inhibition on gastric cancer.

MUC4 is a downstream target gene of STAT3, and its
expression is regulated by STAT3 [21]. In our study, both
knockdown of STAT3 and treatment of ALA reduced
MUC4 levels (Figure 5(a)), while overexpression of STAT3
reduced the effect of ALA on MUC4 (Figure 5(b)), and treat-
ment of ALA did not change the level of STAT3 (Figure 5(c)).
Therefore, we speculated that the mechanism of ALA inhibit-
ing MUC4 was not to change the levels of upstream target
gene STAT3, but to affect the function of STAT3.

STAT3 can be activated by various cytokines, including
the interleukin 6 (IL-6) family of cytokines, granulocyte
colony-stimulating factor, leptin, and epidermal growth fac-
tor [22]. STAT3 has redox-sensitive cysteines within its
structure, and STAT3 is susceptible to redox regulation
[23]. The cysteine thiol is very unstable and is readily oxi-
dized to form disulfide bonds, which results in intermediate
conformational changes within proteins [24]. Therefore, the
change of redox state in the extracellular environment would
affect the spatial conformation of STAT3 protein and further
affect its function [25]. ALA can scavenge excessive ROS and
regenerate endogenous antioxidants, which may influence
the state of oxidative stress in cancer cells. Changes of redox
in the cell are very likely to interfere STAT3 protein structure
stability and affect its function. Consistent with our hypoth-
esis, we proved that ALA blocked the binding of STAT3 to
the MUC4 promoter (Figure 6). However, the mechanism
by which ALA inhibits STAT3 binding to the promoter of
MUC4 requires further extensive investigation.

5. Conclusion

In summary, ALA inhibits proliferation and invasion of
gastric cancer cells through downregulation of MUC4.
Specifically, ALA suppresses STAT3 binding to the promoter
of MUC4. Our findings suggest that ALA could be used in the
treatment of gastric cancer and even in the early stage of
gastric cancer to inhibit the progress of gastric cancer.
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Osteosarcoma is the most frequently diagnosed primary malignant bone sarcoma in children and adolescents. Recent studies have
shown that cancer stem cells (CSCs), a cluster of tumor cells with the ability to self-renew, play an essential role in tumor recurrence
and metastasis. Thus, it is necessary to develop therapeutic strategies specifically targeting CSCs. Metformin, the first-line drug for
type 2 diabetes, exhibits antineoplastic activities in various kinds of tumors. New evidence has suggested that metformin may target
CSCs and prevent their recurrence. However, the underlying specific mechanisms remain unclear. In this study, we found that
metformin significantly suppressed the self-renewal ability of osteosarcoma stem cells (OSCs) and induced G0/G1 phase arrest
by blocking the activity of cyclin-dependent kinases. Furthermore, metformin induced apoptosis through a mitochondria-
dependent pathway, leading to the collapse of the mitochondrial transmembrane potential and the production of reactive
oxygen species (ROS). Importantly, metformin acted directly on the mitochondria, which resulted in decreased ATP synthesis.
This change allowed access to the downstream AMPK kinase, and the activation of AMPK led to the reversal of the mTOR
pathway, triggering autophagy. Particularly, metformin-mediated autophagy disturbed the homeostasis of stemness and
pluripotency in the OSCs. Additionally, our mouse xenograft model confirmed the potential therapeutic use of metformin in
targeting OSCs. In conclusion, our findings suggest that metformin suppresses the self-renewal ability and tumorigenicity of
OSCs via ROS-mediated apoptosis and autophagy.

1. Introduction

Osteosarcoma, the most frequently diagnosed primary
malignant tumor in children and adolescents, is character-
ized by a high risk of developing lung metastasis and poor
prognosis [1]. Despite steady progress in the research and
development of cancer therapeutics, the 5-year survival rates
of osteosarcoma remain the same as they were in the 1970s
[2]. Cancer stem cells (CSCs), a subgroup of cancer cells with

the ability to self-renew, play an essential role in tumor
recurrence and metastasis [3]. Study has showed that the
key challenge of cancer was the late occurrence of distant
metastases, in which CSCs played a dominant role [4].
Therefore, targeting CSCs may be a promising strategy for
the future of cancer treatment.

Metformin, the most widely used drug in the treatment of
type 2 diabetes, exerted antineoplastic activities on a vast
majority of cancers [5–7]. Moreover, numerous studies have
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indicated that metformin is a promising therapy against
CSCs [8–10]. Autophagy, an essential homeostatic process
for protein degradation, was recently identified as a crucial
regulator in tumorigenesis [11]. Further research suggested
that autophagy may regulate drug sensitivity and the pluripo-
tency of CSCs [12]. However, the roles that autophagy plays
in CSCs are largely unknown. Understanding these roles, as
well as the molecular mechanisms underlying the mainte-
nance of CSCs, may be critical for oncotherapy.

In this study, osteosarcoma stem cells (OSCs) from
K7M2 and MG63 osteosarcoma cell lines were isolated by
methods of both side population (SP) analysis and serum-
free suspension culture. Both K7M2 and MG63 OSCs
expressed high levels of stem cell markers including Sox2,
Oct4, Nanog, CD44, CD133, and ALDH1. Also, both
K7M2 and MG63 OSCs had the ability to differentiate into
osteogenic and chondrogenic lineages. Notably, metformin
treatment induced cell cycle arrest and decreased the viability
of both the K7M2 and MG63 OSCs. In addition, metformin
triggered apoptosis in both K7M2 and MG63 OSCs via a
caspase-dependent mitochondrial apoptotic pathway, which
was associated with alterations in the morphology of the
mitochondrial structure and the balance of mitochondrial
Bcl-2 and Bax. Most importantly, we found that autophagic
flux was higher in these OSCs than it was in their parental
cells. Treatment with metformin abrogated the pluripotency
in the K7M2 and MG63 OSCs associated with the upregula-
tion of autophagy through the AMPK/mTOR pathway.
When the OSCs were treated with 3-methyladenine (3MA),
an inhibitor of autophagy, there was a decrease in their
stemness properties. Likewise, treatment with the autophagy
inducer rapamycin also impaired the pluripotency of both
OSCs, abolishing their stemness. Additionally, the therapeu-
tic efficacy of metformin was further confirmed in mice bear-
ing K7M2 osteosarcoma xenografts. This study suggests that
metformin has promising anticancer activity in OSCs
through regulation of autophagy.

2. Material and Methods

2.1. Drugs, Reagents, and Antibodies. Metformin (D150959),
Hoechst 33342 (14533), verapamil (V4629), 3MA (189490),
and rapamycin (553210) were purchased from Sigma-
Aldrich (Saint Louis, USA). The cell mitochondria isolation
kit (C3601), Reactive Oxygen Species Assay Kit (S0033),
FITC-Annexin V/PI apoptosis detection kit (C1062L), ATP
assay kit (S0026), and anti-p21 (AP021), anti-Cyclin D1
(AC853), anti-Cyclin D3 (AC856), anti-ATG5 (AF2269),
anti-ATG7 (AA820), and anti-Nanog (AF1912) antibodies
were purchased from Beyotime (Haimen, China). The anti-
Bcl-2 (ab182858), anti-Bax (ab182733), anti-active Caspase9
(ab2324), anti-active Caspase3 (ab2302), anti-cytochrome c
(ab133504), anti-LC3 (ab48394), anti-Oct4 (ab181557),
anti-Sox2 (ab97959), anti-Ki67 (ab15580), anti-AMPK
(ab80039), anti-phospho AMPK (ab133448), anti-mTOR
(ab134903), anti-phospho mTOR (ab109268), CD105
(ab135528), and Stro-1 (ab106531) antibodies were obtained
from Abcam (USA). The anti-β-actin (4967S and E4D9Z)
was purchased from Cell Signaling Technology (Danvers,

USA). Mito Tracker® Red CMXRos (M7512) and Lyso
Tracker Red DND-99 (L7528) were obtained from
Thermo Fisher Scientific (Waltham, USA). Alexa Fluor®
488 mouse/human anti-Sox2 antibody (656109), PE anti-
mouse/human Oct4 antibody (653703), APC anti-mouse/-
human CD44 antibody (103011), APC anti-mouse CD133
antibody (141207), and PE/Cy7 anti-human CD133 antibody
(372809) were obtained from Biolegend (San Diego, USA).
Acridine orange/ethidium bromide (AO/EB) was from
Solarbio (Beijing, China). DAPI (BD5010) was obtained
from Bioworld Technology, Inc. DMEM (12800082),
DMEM/F12 (12400024), Fetal Bovine Serum (FBS, 10099-
141), B27 Supplement (17504044), epidermal growth factor
(EGF, PHG0311), and basic fibroblast growth factor (bFGF,
13256029) were purchased from Gibco (USA).

2.2. Animals. Four-week-old male Balb/c mice were obtained
from the Fourth Military Medical University. All experimen-
tal procedures were conducted under the protocol reviewed
and approved by the Ethics Committee of the Northwestern
Polytechnical University.

2.3. Cell Viability Assay. The viability of the K7M2 andMG63
OSCs was evaluated by CCK-8 assay. Briefly, cultured K7M2
andMG63 OSCs were seeded into 96-well microtiter plates at
a density of 1 × 104 cells/well and treated with different con-
centrations of metformin (0, 6.4, 12.8, 25.6, and 51.2mM) for
24-72 h. The cells were then treated with CCK-8 solution,
and the absorbances were measured by multiscan spectrum
(Bio-Rad, USA) at 570nm. The cell death of the K7M2 and
MG63 OSCs was also determined by staining with AO/PI
for 10min. Images were taken using a ZEISS inversion
fluorescence microscope (Zeiss, Germany).

2.4. Cell Cycle Analysis. The cell cycle distribution of the
K7M2 and MG63 OSCs was assessed by flow cytometry.
Briefly, after 48 h of metformin (0, 6.4, 12.8, 25.6, and
51.2mM) treatment, the K7M2 and MG63 OSCs were har-
vested and made into single cell suspensions by mechanical
blow method. The cells were then fixed, centrifuged, resus-
pended, stained with 50mg/mL of PI and 0.5mg/mL of
RNase A for 30min in the dark, and then analyzed by flow
cytometry (BD FACS Calibur, USA).

2.5. Apoptosis Assay. The K7M2 and MG63 OSCs were
seeded into 90mm culture plates at a density of 1 × 106
cells/well and treated with metformin (0, 6.4, 12.8, 25.6,
and 51.2mM) for 48 h. The cells were harvested and labeled
with FITC-Annexin V/PI at room temperature for 20min
according to the instructions. The samples were then ana-
lyzed using flow cytometry (BD FACS Calibur, USA).

2.6. Side Population (SP) Assay. Flow cytometry was used to
identify the SP fractions as described by Steiniger et al. [13].
In brief, cultured cells were trypsinized and resuspended in
prewarmed DMEM prior to incubation with 5μg/mL
Hoechst 33342 either alone or in the presence of 50μg/mL
of the ABC transporter inhibitor verapamil for 90min at
37°C. The cells were then passed through a 100μm mesh fil-
ter (BD, USA) and sorted by a FACS Aria III flow cytometer
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(BD, USA) equipped with Hoechst Blue with a 375 broad
pass filter and Hoechst Red with a 675 broad pass filter laser.
The sorted SP cells were collected and fluorescent-labeled
with Sox2, Oct4, CD44, CD133, CD105, and Stro-1 to detect
their stemness by a flow cytometer.

2.7. Aldehyde Dehydrogenase (ALDH1) Assay. K7M2 and
MG63 OSCs were treated with 6.4mM metformin, 0.5mM
3MA, 6.4mM metformin, and 0.5mM 3MA together, or
5μM rapamycin for 48h. The ALDH1-positive subpopula-
tion was analyzed using an ALDEFLUOR assay kit (Stem Cell
Technologies, Canada). Approximately 1 × 106 K7M2 and
MG63 OSCs were collected and incubated in the ALDE-
FLUOR assay buffer for 40min at 37°C. Negative control
samples were treated with 50μM of diethylaminobenzalde-
hyde (DEAB), an inhibitor of ALDH1. Following that, the
cells were harvested and resuspended in ALDEFLUOR buffer
and subjected to the FACS Aria III flow cytometer.

2.8. Mitochondrial Membrane Depolarization.Mitochondrial
membrane potential was monitored by Mito flow fluorescent
dye (Cell Technology Inc., USA). Briefly, approximately
5 × 105 K7M2 and MG63 OSCs were incubated with the
indicated concentrations of metformin (0, 6.4, 12.8, 25.6,
and 51.2mM) for 48h. The cells were then stained with
fluorescent dye for 30min and detected by a BD FACS
Calibur flow cytometer.

2.9. Reactive Oxygen Species (ROS) Detection. ROS were
detected by measuring the oxidation of dichloro-dihydro-
fluorescein diacetate (DCFH-DA) using Reactive Oxygen
Species Assay Kit. Cells at 50%-60% confluency were incu-
bated with metformin (0, 6.4, 12.8, 25.6, and 51.2mM) for
48 h and then treated with 10μM of DCFH-DA for 30min
at 37°C in the dark. The cells were then washed and harvested
prior to analysis using the FACS Aria III flow cytometer.

2.10. Measurement of Intracellular ATP. Intracellular ATP
content was determined using an ATP assay kit according
to the manufacturer’s instructions. In brief, K7M2 and
MG63 OSCs were planted on 96-well plates and treated with
metformin (0, 6.4, 12.8, 25.6, and 51.2mM) for 48h. The cells
were lysed with an ATP extraction buffer and centrifuged to
collect the supernatant. The supernatant was then mixed
with the dilution buffer containing luciferase and measured
by multiscan spectrum (Bio-Rad, USA).

2.11. Real-Time PCR. Total RNA was extracted from the
metformin-treated OSCs by TRIzol reagent (Invitrogen,
USA). The isolated RNA was reverse transcribed into cDNA
using the Prime Script RT Reagent kit (Takara Biotechnol-
ogy, China). Primers were obtained from Sangon Biotech
(Shanghai, China). Quantitative PCR was performed using
an IQ5 real-time PCR system (Bio-Rad, USA) in a 20μL
reaction volume. The sequences of primers are listed as
follows: human P21: 5′-AGCAGCGGAACAAGGAGT-3′
(sense) and 5′-CGTTAGTGCCAGGAAAGACA-3′ (anti-
sense); mouse P21: 5′-GACAAGAGGCCCAGTACTTC-3′
(sense) and 5′-TAGAAATCTGTCAGGCTGGT-3′ (anti-

sense); human Cyclin D1: 5′-TCTCCAAAATGCCAGA
GGCG-3′ (sense) and 5′-AGGAAGTTGTTGGGGCTCCT-
3′ (antisense); mouse Cyclin D1: 5′-CGGATGAGAACAAG
CAGACC-3′ (sense) and 5′-GCAGGAGAGGAAGTTG
TTGG-3′ (antisense); human Cyclin D3: 5′-AGGGATCAC
TGGCACTGAAG-3′ (sense) and 5′-ACAGGTGTATG
GCTGTGACAT-3′ (antisense); mouse Cyclin D3: 5′-CTAT
GAACTACCTGGATCGCTACCT-3′ (sense) and 5′-CA
GACGGTACCTAGAAGCTGCAA-3′ (antisense); human
SOX2: 5′-AACCCCAAGATGCACAACTC-3′ (sense) and
5′-CGGGGCCGGTATTTATAATC-3′ (antisense); mouse
SOX2: 5′-GCGGAGTGGAAACTTTTGTCC-3′ (sense) and
5′-GGGAAGCGTGTACTTATCCTTCT-3′ (antisense);
human OCT4: 5′-GCTCGAGAAGGATGTGGTCC-3′
(sense) and 5′-CGTTGTGCATAGTCGCTGCT-3′ (anti-
sense); mouse OCT4: 5′-CGGAAGAGAAAGCGAACTA
GC-3′ (sense) and 5′-ATTGGCGATGTGAGTGATCTG-
3′ (antisense); human NANOG: 5′-CAAAGGCAAACAAC
CCACTT-3′ (sense) and 5′-TCTGCTGGAGGCTGAG
GTAT-3′ (antisense); mouse NANOG: 5′-TGACCTCAA
CTACATGGTCTACA-3′ (sense) and 5′-CTTCCCATTCT
CGGCCTTG-3′ (antisense); human ATG5: 5′-CACA AG
CAACTCTGGATGGGATT-3′ (sense) and 5′-CCATCT
TCAG GATCAATAGCAGAAG-3′ (antisense); mouse
ATG5: 5′-GTGCTTCGAGATGTGTGGTTTGGA-3′ (sense)
and 5′-CGTCAAATAGCTGACTCTTGGCAA-3′ (anti-
sense); human ATG7: 5′-GGTCAAAGGACGAAGATAA
CA-3′ (sense) and 5′-GGTCACGGAAGCAAACAACT-3′
(antisense); mouse ATG7: 5′-GCTAATGGACACCAGG
GAGA-3′ (sense) and 5′-AAAAAGTGAGGAGCCCAGGT-
3′ (antisense); human GAPDH: 5′-TTGATGGCAACAAT
CTCCAC-3′ (sense) and 5′-CGTCCCGTAGACAAAATGG
T-3′ (antisense); and mouse GAPDH: 5′-CAACAGCAACT
CCCACTCTTC-3′ (sense) and 5′-GGTCCAGGGTTTCT
TACTCCTT-3′ (antisense).

2.12. Western Blot.Mitochondria were extracted by the mito-
chondria isolation kit according to the manufacturer’s
instructions. The isolated mitochondria or cells were lysed
with RIPA buffer containing protease inhibitor or phospha-
tase inhibitor (Beyotime, China) and determined by bicinch-
oninic acid assay (Beyotime, China). Thirty micrograms of
protein was loaded onto SDS-PAGE, separated by electro-
phoresis, and transferred to polyvinylidene difluoride mem-
brane (PVDF). The membranes were blocked with 1%
bovine serum albumin (BSA), incubated with primary anti-
bodies, washed with TBST buffer, and then incubated with
HRP-conjugated secondary antibodies (Boster, China).
Immunoblot images were taken and quantified using ImageJ
software (National Institutes of Health, USA). The intensities
of the bands were determined and normalized to β-actin.

2.13. Tumor Sphere Assay. K7M2 and MG63 OSCs were
treated with 6.4mM metformin, 0.5mM 3MA, 6.4mM met-
formin, and 0.5mM 3MA together, or 5μM rapamycin for
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48 h. Tumor spheres were induced by 6-well ultralow adher-
ent culture plates (Corning, USA). K7M2 and MG63 cells
were seeded at a density of 5 × 103 cells/well in a serum-free
DMEM/F12 medium supplemented with 1× B27, 10 ng/mL
EGF, and 10ng/mL bFGF. Tumor sphere formation was
quantified 7 days after initial seeding by staining with 0.1%
crystal violet (Sigma-Aldrich, USA) and imaged with an
inverted microscope (Olympus, Japan).

2.14. Immunohistochemistry (IHC) and Immunofluorescence
(IF). For IHC, tumor tissues were harvested, fixed, dehy-
drated, embedded in paraffin, and sliced into 4μm sections.
The slices were then stained with hematoxylin-eosin (H&E)
and IHC against LC3, ATG5, Ki67, Sox2, and Oct4. For IF,
the cells were fixed with 4% paraformaldehyde, blocked with
1% BSA, and then incubated in primary antibodies overnight
at 4°C. The cells were then washed with phosphate-buffered
saline (PBS) and incubated with fluorescence-labeled second-
ary antibodies at room temperature in the dark. Images were
taken using an FSX100 microscope (Olympus, Japan) or an
FV10i Confocal Laser Scanning Microscope (Olympus,
Japan).

2.15. Differentiation Potential of OSCs. The K7M2 andMG63
OSCs treated with/without metformin were cultured in a
commercial osteogenic and chondrogenic differentiation
medium (Cyagen, China) in 6-well cell culture plates for
three weeks. The cells were then fixed with 4% paraformalde-
hyde and stained with Alizarin Red (Cyagen, China) for
detection of osteogenic differentiation and Alcian Blue
(Cyagen, China) for chondrogenic differentiation. Images
were taken using an FSX100 microscope (Olympus, Japan).

2.16. Transmission Electron Microscope (TEM). For TEM
detection, cells with different treatments were fixed with 2%
phosphotungstic acid, dropped onto formvar/carbon-coated
copper mesh grids, and then left to dry at room temperature.
Images were taken with a Hitachi HT7700 transmission
electron microscope (Hitachi, Japan).

2.17. Scanning Electron Microscope (SEM). OSCs were fixed
with 2.5% glutaraldehyde, dehydrated in ethanol, dried at
the critical point, and then placed on copper grids. The spec-
imens were then imaged using a Hitachi SU8010 scanning
electron microscope (Hitachi, Japan).

2.18. Orthotopic Intratibial Mouse Model of Osteosarcoma.
After pretreatment of 6.4mM metformin for 48h, approxi-
mately 1 × 105, 1 × 104, or 1 × 103 of the K7M2 OSCs were
suspended in 30μL PBS and implanted into the tibia of
male Balb/c mice by intratibial injection. Mice were anes-
thetized, the left leg was held with the knee, and the nee-
dle was inserted into the tibial tuberosity using a drilling
motion. After 2 weeks, the mice were euthanized, and
the tumor volumes and weights were measured
(tumor volume = ðlength × width × heightÞ/2). To further
assess the effect of metformin-mediated autophagy on
tumorigenesis, approximately 1 × 105 of K7M2 OSCs sus-
pended in 30μL PBS were injected into the tibia of male
Balb/c mice. When tumor volumes reached about

100mm3, the mice were then randomly divided into five
groups, receiving intraperitoneal injection of (1) PBS, (2)
250mg/kg/day metformin diluted with PBS [14], (3)
15mg/kg/day 3MA diluted with PBS [15], (4) 250mg/kg
metformin + 15mg/kg/day 3MA, and (5) 1mg/kg/day
rapamycin diluted with PBS [16]. The mice were killed
after 21 days, and the tumors were removed, weighed,
and subjected to IHC staining for LC3, ATG5, Ki67,
Sox2, and Oct4.

2.19. Statistical Analysis. Data analysis was performed using
GraphPad Prism (GraphPad Software Inc., USA). Statistical
analysis was performed by independent samples t-test for
comparison between two groups or one-way ANOVA
among the groups. P < 0:05 was considered statistically
significant.

3. Results

3.1. Autophagic Flux Was Enhanced in OSCs. We isolated
OSCs from K7M2 and MG63 osteosarcoma cell lines of
which side population (SP) phenotype revealed as a charac-
teristic tail separated from the complete population in
Figure 1(a). The median percentage of K7M2 and MG63 SP
cells was 1.25% and 1.07%, respectively, and the SP cells
decreased to 0.2% and 0.2% upon treatment with verapamil,
the inhibitor of the ABC transporter. To determine whether
the basal level of autophagic flux was different between gen-
eral osteosarcoma cells and their OSCs, we first observed
the autophagosomes by TEM. As shown in Figure 1(b), the
numbers of autophagosomes were significantly increased in
SP cells than in non-SP cells, indicating that K7M2 and
MG63 OSCs have a higher basal autophagic flux. Moreover,
OSCs from K7M2 and MG63 osteosarcoma cells were suc-
cessfully isolated via serum-free suspension culture for 7
days, and the tumor spheres were formed as showed in
Figure 1(c). To further characterize the spheres and their
parental cells, the stemness and autophagic properties were
studied. As shown in Figure 1(d), the sphere cells from both
K7M2 and MG63 had higher protein expression levels of the
pluripotent transcription factors including Sox2, Oct4, and
Nanog, as well as the high levels of autophagy-associated pro-
teins LC3-II, ATG5, and ATG7. Real-time PCR (Figure 1(e))
also revealed that the sphere cells of both K7M2 and MG63
had higher mRNA levels of the pluripotent genes SOX2,
OCT4, and NANOG and the autophagy-related genes ATG5
and ATG7. Immunofluorescent staining assay (Figure 1(f))
confirmed that both K7M2 and MG63 SP cells have stronger
fluorescent punctate structures of LC3-II than their non-SP
cells, indicating higher levels of autophagy in OSCs. To deter-
mine the differentiation ability of the SP cells, they were cul-
tured in an adhesive culture system in an osteogenic and
chondrogenic differentiation medium for 3 weeks. SP cells
cultured in a DMEM/F12 medium served as a control. As
shown in Figure 1(g), both K7M2 and MG63 OSCs were
found to have more calcium nodular and proteoglycan depo-
sitions than the non-SP cells, suggesting that the OSCs had
undergone osteogenesis and chondrogenesis. These results
indicated that the OSCs had the ability to differentiate into
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Figure 1: Continued.

5Oxidative Medicine and Cellular Longevity



osteoblasts and chondrocytes. Furthermore, the pluripotent
transcription factors Sox2 and Oct4 and CSC markers
CD44, CD105, CD133, and Stro-1 were more highly
expressed in both K7M2 and MG63 SP cells than in non-SP
cells (Figure 1(h)), indicating that the SP cells have the
characteristics of CSCs. Furthermore, we found that there is
no difference in biomarkers in CD44, CD133, CD105, and
Stro-1 between sphere-forming cells and SP cells from the
K7M2 and MG63 (Figure S1). Therefore, in the following
experiment, we used sphere-forming cells.

3.2. Metformin Induces Cell Cycle Arrest in K7M2 and MG63
OSCs. A dose- and time-dependent decrease in cell viability
following metformin treatment was observed in Figure 2(a).
The half-maximal inhibitory concentration (IC50) of
metformin at 48 h was 11:8 ± 0:8mM for the K7M2 OSCs
and 7:9 ± 1:1mM for the MG63 OSCs (Figure 2(b)). Flow
cytometric analysis was used to examine the effect of metfor-
min on the cell cycle. Treatment with increasing concentra-
tions of metformin for 48 h resulted in the accumulation of
cells in the G0/G1 phase and a decrease in the number of cells
in the S phase (Figures 2(c) and 2(d)). Real-time PCR
(Figure 2(e)) and western blot analysis (Figures 2(f) and
2(g)) clearly showed that the expression levels of cell cycle
regulatory genes and proteins Cyclin D1 and Cyclin D3 were
downregulated in both K7M2 and MG63 OSCs following
metformin treatment, while P21 was upregulated. These
results suggested that metformin induced cell cycle arrest in
OSCs in vitro by blocking the G0 to G1 transition.

3.3. Metformin Activates a ROS-Mediated Mitochondrial
Pathway to Induce Apoptosis. As apoptosis is often associated
with mitochondrial function, we first assessed the effect of
metformin on the mitochondrial morphology of the OSCs.
Treatment with metformin for 48 h resulted in a change from
the tubular network morphology to the disintegration of the
mitochondrial network and reduced mitochondrial branch-

ing (Figure 3(a)). To evaluate the changes in the mitochon-
drial membrane potential as a result of metformin
treatment, cells were subjected to Mito flow fluorescent dye.
As shown in Figure 3(b), the metformin-treated cells
decreased mitochondrial membrane polarization in a dose-
dependent manner. Also, the intracellular ATP concentra-
tions were declined dramatically following metformin treat-
ment for 48h (Figure 3(c)). We next explored whether the
metformin-mediated apoptotic effect was a function of ROS
modulation within the OSCs. As illustrated in Figure 3(d),
immunofluorescence assay showed that OSCs treated with
metformin for 48 h had higher fluorescent intensity com-
pared to the controls, indicating an elevated ROS level upon
metformin treatment. In addition, flow cytometric analysis in
Figure 3(e) also indicated that metformin treatment for 48 h
markedly increased ROS production in a dose-dependent
manner. However, N-acetyl-L-cysteine (NAC) partly
reversed the metformin-induced increase in ROS levels. Fur-
thermore, the proapoptotic effects of metformin were evalu-
ated by the FITC-Annexin V/PI apoptosis detection kit. As
shown in Figures 3(f) and 3(g), metformin induced apoptosis
in both K7M2 andMG63 OSCs in a dose-dependent manner.
Western blot analysis (Figures 3(h) and 3(i)) showed that
treatment with metformin decreased antiapoptotic Bcl-2
and increased proapoptotic Bax in both K7M2 and MG63
OSCs, confirming that metformin induced apoptosis in the
OSCs. In addition, metformin was found to stimulate the
translocation of cytochrome c from the mitochondria to the
cytosol and upregulate both activated Caspase9 and activated
Caspase3. Taken together, these results suggested that met-
formin induced apoptosis in OSCs mainly through a ROS-
mediated mitochondrial dysfunction pathway.

3.4. Metformin Impairs Stemness and Pluripotency of OSCs.
Sphere formation assays were conducted to evaluate the
stemness characteristics of the K7M2 and MG63 OSCs. The
numbers of spheres significantly decreased in a dose-
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Figure 1: Characteristics of OSCs. (a) The representative images of SP cells from K7M2 andMG63 osteosarcoma cell lines. The median value
of K7M2 and MG63 SP cells was 1.25% and 1.07%, respectively. n = 5. (b) The representative TEM images of autophagosomes in K7M2 and
MG63 SP cells. The pentagrams stand for autophagosomes. Scale bars = 1 μm. (c) Tumor spheres of K7M2 andMG63 osteosarcoma cells after
culturing in the serum-free medium DMEM/F12-bFGF-EGF-B27 for 7 days. The parental K7M2 and MG63 cells cultured in DMEM/F12
supplemented with 1% FBS served as a control. Scale bars = 50μm. n = 5. (d) Western blot analysis of the pluripotent transcription factors
Sox2, Oct4, and Nanog and the autophagy markers LC3, ATG5, and ATG7 in K7M2 and MG63 OSCs. Data are shown as mean ± SD,
n = 3. (e) The mRNA expression levels of the pluripotency-associated genes SOX2, OCT4, and NANOG and the autophagy-related
genes ATG5 and ATG7. n = 3. (f) Immunofluorescence analysis of autophagy in K7M2 and MG63 SP cells. The colocalization (orange)
staining of LC3 (green) with lysosome (red) indicates autophagy. Scale bars = 200μm. n = 3. (g) Osteogenic and chondrogenic
differentiation of K7M2 and MG63 SP cells. Cells differentiated into osteoblasts and chondroblasts were detected by staining with
Alizarin Red and Alcian Blue. Scale bars = 100μm. n = 3. (h) Flow cytometry-based assay for the pluripotent transcription factors Sox2
and Oct4 and the CSC surface markers CD44, CD105, CD133, and Stro-1 in K7M2 and MG63 SP cells. n = 3. ∗P < 0:05 was
considered statistically significant.
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dependent manner following metformin treatment com-
pared to the controls (Figures 4(a) and 4(b)). To investigate
the effect of metformin on the pluripotency on the OSCs,
the sphere-forming cells of K7M2 and MG63 were cultured
in an osteogenic and chondrogenic induction differentiation
medium with or without metformin. Osteogenesis
(Figures 4(c) and 4(d)) and chondrogenesis (Figures 4(e)
and 4(f)) were confirmed by the deposition of calcium and
proteoglycans. The results showed that metformin reduced
the pluripotency ability of the OSCs to differentiate into oste-
oblasts and chondrocytes in a dose-dependent manner. To
further evaluate the effect of metformin on the stemness
properties of the OSCs, the CSC markers CD44, CD105,
CD133, and Stro-1 were also measured by flow cytometry
(Figure 4(g)). As expected, the expression of CD44, CD105,
CD133, and Stro-1 was downregulated in OSCs following
metformin treatment in a dose-dependent manner, demon-
strating that metformin may inhibit the stemness of OSCs.

3.5. Metformin Regulates Autophagy via the AMPK/mTOR
Pathway. Metformin treatment resulted in a dose-
dependent activation of AMPK phosphorylation (p-AMPK)
in both the K7M2 OSCs (Figure 5(a)) and the MG63 OSCs
(Figure 5(b)). Further investigation showed that metformin
repressed the phosphorylation of mTOR (p-mTOR) and that
this prolonged inactivation of mTOR and eventually induced
autophagy. These results indicated that the AMPK signaling
pathway might be involved in metformin-induced autophagy
in K7M2 andMG63 OSCs. To further determine whether the
AMPK signaling pathway is required for the induction of
autophagy in response to metformin, K7M2 and MG63
OSCs were treated with an AMPK inhibitor, compound
C. After treatment with 10μM compound C for 48 h, the
metformin-induced autophagy of the K7M2 OSCs
(Figure 5(c)) and MG63 OSCs (Figure 5(d)) was partially
attenuated. In contrast to the effects of metformin, inhibition
of AMPK activated the protein expression of p-mTOR and
reduced the expression of LC3. TEM images (Figure 5(e))

and immunofluorescence assay (Figure 5(f)) further illus-
trated that inhibition of the AMPK signaling pathway by
compound C attenuated the metformin-induced autophagy
of both K7M2 OSCs andMG63 OSCs. Thus, our results indi-
cated that metformin regulated the autophagy of OSCs via
the AMPK/mTOR signaling pathway.

3.6. Autophagy Regulates Homeostasis of Pluripotency in
OSCs. To verify whether the metformin-mediated autophagy
is associated with the pluripotency and stemness of the OSCs,
K7M2 and MG63 OSCs were treated with metformin,
autophagy inhibitor 3MA, and metformin together with
3MA. The autophagy inhibitor 3MA alone served as a nega-
tive control, and the autophagy inducer rapamycin served as
a positive control. Following treatment, markers of autoph-
agy, stemness, and pluripotency were detected. Our results
revealed that metformin induced autophagy, while metfor-
min+3MA significantly alleviated the metformin-induced
autophagy. Treatment with 3MA, the autophagy inhibitor,
decreased the number of autophagosomes while autophagy
inducer rapamycin promoted the occurrence of autophagy
(Figure 6(a)). In addition, immunofluorescence expression
levels of LC3 were elevated in OSCs treated with metformin
or rapamycin, while treatment with 3MA inhibited the
expression of LC3 as shown in Figure 6(b). In addition, the
expression of ALDH1 of OSCs was decreased in the OSCs
in all cases, no matter if the autophagy was enhanced (rapa-
mycin or metformin) or impaired (3MA) as shown in
Figures 6(c) and 6(d). The clone formation of OSCs was also
assessed by crystal violet staining (Figure 6(e)) and SEM
observations (Figure 6(f)). In agreement with the above
results, both inhibition and induction of autophagy blocked
the clone formation of the K7M2 and MG63 OSCs. These
data indicated that autophagy might play a critical role in
the maintenance of pluripotency of OSCs, since the pluripo-
tency of stem cells was mainly maintained by the networks of
pluripotency-associated transcription factors such as Oct4,
Sox2, and Nanog. When autophagy was enhanced, the
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Figure 2: Metformin inhibits cell proliferation and induces G0/G1 arrest in OSCs. (a) The effect of metformin on the viability of K7M2 and
MG63 OSCs by CCK-8. Cells were treated with 0, 6.4, 12.8, 25.6, or 51.2mM of metformin for 24, 48, and 72 h. n = 3. (b) The IC50 of
metformin in K7M2 and MG63 OSCs at 48 h. n = 3. (c) Cell cycle progression of K7M2 and MG63 OSCs treated with metformin. n = 3.
(d) The percentage of cell cycle distribution in metformin-treated K7M2 and MG63 OSCs. (e) The mRNA expression levels of the cell
cycle regulation genes P21, Cyclin D1, and Cyclin D3 in K7M2 and MG63 OSCs. n = 3. (f) Western blot analysis of the cell cycle-related
proteins p21, Cyclin D1, and Cyclin D3 in K7M2 and MG63 OSCs. n = 3. (g) Densitometric analyses of the cell cycle-related
proteins. ∗P < 0:05 was considered statistically significant.
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Figure 3: Continued.
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degradation of pluripotency-associated transcription factors
was also enhanced, whereas autophagy inhibition caused an
increase of pluripotency-associated transcription factors as
shown in Figures 6(g) and 6(h). Although markers of pluri-
potency such as Sox2 and Oct4 were enhanced in OSCs when
autophagy was inhibited, the tumor sphere formation and
stemness were significantly attenuated (Figures 6(c)–6(f)).
Given these results, we speculated that autophagy may regu-
late homeostasis of pluripotency in OSCs.

3.7. Metformin Inhibits Tumor Growth and OSC Capacities in
a Mouse Xenograft Model. Since 6.4mM metformin could
induce autophagy (Figure 5(a)) without causing apoptosis
(Figure 3(f)) or death (Figure S2) of K7M2 OSCs, so we
pretreated K7M2 OSCs with 6.4mM metformin for 48h to
evaluate the tumorigenicity in vivo. As shown in
Figures 7(a) and 7(b), K7M2 OSCs implanted at a cell
density of 1 × 105 formed tumors in 100% of control mice,
whereas the tumor formation rate was reduced to 57.14% in
metformin treatment. The tumor formation rate after
implantation of 1 × 104 OSCs were 85.71% in the control
group and again 57.14% in the metformin-treated group.
Implantation with 1000 cells resulted in a tumor formation
rate of 85.71% in the control group; however, implantation
at this density resulted in a sharp decrease in the tumor
formation rate in the metformin-treated group to 28.57%.
Moreover, metformin treatment significantly decreased the
tumor volumes (Figure 7(c)) and weights (Figure 7(d)).

In order to determine whether metformin affected tumor
growth in vivo, 1 × 105 K7M2 OSCs were introduced into
mice via intratibial injection. When the tumors reached
approximately 100mm3, the mice were randomly divided
into the 5 groups described above (Figure 7(e)). After 3 weeks
of treatment, the mice were executed, and the tumor tissues

were stripped and weighed. Strikingly, the tumor volumes
(Figure 7(f)) and tumor weights (Figure 7(g)) in all groups
were significantly reduced compared with the control group.
Lung metastases of the mice were also observed by visible
metastatic nodules. There were significantly fewer mice with
lung metastases in the metformin group than in the control
group (Figure 7(h)). Metastatic nodules in the lungs were
markedly decreased in the metformin-treated group (only 2
out of 6 mice) compared to the control group (4/6), indicat-
ing that metformin reduced the progression of osteosarcoma
metastasis. This effect was also observed in mice treated with
3MA (1/6) and rapamycin (2/6). H&E staining of lung tissues
(Figure 7(i)) further confirmed these findings that metfor-
min- and rapamycin-induced autophagy suppressed the
tumorigenicity of K7M2 OSCs in vivo. IHC staining
(Figure 7(j)) revealed that both LC3 and ATG5 were upregu-
lated, indicating that autophagy was induced in the tumors of
mice treated with metformin compared to the control,
whereas the expression of Ki67 was downregulated. Interest-
ingly, Sox2 and Oct4 accumulated when autophagy was
inhibited by 3MA and decreased when autophagy was
induced by either metformin or rapamycin, which was con-
sistent with the results in vitro.

4. Discussion

CSCs, also known as tumor-initiating cells, contribute to
tumor initiation, progression, and metastasis [17]. The
sphere formation assay is a classically widely used method
to isolate and characterize CSCs [18]. Accumulating evidence
has demonstrated that SP cells, which exhibit the characteris-
tics of CSCs and are responsible for tumor metastasis and
chemoradiotherapy resistance, are able to effectively exclude
Hoechst 33342 dye [19]. Some pluripotent transcription
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Figure 3: Metformin activates the mitochondrial pathway to induce apoptosis. (a) Confocal laser scanning microscope of the mitochondrial
morphology in K7M2 and MG63 OSCs by Mito Tracker. Nuclei were counterstained with DAPI. Scale bars = 10μm. n = 3. (b) Flow
cytometry analysis of mitochondrial membrane potential in K7M2 and MG63 OSCs exposed to metformin. n = 3. (c) ATP concentrations
in K7M2 and MG63 OSCs after metformin treatment for 48 h. n = 3. (d) Immunofluorescence analysis of ROS in K7M2 and MG63 OSCs
using the DCFH-DA probe. Nuclei were counterstained with DAPI. Scale bars = 100μm. n = 3. (e) Measurement of intracellular ROS in
K7M2 and MG63 OSCs labeled with DCFH-DA by flow cytometry. Cells were pretreated with 10mM of the ROS scavenger NAC to
eliminate ROS. n = 3. (f) Annexin V-FITC/PI staining of apoptosis in metformin-mediated K7M2 and MG63 OSCs by flow
cytometry. n = 3. (g) The percentage of OSCs in early apoptosis and total apoptosis upon treatment of metformin. (h) Western blot
analysis of mitochondrial apoptotic pathway-related proteins in metformin-treated K7M2 and MG63 OSCs. n = 3. (i) Densitometric
analyses of mitochondrial apoptotic pathway-related proteins. ∗P < 0:05 was considered statistically significant.
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Figure 4: Metformin impairs stemness of OSCs. (a) Colony formation images of K7M2 and MG63 OSCs treated with metformin. Scale
bars = 10mm. n = 5. (b) Quantification of tumor spheres formed at day 7. (c) Osteogenic differentiation of K7M2 and MG63 OSCs treated
with metformin. Scale bars = 10mm. n = 3. (d) Semiquantification of the osteogenic differentiation capacity of K7M2 and MG63 OSCs by
a spectrophotometer. (e) Chondrogenic differentiation of K7M2 and MG63 OSCs. Scale bars = 10mm. n = 3. (f) Semiquantification of the
chondrogenic differentiation capacity of K7M2 and MG63 OSCs by a spectrophotometer. (g) Flow cytometry of CSC surface markers
CD44, CD105, CD133, and Stro-1 in K7M2 and MG63 OSCs. n = 3. ∗P < 0:05 was considered statistically significant.
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Figure 5: Metformin regulates autophagy via the AMPK/mTOR pathway. (a) Western blot analysis and (b) densitometric analyses of
metformin on the AMPK pathway in K7M2 OSCs and MG63 OSCs. (c) Western blot and (d) densitometric analyses of compound C on
metformin-mediated autophagy in K7M2 and MG63 OSCs. (e) TEM images of autophagosomes in the compound C-treated K7M2 and
MG63 OSCs. The pentagrams stand for autophagosomes. Scale bars = 1μm. (f) Immunofluorescence assay of autophagy in the compound
C-treated K7M2 and MG63 OSCs. Scale bars = 100μm. Each experiment was performed in triplicate. ∗P < 0:05 was considered statistically
significant.
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Figure 6: Continued.
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factors such as Oct4, Sox2, and Nanog are essential to main-
tain the pluripotency and self-renewal of CSCs [20]. Further-
more, similar to pluripotent transcription factors, CD44 and
CD133 are other established and ubiquitous CSC surface
markers [21]. ALDH1, an enzyme located in the cytoplasm
and mitochondria, has been identified as a predictive marker
of OSC in cancer [22]. In this study, we used both tumor
sphere culture and SP analysis to evaluate the characteristic
of CSCs in K7M2 and MG63 osteosarcoma cell lines. We
observed that the proportion of SP cells in K7M2 and
MG63 was about 1%-2%, and this was reduced to about 0%
after suppression by treatment with verapamil. Furthermore,
both K7M2 and MG63 could form tumor spheres when cul-
tured in a serum-free medium. Interestingly, we found that
tumor spheres derived from K7M2 and MG63 osteosarcoma
cells have higher indications of stemness, and the basal
autophagy flux level was higher in tumor spheres than in
their parental adherent cells, which is consistent with other
studies that showed that autophagy regulated the stemness
of CSCs [23]. When cultured in osteogenic and chondrogenic
differentiation induction media, the OSCs differentiated into
osteoblast-like and chondroblast-like cells. In correlation
with the above research, the isolated OSCs were also positive
for Sox2, Oct4, CD133, CD105, Stro-1, and ALDH1, whereas
their parental cells were not.

Metformin, the first-line pharmacotherapy for type 2 dia-
betes [24], has recently emerged as a potential anticancer
drug [25–27]. Since anticancer effect is usually concurrent
with cell growth inhibition and cell cycle arrest, cell cycle
deregulation is considered to be one of the hallmarks of
tumor cells [28]. The vast majority of tumor cells have been
found to have alterations in the cell cycle transition from
G1 to S phase, which is mediated by cyclin-dependent kinase
(CDK). p21, an inhibitor of CDK2, plays a critical role in
G1/S transition [29]. This study demonstrated that metfor-

min treatment activated the expression of P21 gene and sup-
pressed the expression of CDK genes such as Cyclin D1 and
Cyclin D3, resulting in the accumulation of OSCs halted in
the G0/G1 phase. This observation is in agreement with the
findings of Wang et al. [30], who showed that metformin
blocked cell cycle progression in myeloma cells. More
recently, Bao et al. [31] found that metformin weakens the
migratory and invasive capacities of osteosarcoma cells
in vitro and in vivo. In correlation with these results, mice
treated with metformin had a significant decrease in tumor
volumes compared to control mice in our study, confirming
the antitumor effect of metformin.

Apoptosis, a programmed cell death apart from necrosis,
plays a pivotal role in cancer therapy [32]. It is well known
that apoptosis is usually driven by mitochondrial dysfunc-
tion, which results in the loss of the mitochondrial trans-
membrane potential and the accumulation of intercellular
endogenous ROS [33], and excess ROS can oxidize DNA,
proteins, and lipids and subsequently activate caspase-
mediated apoptosis [34]. We confirmed that metformin
treatment triggered excessive ROS production, while pre-
treatment with NAC partly reversed the metformin-
induced accumulation of ROS in OSCs. Particularly, the loss
of the mitochondrial transmembrane potential induced an
imbalance between Bcl-2 and Bax. Bax, a proapoptotic pro-
tein, translocated to mitochondria and thereby resulted in
the release of cytochrome c [35]. In correlation with these
results, metformin treatment induced mitochondrial dys-
function accompanied by the loss of mitochondrial trans-
membrane potential, as well as decreased the expression of
antiapoptotic protein Bcl-2 and increased the activities of
Caspase9 and Caspase3.

There is accumulating evidence demonstrating that
AMPK signaling could suppress the proliferation of cancer
cells and enhance their CSC properties [36]. In addition,
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Figure 6: Autophagy regulates the homeostasis of pluripotency in OSCs. (a) TEM images of autophagosomes in metformin-treated K7M2
and MG63 OSCs. The pentagrams stand for autophagosomes. Scale bars = 1 μm. (b) Immunofluorescence analysis of autophagy in K7M2
and MG63 OSCs. The colocalization (orange) staining of LC3 (green) with lysosome (red) indicates autophagy. Scale bars = 50 μm. n = 3.
(c) Flow cytometry analysis of the effect of autophagy on ALDH1 activity. The upper panel shows that OSCs were incubated with DEAB,
a specific ALDH inhibitor. The lower panel shows ALDH1-positive OSCs. n = 3. (d) The percentage of ALDH1-positive OSCs. (e)
Clone formation of K7M2 and MG63 OSCs. Scale bars = 50μm. n = 5. (f) SEM images of sphere forming of K7M2 and MG63
OSCs. Scale bars = 20 μm. n = 3. (g) Western blot analysis of the autophagy markers ATG5 and ATG7 and the pluripotency-associated
proteins Sox2 and Oct4 in K7M2 and MG63 OSCs. n = 3. (h) Densitometric analyses of autophagy markers and pluripotency-associated
proteins. Each experiment was conducted at least three occasions. ∗P < 0:05 was considered statistically significant.
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Figure 7: Metformin decreases K7M2 xenograft tumor growth and inhibits lung metastasis in vivo. (a) Metformin suppressed tumorigenicity
of K7M2 OSCs in vivo by limited dilution assay. n = 7. (b) The tumor formation rate of K7M2 OSCs treated with metformin. (c) The tumor
volumes and (d) tumor weights at the end of the experiments. (e) Images of resected tumor xenografts on day 21. n = 6. (f) The tumor
volumes and (g) the tumor weights at the end of the experiments. (h) Numbers of mice with lung metastasis. (i) H&E staining of lung
tissues for metastatic nodules. The arrows represent smaller tumor nodules in the lung. Scale bars = 100 μm. (j) Immunohistochemical
staining of LC3, ATG5, Ki67, Sox2, and Oct4 of three different tumors from each group. Scale bars = 100μm. ∗P < 0:05 was considered
statistically significant.
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metformin has been known to suppress the self-renewal abil-
ity of CSCs in colorectal cancer, dependent on the relative
regulation of glutamine metabolism [37]. Consistent with
these findings, we showed that metformin substantially
reduced the pluripotency of K7M2 and MG63 OSCs through
the inhibition of ATP synthesis in mitochondria and the acti-
vation of AMPK. This is also in line with the finding that
autophagy is regulated by the AMPK/mTOR pathway [38].
Moreover, the AMPK inhibitor, compound C, and the
autophagy inhibitor, 3MA, were applied to study the roles
of the AMPK/mTOR pathway in autophagy [39]. Our results
showed that activation of AMPK inhibited the mTOR path-
way, in which the autophagy seemed to be enhanced.

Autophagy, a lysosomal degradation pathway involved in
the maintenance of cellular homeostasis is emerging as an
attractive therapeutic target in certain types of tumors [40].
Several methods exist to induce autophagy in cells, including
starvation and treatment with rapamycin [41]. In this study,
we found that the autophagy markers LC3, ATG5, and ATG7
were notably increased in OSCs treated with metformin,
indicating that metformin can stimulate autophagy, which
is consistent with the results of Wang et al.’s study [30] in
myeloma cells. Using this model, we first examined the via-
bility of OSCs and found that it decreased upon treatment
with metformin. Moreover, the expression of stem cell
markers Oct4 and Sox2 was decreased when autophagy was
induced by metformin or rapamycin, indicating that autoph-
agy might help to maintain the pluripotency of OSC. Finally,
we confirmed the direct influence of autophagy on the capac-
ity of the OSCs to self-renew by suppressing autophagy with
3MA. Although the potential stem cell markers Oct4 and
Sox2 were more highly expressed in cells treated with 3MA,
however, the cloning capacity of OSCs was weakened. Fur-
thermore, the metformin-mediated reduction in the number
of spheres observed could be partially reversed by 3MA treat-

ment, suggesting that autophagy is essential for the mainte-
nance of pluripotency in OSCs. Similarly, it has been
demonstrated that autophagy regulates the homeostasis of
pluripotency-associated proteins in human embryonic stem
cells [42], and imbalances in these proteins may lead to the
loss of pluripotency in embryonic stem cells [43]. In the pres-
ent study, we demonstrated for the first time that metformin
suppresses self-renewal ability and tumorigenicity of OSCs
by targeting autophagy, and autophagy regulates homeostasis
of pluripotency of OSCs.

5. Conclusions

In conclusion, we found that treatment with metformin
inhibited the proliferation of K7M2 and MG63 OSCs by
inducing G0/G1 phase cell cycle arrest. In addition, metfor-
min simultaneously triggered apoptosis in OSCs, which
promoted cell death via a ROS-dependent mitochondria-
mediated pathway. Strikingly, metformin significantly sup-
pressed the self-renewal ability and tumorigenicity of OSCs
by regulating autophagy, which was modulated by the
AMPK/mTOR pathway (Figure 8). Taken together, these
data indicated that metformin exerted antitumor effects
against OSCs and that autophagy may be a promising thera-
peutic target for osteosarcoma.
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CD105, and Stro-1. Proper isotype antibodies were used as
a control (black lines).
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An extensive body of literature describes anticancer property of dichloroacetate (DCA), but its effective clinical administration in
cancer therapy is still limited to clinical trials. The occurrence of side effects such as neurotoxicity as well as the suspicion of DCA
carcinogenicity still restricts the clinical use of DCA. However, in the last years, the number of reports supporting DCA
employment against cancer increased also because of the great interest in targeting metabolism of tumour cells. Dissecting DCA
mechanism of action helped to understand the bases of its selective efficacy against cancer cells. A successful coadministration of
DCA with conventional chemotherapy, radiotherapy, other drugs, or natural compounds has been tested in several cancer
models. New drug delivery systems and multiaction compounds containing DCA and other drugs seem to ameliorate
bioavailability and appear more efficient thanks to a synergistic action of multiple agents. The spread of reports supporting the
efficiency of DCA in cancer therapy has prompted additional studies that let to find other potential molecular targets of DCA.
Interestingly, DCA could significantly affect cancer stem cell fraction and contribute to cancer eradication. Collectively, these
findings provide a strong rationale towards novel clinical translational studies of DCA in cancer therapy.

1. Introduction

Cancer is one of the leading causes of death worldwide.
Despite the significant progression in diagnostic and thera-
peutic approaches, its eradication still represents a challenge.
Too many factors are responsible for therapy failure or
relapse, so there is an urgent need to find new approaches
to treat it. Apart from the typical well-known properties fea-
turing malignant cells, including abnormal proliferation,
deregulation of apoptosis, and cell cycle [1, 2], cancer cells
also display a peculiar metabolic machine that offers a further
promising approach for cancer therapy [3–5]. Our group had
already suggested the importance of a metabolic characteri-
zation of cancer cells to predict the efficacy of a metabolic
treatment [6]. Drugs able to affect cancer metabolism are
already under consideration, showing encouraging results
in terms of efficacy and tolerability [7]. In the last decade,
the small molecule DCA, already used to treat acute and

chronic lactic acidosis, inborn errors of mitochondrial
metabolism, and diabetes [8], has been largely purposed as
an anticancer drug. DCA is a 150Da water-soluble acid
molecule, analog of acetic acid in which two of the three
hydrogen atoms of the methyl group have been replaced by
chlorine atoms (Figure 1(a)) [9]. DCA administration in
doses ranging from 50 to 200mg/Kg/die is associated to a
decrease of tumour mass volume, proliferation rate, and
metastasis dissemination in several preclinical models [10].
Our group had already observed an inverse correlation
between DCA ability to kill cancer cells and their mito-
chondrial respiratory capacity in oral cell carcinomas
[11]. Moreover, we recently described DCA ability to affect
mitochondrial function and retarding cancer progression in
a pancreatic cancer model [12]. To date, consistent data from
clinical trials and case reports describing DCA administra-
tion in cancer patients are available [13–16], but, despite
the growing body of literature sustaining the efficacy of
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DCA against cancer, it is not under clinical use yet. This
review is aimed at summarizing the very recent reports sug-
gesting the employment of DCA in cancer therapy, in combi-
nation with chemotherapy agents, radiotherapy, and other
chemical or natural compounds showing anticancer proper-
ties. Moreover, we described data about new purposed
pharmacological formulations of DCA able to avoid side
effects and ameliorate drug bioavailability and efficacy, fur-
ther encouraging its possible clinical employment. Finally,
we reviewed latest findings suggesting other potential
mechanisms of action of DCA, including new data about its
aptitude to affect cancer stem cell fraction.

2. DCA and Cancer: Mechanism of Action

The potential efficacy of DCA in cancer therapy comes from
metabolic properties of cancer cells, typically characterized
by increased glycolytic activity and reduced mitochondrial
oxidation, regardless of oxygen availability, the well-known
Warburg effect [17]. The excessive glycolysis and the result-
ing lactate overproduction provoke a state of metabolic
acidosis in tumour microenvironment [18]. Glycolysis-
derived lactate is taken up by surrounding cells to support
tumour growth and inhibits apoptotic cell death mechanisms
[19, 20]. Several enzymes involved in glycolysis regulate apo-
ptosis, and their overexpression in cancer cells contributes to
apoptosis suppression [21]. In this setting, salts of DCA
selectively target cancer cells shifting their metabolism from
glycolysis to oxidative phosphorylation by inhibition of pyru-
vate dehydrogenase kinase (PDK), the inhibitor of pyruvate
dehydrogenase (PDH) [10]. PDH activation fosters mito-
chondrial oxidation of pyruvate and disrupts the metabolic
advantage of cancer cells. Mitochondrial DNA mutations,
often occurring in tumorigenesis and resulting in respiratory
chain dysfunction [22, 23], make malignant cells unable to
sustain cellular energy demand. Furthermore, reducing lac-
tate production, DCA counteracts the acidosis state of
tumour microenvironment, contributing to the inhibition
of tumour growth and dissemination [24]. The delivery of

pyruvate into mitochondria causes organelles remodelling
resulting in an increased efflux of cytochrome c and other
apoptotic-inducing factors and upregulation of ROS levels
with a consequent reduction of cancer cell viability [9]
(Figure 1(b)).

3. Side Effects and Limitations to
DCA Employment

Clinical employment of DCA is available in both oral and
parenteral formulations, and doses range from 10 to
50mg/Kg/die [25]. No evidence of severe hematologic,
hepatic, renal, or cardiac toxicity confirms DCA safety [26].
Common gastrointestinal side effects often occur in a per-
centage of patients treated with DCA [15]. The best-known
limitation to DCA administration, observed both in preclin-
ical and in clinical studies, is peripheral neuropathy [27]. The
selectivity of DCA-induced damage for the nervous system
may be due to the lack of well-equipped machinery able to
handle a more sustained oxidative phosphorylation in cells
producing ATP mostly via glycolysis [28]. The resulting
mitochondrial overload compromises the antioxidant sys-
tems’ efficiency, unable to face the excessive amount of
ROS. In this setting, the contemporary administration of
antioxidants should represent a further strategy to minimize
DCA-induced neuropathy [27]. The expression and the
activity of glutathione transferase zeta1 (GSTZ1), the first
enzyme responsible for DCA clearance, may influence the
entity of damage. Nonsynonymous functional single-
nucleotide polymorphisms (SNPs) in human GSTZ1 gene
give rise to different haplotypes that are responsible for a dif-
ferent DCA kinetic and dynamics. A clear association
between GSTZ1 haplotype and DCA clearance has been
demonstrated. On this basis, a personalized DCA dosage,
not only based on body weight, may minimize or prevent
adverse effects in patients chronically treated with this drug
[29]. The occurrence of neuropathy is associated to DCA
chronic oral administration and is a reversible effect, limited
to the time of treatment [30]. The intravenous route reduces,
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Figure 1: (a) Chemical structure of DCA. (b) Mechanism of action of DCA: PDK: pyruvate dehydrogenase kinase; PDH: pyruvate
dehydrogenase. Black dotted lines, biochemical processes inhibited by DCA; Red arrows, metabolic pathways activated by DCA.
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therefore, the potential for neurotoxicity and let the achieve-
ment of higher drug concentrations bypass the digestive
system [13].

Since DCA is among water disinfection by-products
found in low concentrations in drinking water, its potential
carcinogenicity is under evaluation. Studies performed in
mouse models associate DCA early-life exposure to an
increased incidence of hepatocellular tumours [31]. It is con-
ceivable that persistent changes in cell metabolism induced
by DCA may produce epigenetic effects. Long-term induc-
tion of PDH and other oxidative pathways related to glucose
metabolism could contribute to increase reactive oxygen spe-
cies and mitochondrial stress [27]. However, no evidence of
carcinogenetic effect is reported in clinical studies, when
DCA is administered in cancer therapy.

4. Synergistic Effect of DCA and
Chemotherapeutic Agents

Combining different drugs is a well-accepted strategy to pro-
duce a synergistic beneficial effect in cancer therapy, reducing
drug dosage, minimizing toxicity risks, and overcoming drug
resistance. Coadministration of DCA and traditional chemo-
therapeutic agents has been purposed and tested in several
cancer models (Table 1). DCA treatment seems to improve
the efficacy of chemotherapy by inducing biochemical and
metabolic alterations, resulting in significant changes of can-
cer cells’ energetic balance. A study performed in non-small-
cell lung cancer (NSCLC) showed both in vitro and in vivo
that coadministration of DCA with paclitaxel increased the
efficiency of cell death through autophagy inhibition [32].
An effective combination of DCA and doxorubicin (DOX)
was tested in HepG2 cells, demonstrating the ability of
DCA to disrupt cellular antioxidant defences, thus favouring
oxidative damage in turn triggered by DOX treatment [33].
There is a strong association between PDK overexpression
and chemoresistance; thus, it is conceivable that PDK inhibi-
tion might help to resensitize cancer cells to drugs. PDK2 iso-
form overexpression was associated to paclitaxel resistance in
NSCLC. Interestingly, DCA combination with paclitaxel was
more effective in killing resistant cells than either paclitaxel
or DCA treatment alone [34]. Similarly to NSCLC, an inter-
esting in vivo study performed in advanced bladder cancer
showed an increased expression of PDK4 isoform in high
grade compared to lower-grade cancers and cotreatment of
DCA and cisplatin dramatically reduced tumour volumes
as compared to either DCA or cisplatin alone [35]. A recent
study confirmed the ability of DCA to revert PDK4-related
chemoresistance also in human hepatocellular carcinoma
(HCC) [36].

5. Synergistic Effect of DCA and Other Potential
Anticancer Drugs

A consistent body of literature suggests positive effects of
DCA coadministration with compounds currently employed
to treat other diseases but showing anticancer properties in
several cancer models (Table 2). Contemporary administra-
tion of DCA and the antibiotic salinomycin, recently redis-

covered for its cytotoxic properties as a potential anticancer
drug, has been tested in colorectal cancer cell lines. Their
treatment seems to exert a synergistic cytotoxic effect by
inhibiting the expression of proteins related to multidrug
resistance [37]. Cancer cells lacking metabolic enzymes
involved in arginine metabolism may result to sensitivity to
arginase treatment. Interestingly, a combined administration
of recombinant arginase and DCA produces antiproliferative
effects in triple-negative breast cancer, due to the activation
of p53 and the induction of cell cycle arrest [38]. COX2
inhibitors, primarily used as anti-inflammatory drugs, have
been recently suggested as antitumor drugs because of their
antiproliferative activity. An intriguing study performed in
cervical cancer cells showed the inability of DCA to kill cer-
vical cancer cells overexpressing COX2 and demonstrated
that COX2 inhibition by celecoxib makes cervical cancer cells
more sensitive to DCA both in vitro and in vivo experiments
[39]. Since DCA fosters oxidative phosphorylation by
decreasing glycolytic activity, the combination of DCA with
other drugs enhancing a state of glucose dependence may
be a promising strategy. Such an approach has been tested
in head and neck cancer in which the administration of pro-
pranolol, a nonselective beta-blocker able to affect tumour
cells’ mitochondrial metabolism, produced glycolytic depen-
dence and energetic stress, making cells more vulnerable to
DCA treatment [40]. Similar results were obtained in mela-
noma cells in which the administration of retinoic acid recep-
tor β (RARβ) inhibitors confer sensitization to DCA [41]. A
positive effect of DCA coadministration with metformin, a
hypoglycaemic drug widely used to treat diabetes was
demonstrated in a preclinical model of glioma [42] as well
as in a low metastatic variant of Lewis lung carcinoma
(LLC) [43]. Jiang and colleagues investigated the effects of
phenformin, a metformin analog, and DCA in glioblastoma,
demonstrating that contemporary inhibition of complex I
and PDK by phenformin and DCA, respectively, decreased
self-renewal and viability of glioma stem cells (GSCs), thus
suggesting their possible employment to affect cancer stem
cell fraction [44].

6. Combined Use of DCA and
Natural Compounds

The clinical employment of natural compounds represents a
promising novel approach to treat several diseases [45]. An
increasing body of literature supports the detection, among
natural compounds, of biologically active substances isolated
by plants, mushrooms, and bacteria or marine organism that
show beneficial effects for human health [46–48]. The
assumption of natural compounds or their derivatives seems
to represent an encouraging approach to prevent cancer
initiation or recurrence, and it is generally called chemo-
prevention [49]. Moreover, natural substances produce
beneficial effects in cancer therapy when coadministered
with other drugs, showing their ability to overcome drug
resistance, to increase anticancer potential, and to reduce
drug doses and toxicity [50, 51]. Interestingly, the coad-
ministration of DCA and natural compounds has been
recently purposed. A study investigated the combined

3Oxidative Medicine and Cellular Longevity



T
a
bl
e
1:
Li
st
of

re
po

rt
s
su
gg
es
ti
ng

be
ne
fi
ci
al
eff
ec
t
of

D
C
A
an
d
ch
em

ot
he
ra
py

co
ad
m
in
is
tr
at
io
n
in

se
ve
ra
lt
yp
es

of
ca
nc
er
s.

T
um

ou
r
en
ti
ty

M
od

el
sy
st
em

C
he
m
ot
he
ra
py

dr
ug

co
ad
m
in
is
te
re
d
w
it
h
D
C
A

M
ec
ha
ni
sm

of
ac
ti
on

O
ut
co
m
e

R
ef
er
en
ce
s

Lu
ng

ca
nc
er

A
54
9-
H
19
75

ce
ll
lin

es
/

xe
no

gr
af
t
m
od

el
P
ac
lit
ax
el

A
ut
op

ha
gy

in
hi
bi
ti
on

E
ffi
ca
ci
ou

s
ca
nc
er

ch
em

ot
he
ra
py

se
ns
it
iz
at
io
n

[3
2]

H
ep
at
oc
ar
ci
no

m
a

H
ep
G
2
ce
ll
lin

e
D
ox
or
ub

ic
in

A
nt
io
xi
da
nt

de
fe
nc
e
di
sr
up

ti
on

In
cr
ea
se
d
ce
llu

la
r
da
m
ag
e
by

ox
id
at
iv
e
st
re
ss
in
du

ct
io
n

[3
3]

Lu
ng

ca
nc
er

A
54
9
ce
ll
lin

e
P
ac
lit
ax
el

In
cr
ea
se
d
ch
em

os
en
si
ti
vi
ty

th
ro
ug
h
P
D
K
2
in
hi
bi
ti
on

P
ac
lit
ax
el
re
si
st
an
ce

ov
er
co
m
e

[3
4]

B
la
dd

er
ca
nc
er

H
T
B
-9
,H

T
-1
37
6,
H
T
B
-5
,

H
T
B
-4

ce
ll
lin

es
/x
en
og
ra
ft
m
od

el
C
is
pl
at
in

In
cr
ea
se
d
ch
em

os
en
si
ti
vi
ty

th
ro
ug
h
P
D
K
4
in
hi
bi
ti
on

In
cr
ea
se
d
ce
ll
de
at
h
of

ca
nc
er

ce
lls

an
d
po

te
nt
ia
lt
he
ra
pe
ut
ic
ad
va
nt
ag
e

[3
5]

H
ep
at
oc
ar
ci
no

m
a

Sp
he
re

cu
ltu

re
s
fr
om

H
ep
aR

G
an
d
B
C
2
ce
ll
lin

es
C
is
pl
at
in
,s
or
af
en
ib

In
cr
ea
se
d
ch
em

os
en
si
ti
vi
ty

th
ro
ug
h
P
D
K
4
in
hi
bi
ti
on

Im
pr
ov
ed

th
er
ap
eu
ti
c
eff
ec
t
of

ch
em

ot
he
ra
py

by
m
it
oc
ho

nd
ri
al
ac
ti
vi
ty

re
st
or
at
io
n

[3
6]

4 Oxidative Medicine and Cellular Longevity



T
a
bl
e
2:
Li
st
of

dr
ug
s
w
it
h
th
ei
r
m
ai
n
fu
nc
ti
on

te
st
ed

in
co
m
bi
na
ti
on

w
it
h
D
C
A
in

se
ve
ra
lc
an
ce
r
m
od

el
s.

D
ru
g

M
ai
n
fu
nc
ti
on

T
um

ou
r
en
ti
ty

M
od

el
sy
st
em

O
ut
co
m
e

R
ef
er
en
ce
s

Sa
lin

om
yc
in

A
nt
ib
io
ti
c

C
ol
or
ec
ta
lc
an
ce
r

D
LD

-1
an
d
H
C
T
11
6
ce
ll
lin

es
In
hi
bi
ti
on

of
m
ul
ti
dr
ug

re
si
st
an
ce
-r
el
at
ed

pr
ot
ei
ns

[3
7]

A
rg
in
as
e

A
rg
in
in
e

m
et
ab
ol
is
m

B
re
as
t
ca
nc
er

M
D
A
-M

B
23
1
an
d
M
C
F-
7/

xe
no

gr
af
t
m
od

el
A
nt
ip
ro
lif
er
at
iv
e
eff
ec
t
du

e
to

p5
3

ac
ti
va
ti
on

an
d
ce
ll
cy
cl
e
ar
re
st

[3
8]

C
O
X
2
in
hi
bi
to
rs

In
fl
am

m
at
io
n

C
er
vi
ca
lc
an
ce
r

H
eL
a
an
d
Si
H
a
ce
ll
lin

es
/

xe
no

gr
af
t
m
od

el
C
an
ce
r
ce
ll
gr
ow

th
su
pp

re
ss
io
n

[3
9]

P
ro
pr
an
ol
ol

B
et
a-
bl
oc
ke
r

H
ea
d
an
d
ne
ck

ca
nc
er

m
E
E
R
L
an
d
M
LM

3
ce
ll
lin

es
/C
57
B
l/
6
m
ic
e

G
lu
co
se

de
pe
nd

en
ce

pr
om

ot
io
n
an
d

en
ha
nc
em

en
t
of

ch
em

or
ad
ia
ti
on

eff
ec
ts

[4
0]

R
A
R
β
in
hi
bi
to
rs

V
it
am

in
A

m
et
ab
ol
is
m

M
el
an
om

a
E
D
-0
07
,E

D
-0
27
,E

D
-1
17
,

an
d
E
D
19
6
ce
ll
lin

es
G
lu
co
se

de
pe
nd

en
ce

pr
om

ot
io
n
an
d

se
ns
it
iz
at
io
n
to

D
C
A

[4
1]

M
et
fo
rm

in
D
ia
be
te
s

G
lio

m
a,
Le
w
is
lu
ng

ca
rc
in
om

a
X
en
og
ra
ft
m
od

el
;L

LC
/R
9
ce
lls

P
ro
lo
ng
ed

lif
es
pa
n
of

m
ic
e
w
it
h
gl
io
m
a;

se
ve
re

gl
uc
os
e
de
pe
nd

en
cy

in
tu
m
ou

r
m
ic
ro
en
vi
ro
nm

en
t

[4
2,
43
]

P
he
nf
or
m
in

D
ia
be
te
s

G
lio

bl
as
to
m
a

G
lio

m
a
st
em

ce
lls
/x
en
og
ra
ft
m
od

el
Se
lf-
re
ne
w
al
in
hi
bi
ti
on

of
ca
nc
er

st
em

ce
lls

[4
4]

5Oxidative Medicine and Cellular Longevity



effect of DCA with essential oil-blended curcumin, a com-
pound with beneficial properties both in prevention and
treatment of cancer [52], demonstrating an anticancer
potential against HCC [53]. In particular, the combination
of both compounds synergistically reduced cell survival,
promoting cell apoptosis and inducing intracellular ROS
generation. Betulin, a natural compound isolated from
birch bark, is already known for its antiproliferative and
cytotoxic effects against several cancer cell lines [54–56].
An in vitro investigation of the antitumor activity of betu-
lin derivatives in NSCLC confirmed its ability to inhibit
in vivo and in vitro growth of lung cancer cells, blocking
G2/M phase of the cell cycle and inducing caspase activa-
tion and DNA fragmentation. Interestingly, betulin deriva-
tive Bi-L-RhamBet was able to perturb mitochondrial
electron transport chain (ETC), inducing ROS production.
Given the property of DCA to increase the total oxidation
of glucose in mitochondria via the Krebs cycle and ETC,
the authors combined Bi-L-RhamBet with DCA, demon-
strating its significant potentiated cytotoxicity [57].

7. DCA and Radiosensitization

Radiotherapy represents a further strategy to treat cancer and
provides a local approach by the administration of high-
energy rays [58]. The main effect of radiation is the induction
of ROS with a consequent DNA damage, chromosomal
instability, and cell death by apoptosis [59]. However, several
tumours show or develop radioresistance that is responsible
for radiotherapy failure and high risk of tumour recurrence
ormetastasis [60]. Several factorsmay be responsible of radio-
resistance [61]. Among these, hypoxia, a common condition
of tumour microenvironment characterized by low oxygen
levels and reduced ROS species generation, can block the effi-
cacy of ionizing radiations [62]. Increasing tumour oxygena-
tion so to favour a considerable amount of ROS [63] or
directly induce ROS production may therefore represent a
strategy to increase radiosensitization [64, 65]. In this setting,
DCA administration, known to induce ROS production
[11, 66], could represent a strategy to overcome tumour
radioresistance. Moreover, metabolic alterations featuring
cancer development are known to affect radiosensitivity
[67, 68]. Therefore, targeting cancer metabolic intermedi-
ates may represent a strategy to improve a selective cancer
response to irradiation [69]. The efficacy of DCA to
increase radiation sensitivity has been already demon-
strated both in glioblastoma cells [70] and in oesophageal
squamous cell carcinoma [71]. More recently, it was
demonstrated that DCA increases radiosensitivity in a cel-
lular model of medulloblastoma, a fatal brain tumour in
children, inducing alterations of ROS metabolism and
mitochondrial function and suppressing DNA repair
capacity [72]. Since the role of immunotherapy in the res-
toration of the immune defences against tumour progres-
sion and metastasis is arousing great attention in the last
years [73], Gupta and Dwarakanath provided a state of
the art of the possible effects of glycolytic inhibitors,
including DCA, on tumour radiosensitization, focusing
their attention on the interplay between metabolic modi-

fiers and immune modulation in the radiosensitization
processes [74]. Interestingly, they reported the ability of
DCA to promote immune stimulation through the inhibi-
tion of lactate accumulation, further sustaining its utiliza-
tion as adjuvant of radiotherapy.

8. DCA and New Drug Formulations

There is a growing interest in designing new drug formula-
tions so to improve drug delivery, increasing the efficacy
and reducing the doses and consequently undesirable effects.
In this setting, drug delivery systems (DDSs) represent a new
frontier in the modern medicine [75]. DDSs offer the
possibility to create a hybrid of metal-organic frameworks
(MOFs), combining the biocompatibility of organic system
to the high loadings of inorganic fraction [76]. Several lines
of evidence suggest an efficient functionalization of nanopar-
ticles with DCA. Lazaro and colleagues [77] explored differ-
ent protocols for DCA functionalization of the zirconium
(Zr) terephthalate (UiO-66) nanoparticles. They demon-
strated the cytotoxicity and selectivity of the same DDSs
against different cancer cell lines. Moreover, they excluded
a possible response of the immune system to DCA-MOF
in vitro. The same group later showed the possibility to load
Zr MOFs with a second anticancer drug, such as 5-
fluorouracil (5-FU), so to reproduce the synergistic effect of
the two drugs [78]. Zirconium-based MOF loaded with
DCA was also purposed as an attractive alternative to
UiO-66, showing selective in vitro cytotoxicity towards
several cancer cell lines and a good toleration by the
immune system of several species [79]. Recently, Štarha
et al. [80] synthesized and characterized, for the first time,
half-sandwich complexes containing ruthenium or osmium
and DCA (Figure 2(a)). Both Ru-dca and Os-DCA
complexes were screened in ovarian carcinoma cell lines,
demonstrating to be more cytotoxic than cisplatin alone.
Both complexes were able to induce cytochrome c (Cytc)
release from mitochondria, an indirect index of apoptosome
activation and seemed to be less toxic towards healthy pri-
mary human hepatocytes, thus indicating selectivity for can-
cer over noncancerous cells. Promising results were also
obtained in triple-negative breast cancer cells [81]. Rhenium
(I)-DCA conjugate has demonstrated an efficient penetration
into cancer cells and a selective accumulation into mitochon-
dria, inducing mitochondrial dysfunction and metabolic dis-
orders [82]. In the recent years, several multiactive drugs
have been designed to contemporary target different intracel-
lular pathways using a single formulation. A safe, simple,
reproducible nanoformulation of the complex doxorubicin-
DCA (Figure 2(b)) was successfully tested in a murine mela-
noma model, showing an increase in drug-loading capability,
lower side effects, and enhanced therapeutic effect [83]. Dual-
acting antitumor Pt (IV) prodrugs of kiteplatin with DCA
axial ligands have been synthesized (Figure 2(c)), character-
ized, and tested in different tumour cell lines and in vivo
[84]. To overcome cancer resistance, triple action Pt (IV)
derivatives of cisplatin have been proposed as new potent
anticancer agents, able to conjugate the action of cisplatin,
cyclooxygenase inhibitors, and DCA (Figure 2(d)) [85]. A
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novel complex containing DCA, Platinum, and Biotin (DPB)
has been successfully tested, exhibiting multifacet antitumor
properties (Figure 2(e)). Authors demonstrated the ability
of such a prodrug to affect energy metabolism, to promote
apoptosis, and to interact with DNA. The high selectivity of
biotin for cancer cells minimizes the detrimental effects on
normal cells and improves the curative effect on tumours
[86]. Features and experimental evidence of the main classes
of compounds are summarized in Table 3.

9. Other Proposed Mechanisms of
Action of DCA

The metabolic shift from glycolysis to glucose oxidation due
to the inhibition of PDK and the consequent activation of
PDH is the best-known and well-accepted molecular effect
of DCA administration. The consequent biochemical alter-
ations, including ROS increase and mitochondrial membrane
potential variation, may be responsible for proliferation
arrest and cancer cell death, thus explaining DCA beneficial
potential in cancer treatment [9]. However, the molecular
intermediates activated after DCA administration are still
unknown. It is conceivable that such a small molecule might
directly or indirectly affect other cellular and molecular tar-
gets (Figure 3), displaying other mechanisms of action, so
to explain its efficacy also in cellular models where it does
not produce the expected metabolic shift [12]. A proteomic
approach applied to cells of lung cancer demonstrated the
ability of DCA to increase the concentration of every TCA

intermediate while it did not affect glucose uptake or the gly-
colytic process from glucose to pyruvate [87]. In the attempt
to shed light to DCA mode of action, Dubuis and colleagues
used a metabolomics-based approach on several ovarian can-
cer cell lines treated with DCA and found a common marked
depletion of intracellular pantothenate, a CoA precursor, as
well as a concomitant increase of CoA, thus suggesting
DCA ability to increase CoA de novo biosynthesis. Since high
concentrations of CoA resulted to be toxic for cells, this met-
abolic effect could be responsible of cancer cell toxicity medi-
ated by DCA [88]. A very recent work by El Sayed et al.
introduced a novel evidence-based hypothesis, suggesting
that DCA efficiency against cancer may derive from its ability
to antagonize acetate [89], known to be an energetic substrate
for glioblastoma and brain metastases, able to enhance DNA,
RNA, and protein synthesis and posttranslational modifica-
tions, thus favouring cell proliferation and cancer progres-
sion. Moreover, high acetate levels are associated to
anticancer drug resistance [90]. It has been shown that
DCA is able to revert metabolic alterations induced by ace-
tate by restoring physiological serum levels of lactate and free
fatty acid and potassium and phosphorus concentration.
According to the authors, thanks to a structural similarity
to acetate, DCA could inhibit metabolic effects driven by ace-
tate, responsible for cancer cell growth and chemoresistance
[89]. Another possible additional effect of DCA could be
pH modulation. pH level modulation is known to affect pro-
liferation and apoptosis processes [91] as well as chemother-
apy sensitivity [92]. DCA treatment may both increase and
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reduce intracellular pH. A secondary effect of pyruvate
redirecting into the mitochondria by DCA would be lactate
reduction and a consequent increase in intracellular pH.
On the other side, DCA is able to decrease the expression
of monocarboxilate transporters and V-ATPase with a con-
sequent reduction of pH, and this especially occurs in tumour
cells, expressing higher amount of these carriers, compared
to normal counterparts [93]. Given the ability to induce rapid
tumour intracellular acidification, Albatany et al. [94]
speculated about a possible employment of DCA as a tracker
in in vivo imaging of a glioblastoma murine model and sup-
ported a therapeutic use of DCA since intracellular acidifica-
tion is known to induce caspase activation and DNA
fragmentation of cancer cells [95]. Animal models allow to
identify a possible further molecular target of DCA. Experi-
ments performed in rats highlighted the ability of DCA to
inhibit the expression of the renal cotransporter Na-K-2Cl
(NKCC) in the kidney of rats [96]. As NKCC is an important
biomarker of extracellular and intracellular ion homeostasis
regulation and participates in cell cycle progression, it plays
an important role in cancer cell proliferation, apoptosis,
and invasion. Belkahla et al. [97] investigated the interplay
between metabolism targeting and the expression of ABC
transporters, responsible for drug export from cells and a
consequent multidrug resistance, and found that DCA treat-
ment is able to reduce gene and protein expression of ABC
transporters in several tumour cells expressing wild type
p53, both in vitro and in vivo [98]. It has been already dem-
onstrated the ability of DCA to induce differentiation

through the modulation of PKM2/Oct4 interaction in glioma
cells [99]. The resulting reduction of Oct4 transcription levels
was associated to a reduction of stemness phenotype and a
significant increased sensitivity to cell stress. This observa-
tion lets to hypothesize a potential role of DCA against can-
cer stem cells (CSCs).

10. DCA and Cancer Stem Cells

There is a growing interest in targeting cancer stem cells
(CSCs) which seem to be the main responsible for tumour
relapse [100]. CSCs share the ability of self-renewal with
normal stem cells and can give rise to differentiating cells,
responsible for tumour initiation as well as malignant pro-
gression [101]. A low proliferation rate and specific meta-
bolic profile contribute to make CSCs resistant to
conventional chemotherapy [102]. An urgent need emerged
in the developing of new therapeutic agents able to affect can-
cer stem cell viability [103] in order to completely eradicate
the tumour mass. An extensive body of literature is focusing
the attention on the metabolic phenotype of CSCs, which
seem to differ from differentiated cancer cells and could
represent a therapeutic target [104–108]. In this setting, the
possible sensitivity of CSC fraction to DCA has been hypoth-
esized and tested in different cancer models. Embryonal car-
cinoma stem cells represent one of the more appropriate
models for the study of CSC maintenance and differentiation
and the identification of drugs and molecules able to modu-
late these processes [109]. Studies performed on embryonic
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Figure 3: Other proposed mechanisms of action of DCA. DCA’s main mechanism is to inhibit pyruvate dehydrogenase kinase (PDK),
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stem cells (ESCs) constitute preliminary important proofs
supporting a possible efficacy of DCA [110]. Interestingly,
DCA treatment of ESCs promotes loss of pluripotency and
shifts towards a more active oxidative metabolism, accompa-
nied by a significant decrease in HIF1a and p53 expression
[111]. Vega-Naredo et al. [112] described the importance of
mitochondrial metabolism in directing stemness and differ-
entiation in such a model. They characterized the metabolic
profile of stem cell fraction and guessed the less susceptibility
of stem phenotype to mitochondrial-directed therapies.
Forcing CSCs towards an oxidative metabolism by DCA
treatment enabled departure from stemness to differentia-
tion. Several reports support the existence of CSCs in glioma
[113, 114], and the efficiency of DCA to hit CSCs has been
extensively evaluated in such a cancer type, so difficult to
treat with conventional therapies and characterized by low
rates of survival. Already in 2010, Michelakis and colleagues
had suggested, both in vitro and in vivo, DCA ability to
induce apoptosis of cancer stem cell fraction [26]. A rat
model of glioma, recapitulating several features of human
glioblastoma, confirmed the efficacy of DCA to potentiate
apoptosis of glioma CSCs, characterized by a significant gly-
colytic pathway overstimulation, compared to normal stem
cells [115]. Also, Jiang et al. investigated the effect of DCA
on the small population of glioma stem cells (GSCs) isolated
from glioblastoma, demonstrating a reduction of self-renewal
properties and an increase in cell death percentage [44].
Moreover, an in vivo test on mice bearing DCA-treated
GSC-derived xenografts showed a significant increase in
overall survival. DCA treatment was also tested in melanoma
stem cell fraction, and the derived bioenergetics modulation
was able to counteract protumorigenic action of a c-Met
inhibitor [116]. A very recent work performed on human
hepatocellular carcinoma identified PDK4 overexpression
in spheres originated from cancer cells, featuring a defined
stem-like phenotype. Interestingly, DCA treatment was able
to reduce cell viability both of cancer-differentiated cells
and cancer stem cells and reversed chemoresistance to con-
ventional therapy [36]. Our group has recently experienced
the ability of DCA to reduce the expression of cancer stem
cell markers CD24/CD44/EPCAM in a pancreatic cancer cell
line as well as to compromise spheroid formation and viabil-
ity [12], further corroborating data obtained in other cancer
models. Together with chemoresistance, also radioresistance
represents a limit to an efficient cancer treatment, and CSCs
seem to be responsible for such refractoriness [117]. Sun et al.
demonstrated the ability of DCA to increase radiosensitivity
of medulloblastoma cells by affecting stem-like clones, reduc-
ing the expression percentage of CD133-positive cells and
reducing sphere formation [72]. Moreover, in the same cellu-
lar model, they showed an altered mechanism of DNA repair
induced by DCA able to explain the increased effectiveness of
radiotherapy.

11. Conclusions

Targeting cancer cell metabolism represents a new pharma-
cological approach to treat cancer. DCA ability to shift
metabolism from glycolysis to oxidative phosphorylation

has increased the interest towards this drug already known
for its anticancer properties. The evidence accumulated in
the last years confirms the capability of DCA to overcome
chemo, radioresistance in several cancer types and lets to
hypothesize additional cellular targets able to explain its skill
to kill cancer cells. There is a need to design further clinical
studies now limited to poor-prognosis patients with
advanced, recurrent neoplasms, already refractory to other
conventional therapies. Its potential efficacy against cancer
stem cells as well as the development of new drug formula-
tions takes us closer to reach an effective clinical employment
of DCA.
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Hydrogen sulfide (H2S) is the latest member of the gasotransmitter family and known to play essential roles in cancer
pathophysiology. H2S is produced endogenously and can be administered exogenously. Recent studies showed that H2S in
cancers has both pro- and antitumor roles. Understanding the difference in the expression and localization of tissue-specific
H2S-producing enzymes in healthy and cancer tissues allows us to develop tools for cancer diagnosis and treatment. Urological
malignancies are some of the most common cancers in both men and women, and their early detection is vital since advanced
cancers are recurrent, metastatic, and often resistant to treatment. This review summarizes the roles of H2S in cancer and looks
at current studies investigating H2S activity and expression of H2S-producing enzymes in urinary cancers. We specifically
focused on urothelial carcinoma, renal cell carcinoma, and prostate cancer, as they form the majority of newly diagnosed
urinary cancers. Recent studies show that besides the physiological activity of H2S in cancer cells, there are patterns between the
development and prognosis of urinary cancers and the expression of H2S-producing enzymes and indirectly the H2S levels.
Though controversial and not completely understood, studying the expression of H2S-producing enzymes in cancer tissue may
represent an avenue for novel diagnostic and therapeutic strategies for addressing urological malignancies.

1. Hydrogen Sulfide

For several centuries, hydrogen sulfide (H2S) was known as
a pollutant, but now its physiological and pathophysiologi-
cal processes are well known. H2S is widely recognized as
the third endogenous gasotransmitter after carbon monox-
ide (CO) and nitric oxide (NO) in mammals and some
other species, with similar pathophysiological characteris-
tics [1, 2]. H2S is synthesized endogenously by reverse
transsulfidation and oxidation of cysteine [3–6], by three
tissue-specific enzymes: cystathionine β-synthase (CBS),

cystathionine γ-lyase (CSE), and 3-mercaptopyruvate sul-
furtransferase (3-MPST) [3, 4, 7–11]. All of them are cyto-
solic [12–14], but 3-MPST is also localized in the
mitochondria [3, 12, 15]. Upon synthesis in different cell
compartments such as in the mitochondria, a free form of
H2S can be released into the cytoplasm or be stored inside
the cell as bound sulfane sulfur for subsequent release of
H2S (Figure 1) [16, 17].

Endogenous H2S is a key signaling molecule in humans
and other mammals. It has been detected in many organs,
and it is involved in the various physiological and
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pathophysiological processes [12, 18–20]. H2S is known to
play a role in redox homeostasis and antioxidant responses
[21–23], angiogenesis [24–30], vasodilation [31], regulation
of synaptic transmission [32], inflammatory responses [33],
glucose metabolism [34, 35], ATP production [36], and apo-
ptosis and cell proliferation [23, 31, 37–42]. The role that H2S
plays in these processes appears to be concentration depen-
dent. The concentration of free H2S in plasma could not be
measured in a proper way because it is affected by environ-
mental factors such as pH [43], but an initial study utilizing
the methylene blue method reported to be between 50
and160 μM in human and rat serum [44]. However, the
recent studies are suggesting that the endogenous concentra-
tion of H2S is much less and is between 10nM and 3 μM
[45, 46]. As H2S has a dual effect, at lower concentrations,
it has a physiological function in different tissues, whereas
at higher concentrations, H2S exerts its toxic effects by
reversibly blocking of cytochrome C oxidase and inhibiting
the electron transport chain in the mitochondria [47–49].
The catabolism of H2S occurs mainly in the mitochondria
by enzymatic pathways such as oxidoreductases and sul-
furtransferase that break it into thiosulfate and sulfate.
Moreover, oxidation of H2S reduces the FAD prosthetic
group, which uses ubiquinone (Q) as an electron acceptor,
in electron transport chain which has a role in ATP pro-
duction (Figure 1) [15, 36, 50–52]. However, under hyp-
oxic conditions, oxidation of H2S in the mitochondria
reduces, allowing H2S to accumulate and function as an
oxygen sensor [53, 54]. H2S accumulation during hypoxia
helps to maintain cell function by upregulating anaerobic
metabolic pathways like glycolysis [55] and other cytopro-
tective pathways [56]. H2S also promotes restoration of the
tissue oxygen supply by relaxation of vascular smooth muscles
(vasodilation) and also stimulation of endothelial cell prolifera-
tion and migration (angiogenesis) [24, 57]. Beside the mito-
chondrial sulfide oxidation [58], H2S can be oxidized and
catabolized by two other minor pathways [9, 59]. The first path-
way is the methylation of H2S by thiol S-methyltransferase in

the cytosol [60], and the second pathway is an interaction
between H2S and methemoglobin that leads to the production
of sulfhemoglobin and polysulfides, which can be used as a bio-
marker for plasma H2S levels [61, 62].

2. H2S in Cancer

Several studies have shown that H2S and its synthases are asso-
ciated with the pathophysiology of tumors [20, 49, 63–66]. It
has been shown that H2S can modulate oxidative stress, inter-
act with free radicals, and activate tumorigenic pathways [39,
61]. Several studies investigated the role and presence of H2S
in tumors. The expression of H2S-producing enzymes (CBS,
CSE, and 3-MPST) has been studied in various cancers includ-
ing liver, colon, ovarian, breast, gastric, lung, oral squamous
cell carcinoma, and melanoma [42, 49, 67–74]. However, the
role and effect of H2S on tumor biology, development, and
progression are controversial [75–78]. Previous reviews have
adequately summarized that H2S can have pro- or anticancer-
ous effects based on the type of tumor and the involved organ
[23, 67]. It is reported that endogenous H2S can have pro-
cancerous effects and help the survival of tumors by stimu-
lating angiogenesis along with promoting cell proliferation,
metastasis, and drug resistance [32, 49, 67, 79–81]. The
anticancerous effects of exogenous H2S administration have
been reported for several human cancers [82, 83]. Endoge-
nous H2S can be employed as a biomarker for cancer imag-
ing in mice and for differentiating cancer cells [84, 85].
Several pathways, such as inhibition of proliferation, induc-
tion of apoptosis, reduction of NF-κB levels, DNA damage,
and modification of the cell cycle, are involved in the anti-
cancer activity of H2S [27, 29, 82, 86].

Similar to endogenous H2S, the effect of exogenous H2S
treatment also shows a biphasic dose-dependent response
on cancer cells as it does in healthy tissues whereby low
concentrations of H2S exhibit a procancerous effect and high
concentrations exert an anticancerous effect [65, 67, 82, 83,
87]. The hypoxic environment of solid tumors [88] leads to
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Figure 1: Synthesis, storage, degradation, and activity of H2S, especially in urinary cancers. H2S has roles in different pathways of urinary cancers
such as signaling or ion channel. Abbreviations: CBS: cystathionine β-synthase, CSE: cystathionine γ-lyase, 3-MPST: 3-mercaptopyruvate
sulfurtransferase, Stat3/Nmpt: signal transducer and activator of transcription 3/nicotinamide phosphoribosyltransferase, HSP60: heat shock
protein 60, PI3K/AKT: phosphatidylinositol 3-kinase, UC: urothelial carcinoma, RCC: renal cell cancer, PCa: prostate cancer.
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a higher level of endogenous H2S synthesis [89, 90] and
reduces the sulfide detoxification ability of the mitochon-
dria [54, 91], which makes tumors more susceptible to
H2S toxicity. However, Malagrinò et al. showed that in
hypoxic conditions, the activity of the mitochondrial
sulfide-oxidizing pathway of quinone oxidoreductase
(SQR) adaptively increased and improved the H2S detoxi-
fication of mitochondria [92].

The direct quantification of H2S in tissue samples is a
challenge since it has a very short half-life [93]; one study
used live fluorescent imaging techniques to visualize the
H2S in live cells directly [90]. However, in general, the
expression level of H2S-producing enzymes can be used to
indirectly show the correlation between H2S and its effects
on healthy tissues and tumors [49, 80]. Increased levels of
H2S and the upregulation of one or more H2S-synthesizing
enzymes in comparison to healthy tissues have been reported
in several tumors [49, 71, 72, 80, 94, 95]. It is also quite inter-
esting that these three enzymes are expressed differently
according to the type of cancer [67] and hence lend them-
selves as potential new targets for therapy.

3. H2S in Urinary Cancers

Urinary cancers specifically kidney, urothelial, and prostate
are relatively common in developed countries. Prostate
cancer [96] is the second most commonly diagnosed cancer
in men, and urothelial carcinomas (UCs) [97] are the fourth
most common tumors both in men and in women. Kidney
cancers are highly lethal, and their incidence is increasing
incidentally by the common use of diagnostic tools. It is esti-
mated that more than 300,000 new cases of urinary cancers
and 33,429 deaths (excluding prostate cancer) will occur in
2019 in the United States [97]. As such, the role of H2S and
the differential expression of H2S-producing enzymes in
urinary cancers are of interest, and this review is aimed at
summarizing recent evidence on this subject in the context
of three common urinary cancers: urothelial cancer, renal cell
carcinoma, and prostate cancer.

3.1. Urothelial Cancer. Urothelial carcinoma can be located
in the lower (bladder and urethra) or the upper (pyelocaliceal
cavities and ureter) urinary tract. Bladder tumors account for
90-95% of UCs and are the most common urinary tract
malignancy. Sixty percent of upper tract urothelial cancers
are invasive at diagnosis compared with 15-25% of bladder
tumors [98]. The high recurrence rate and potential of
metastasis are two critical characteristics of bladder cancer
[99, 100]. Environmental (smoking and exposure to
chemical-occupational toxins) and genetic factors all play a
role in the etiology of bladder cancer, as does gender since
it is more frequent in men older than 65 years of age [101].

Several studies have highlighted the importance of abnor-
mal redox and cellular signaling in the incidence of bladder
cancer [102]. Various reports suggest that alterations in
H2S synthesis pathways may increase the risk of bladder can-
cer [103, 104], suggesting that the modification of these path-
ways may lead to the development of novel diagnostic and
therapeutic approaches for urological cancers [4].

H2S has been detected in bladder homogenates of trout,
mice, pigs, rats, and humans [105–109]. In humans, H2S is
involved in the control of bladder tone homeostasis [110],
as it has previously been shown that exogenous H2S or its
substrate, L-cysteine, could decrease the tone of human and
rat bladder strips in a dose-dependent manner [107, 108].
All of the H2S-producing enzymes are also found in rat and
human bladders, whereas in the mouse, only CSE could be
detected [107–109]. The expression of these enzymes in
human bladder cancer tissues and cell lines has been investi-
gated. A recent study examined the expression of H2S-pro-
ducing enzymes in human bladder cancer tissues and
compared them to healthy ones. They compared 94 human
bladder cancer at different stages/grades and 20 human
healthy bladder tissues in term of H2S content as well as the
H2S synthases while attempting to find a correlation between
the expression of H2S-producing enzymes and the malignant
progression of bladder cancer. They showed that H2S con-
tent, as well as the expression of CBS, CSE, and 3-MPST,
was higher in bladder cancer than in healthy samples. More
interestingly, the enzyme expression of all three enzymes
was correlated to different stages of bladder cancer. They sug-
gested that this correlation between the malignancy and the
expression of H2S enzymes could lead to novel diagnosis
and treatment applications [111]. Another recent study also
showed, both in vitro and in vivo models, that apoptosis of
bladder cancer cell lines or tissues with cisplatin was
enhanced after the inhibition of H2S production by propar-
gylglycine (PAG) [23] and was inhibited upon adding the
exogenous H2S. These authors suggested the activation of
the Erk1/2 signaling pathway and the blockage of mitochon-
drial apoptosis as the possible mechanisms behind their
results [112].

Exogenous H2S administration has also been shown to
affect bladder cancer cell lines. The in vitro treatment of the
bladder cancer cell line EJ with NaHS enhances cell prolifer-
ation and the invasion ability of the cells [113]. Interestingly,
these authors also found that the expression of matrix metal-
loproteinases (MMP) 2 and 9, which are essential for the
digestion of collagen IV, was increased in a dose-dependent
manner upon the treatment of bladder cancer cells with
NaHS. These two enzymes are essential in hydrolyzing the
extracellular matrix during the invasion; therefore, H2S
might be necessary for the invasion of bladder cancer
[113]. In addition, nicotinamide phosphoribosyltransferase
(Nampt) is the rate-limiting step of nicotinamide adenine
dinucleotide synthesis also increased in some cancers
[114]. The signal transducer and activator of transcription
3 (Stat3) is one of the cell signaling molecules of the H2S,
and its activation induces Nampt protein expression via a
positive feedback loop. A recent study showed that UC is
immunoreactive for the enzymatically active phosphor-
Stat3 signal transduction pathway and increased the
Nampt and CBS protein expression [115]. Overall, bladder
cancer appears to present with higher H2S levels in cancer
tissue homogenates and increased the expression of H2S-
producing enzymes, which suggests that H2S may be
essential for bladder cancer progression and growth, espe-
cially in the context of the induction of cell proliferation,
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inhibition of apoptosis, and facilitation of tissue invasion.
Further research is needed to establish consistent expres-
sion patterns and other cellular mechanisms for potential
diagnostic and therapeutic approaches.

3.2. Renal Cell Carcinoma. Renal cell carcinoma (RCC) rep-
resents 2-3% of all cancers with the highest incidence in
Western countries. The incidence varies globally, with the
highest rates in developed countries such as North America
and Europe and the lowest rates in Asia and Africa [116].
Over 300,000 men and women are diagnosed with kidney
cancer around the world each year, and approximately
150,000 patients will die of the disease [96].

Clear cell renal cell carcinoma (ccRCC), papillary car-
cinoma, and chromophobe are the common subtypes of
RCC [117], although ccRCC accounts for 80% of all RCCs
[118]. Because of the lack of early warning signs and the
absence of screening tests for people with a higher risk
of kidney cancer, more than 30% of patients are at the
metastatic stage at the time of diagnosis [119]. Metastatic
RCC is highly resistant to systemic chemotherapy and
radiation therapy [120, 121].

Inactivation of the Von Hippel-Lindau (VHL) tumor
suppressor, which is responsible for the degradation of
hypoxia-inducible factor alpha subunits (HIF-1/2α) during
normoxia, occurs in 90% of ccRCC cases [122, 123]. As a
result, HIF-1/2α subunits are not degraded under normoxic
conditions in RCC cells, and the cells become pseudohypoxic
[118]. The Warburg effect, which refers to a shift from
mitochondrial respiration to glycolysis and production of
lactate [124], enhances tumor growth and metastasis in
RCC [125]. Using live cell imaging, Sonke et al. have
previously shown that VHL-deficient ccRCC cell lines
(769-P and 786-O) have significantly higher H2S levels in
comparison to ccRCC cells with wild-type VHL (Caki-1).
They also showed that the inhibition of H2S-producing
enzymes by hydroxylamine (HA), which is an inhibitor
of CBS and CSE, and PAG, an inhibitor of CSE, signifi-
cantly decreases the H2S levels in VHL-deficient ccRCC
cell lines and subsequently inhibits their proliferation and
metabolic activity. Moreover, this inhibition of H2S syn-
thesis in VHL-deficient ccRCC cell lines results in a two-
fold reduction in cell survival rate in comparison to
untreated cells. Another key finding from this work was
that systemic inhibition of H2S enzymes by HA adminis-
tration in xenografted ccRCC in chicken embryos inhib-
ited their vascularization and the subsequent growth of
xenografts, which supports the known angiogenic activity
of H2S [79].

Two more recent studies have also evaluated the expres-
sion of H2S enzymes in ccRCC. Shackelford et al. compared
the expression of CBS in between human benign and Fuhr-
man grade I-IV ccRCC tissues by using tissue microarray
and immunohistochemistry. They showed that CBS
expressed weakly in benign tissues and even weaker in Fuhr-
man grade I ccRCC; however, its expression increased with
increasing Fuhrman grades, and CBS expression was the
highest in Fuhrman grade IV ccRCC samples [95]. Moreover,
the Nmpt expression was correlated with CBS in increasing

grade of tumors. Therefore, H2S may play a contributory role
in the progression of RCC [95]. Breza et al. also investigated
the expression of H2S-producing enzymes in 21 human
ccRCC tissues and compared it to the normal/healthy
portion of the same kidney sample using microarray and
immunohistochemistry. They found that 66% of ccRCC
tissue samples exhibited stable expression of CBS, and the
remaining samples showed downregulation. CSE was down-
regulated in all samples except in three where it was
unchanged. The expression of 3-MPST was decreased by
70% of ccRCC samples and remained unchanged in 30% of
ccRCC samples [121]. These data suggest that the expression
of H2S enzymes is heterogeneously regulated in ccRCC. The
contradiction between results might be attributed to Shackel-
ford et al. not comparing benign/malignant tissues from the
same patient. Breza et al. also showed that, upon induction
of apoptosis, the expression of these enzymes was upregu-
lated in the RCC4 cell line (human RCC cell line) and silenc-
ing of CBS and CSE expression made the cells resistant to
apoptosis [121]. It is possible that endogenous H2S induces
apoptosis in ccRCC as it was previously reported with exog-
enous administration [126–130]. The mechanisms behind
RCC progression are not well understood, but it is suggested
that knocking down of heat shock protein 60 (HSP60)
increases the epithelial to mesenchymal transition and
enhances invasion and also disturbs the respiratory complex
1 and triggers reactive oxygen molecules and then DNA
methylation for further tumorigenesis [131–133]. Tang
et al. results supported that suggestion and showed that
HSP60 expression is lower in ccRCC tissues compared to
pericancerous tissues [134]. The PI3K/AKT pathway is
another important pathway in RCC progression, and it is
reported that exogenous H2S inhibits this pathway, and
therefore, exogenous H2S could be a novel targeted therapy
of RCC [135, 136]. Overall, the expression of H2S enzymes
could one day become a new tool for establishing prognosis
in patients with RCC. However, further studies are necessary
to elucidate the exact role of H2S in RCC and to explain the
contradictions between different studies.

3.3. Prostate Cancer. Prostate cancer (PCa) is the second
most common cancer in men, with an estimated 1.1 million
new cases worldwide in 2012, accounting for 15% of all
cancers diagnosed. The incidence of PCa varies widely
between different geographical areas, highest in developed
countries, mainly due to the use of prostate-specific antigen
(PSA) testing and the aging of the population [96]. Surgery,
radiotherapy, and androgen deprivation therapies are the
primary treatment modalities that are effective, especially in
the early stages of the disease [137]. Although a physical
exam and the serum PSA test are commonly used to screen
and detect for prostate cancer; their utility is ineffective in
diagnosing early stages of prostate cancer.

The relationship between H2S activity and prostate can-
cer has been reviewed previously [138]. The expression of
H2S-producing enzymes was compared between cancerous
and healthy prostate tissues [108, 139]. Endogenous H2S
and all three enzymes (CBS, CSE, and 3-MPST) have been
demonstrated in healthy and prostate cancer. CSE has been
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shown to have a higher expression in the smooth muscle
layer of the prostate cancer samples [94]. However, in
another study, they could not detect the expression of 3-
MPST in both normal and cancerous prostate tissues, but
they showed that CSE was significantly downregulated in
prostate cancer, whereas CBS was not changed in each sam-
ple. This study also showed that antiandrogen-resistant pros-
tate cancer cells express less CSE and have lower H2S content
in comparison to the parental cell line [140].

Moreover, new evidence suggests that H2S-releasing mol-
ecules could be effective in the treatment of chemotherapy-
resistant prostate cancers [141]. The stromal part of the pros-
tate tissue and the stromal cell line showed average to high
CSE expression [139]. In addition, both CBS and CSE are
present in mouse prostate cancers, unrelated to androgen
dependency, and in vitro work showed that CSE is the main
contributor to H2S production in prostate cancer cell lines
(PC-3). The critical role of CSE was confirmed upon finding
that aged CSE knockout mice have higher cell proliferation
and significantly less H2S production in the prostate [142].
Interestingly, the androgen-dependent prostate cell line
showed the highest expression of CBS and CSE, and their
expression was downregulated upon dihydrotestosterone
treatment [139]. These data suggest that CSE may be a poten-
tial therapeutic target and diagnostic tool for prostate cancer.

As mentioned earlier, thiosulfate is the stable breakdown
product of H2S in the mitochondria that can be tracked in the
urine. Therefore, the thiosulfate level in urine can be an indi-
cator of exposure to H2S or disruption in the breakdown pro-
cess. Chwatko et al. investigated urinary thiosulfate levels
amongst the malignant in comparison to benign prostate
hyperplasia (BPH) patients and healthy volunteers. They also
found that the urine level of thiosulfate in malignant prostate
cancer patients was 50 times higher than the healthy volun-
teers and five times higher than the BPH patients, and also,
there was a positive correlation between the size of the pros-
tate and the urine level of thiosulfate in comparison between
the BPH and the control group [143]. In the nude mouse
model of human prostate cancer, the plasma concentration
of cysteine was significantly decreased after advanced tumor
growth [144]. Contrary to these results, five years after pros-
tatectomy, cysteine, homocysteine, and cystathionine were
found to be higher in the urine of recurrent prostate cancer
patients in comparison to recurrence-free patients [145].

Recent studies showed that methionine catabolism [146],
and increased level of cystathionine [147] and sarcosine
(N-methylglycine), a by-product of methionine catabolism
[148], in urine correlated with prostate cancer stage. In
addition, recent data suggest that neuroendocrine-like dif-
ferentiation of prostate cancer (LNCaP) cells contributes to
the androgen-independent growth [149, 150]. The expres-
sion and activity of CSE and CBS, in LNCaP cell, are
much more than those in healthy prostatic epithelial cells
[139]. The H2S donors, NaHS and Na2S, further enhance
the upregulated calcium channels in the LNCaP cells
[151]. Overall, it appears that cysteine, homocysteine, cys-
tathionine, and sarcosine could all potentially be bio-
markers for prostate cancer.

4. Conclusion

Despite significant research efforts in recent years, the role of
H2S in the context of cancer pathophysiology remains con-
troversial (Table 1). Several studies have partially elucidated
the vital role of H2S activity, which plays a different role in
urological malignancies (Figure 1). Interestingly, the expres-
sion patterns of H2S-producing enzymes appear to be contra-
dictory, depending upon the subtype of cancer, which was
evaluated and in fact, may be tissue dependent. However,
these studies, as mentioned earlier, lay the groundwork for
future work that may lead to the development of new diag-
nostic tools for detecting urinary cancers in earlier stages.
Moreover, pharmacological modulation of H2S synthetic
pathways and exogenous administration of donor molecules
may one day provide us with additional therapeutic avenues
in treating patients with urological malignancies.
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Reactive oxygen species (ROS) mediates cisplatin-induced cytotoxicity in tumor cells. However, when cisplatin-induced ROS do
not reach cytotoxic levels, cancer cells may develop chemoresistance. This phenomenon can be attributed to the inherited high
expression of antioxidant protein network. H-Ferritin is an important member of the antioxidant system due to its ability to
store iron in a nontoxic form. Altered expression of H-Ferritin has been described in ovarian cancers; however, its functional
role in cisplatin-based chemoresistance of this cancer type has never been explored. Here, we investigated whether the
modulation of H-Ferritin might affect cisplatin-induced cytotoxicity in ovarian cancer cells. First, we characterized OVCAR3
and OVCAR8 cells for their relative ROS and H-Ferritin baseline amounts. OVCAR3 exhibited lower ROS levels compared to
OVCAR8 and greater expression of H-Ferritin. In addition, OVCAR3 showed pronounced growth potential and survival
accompanied by the strong activation of pERK/pAKT and overexpression of c-Myc and cyclin E1. When exposed to different
concentrations of cisplatin, OVCAR3 were less sensitive than OVCAR8. At the lowest concentration of cisplatin (6 μM),
OVCAR8 underwent a consistent apoptosis along with a downregulation of H-Ferritin and a consistent increase of ROS levels;
on the other hand, OVCAR3 cells were totally unresponsive, H-Ferritin was almost unaffected, and ROS amounts met a slight
increase. Thus, we assessed whether the modulation of H-Ferritin levels was able to affect the cisplatin-mediated cytotoxicity in
both the cell lines. H-Ferritin knockdown strengthened cisplatin-mediated ROS increase and significantly restored sensitivity to
6 μM cisplatin in resistant OVCAR3 cells. Conversely, forced overexpression of H-Ferritin significantly suppressed the cisplatin-
mediated elevation of intracellular ROS subsequently leading to a reduced responsiveness in OVCAR8 cells. Overall, our
findings suggest that H-Ferritin might be a key protein in cisplatin-based chemoresistance and that its inhibition may represent
a potential approach for enhancing cisplatin sensitivity of resistant ovarian cancer cells.

1. Introduction

The oxygen-containing reactive species (ROS) are unstable
by-products of cellular metabolism that are essential for

several biological processes including mitochondrial and
plasma membrane functioning, cell signalling and immune
response [1]. The rate and magnitude of ROS production
are tightly controlled by an antioxidant defense system
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(catalases, superoxide dismutase (SOD), glutathione peroxi-
dase (GPx), thioredoxin (Trx), and ferritin heavy subunit
(FHC)) that eliminates them over time [2, 3]. The imbalance
in the circuitries of ROS production and removal leads to
impairment of cell signalling, oxidative damage of cell com-
ponents, and cytotoxicity [1–4]. On the other hand, recent
evidences indicate that ROS are characterized by a dualistic
property in determining cell fate [4, 5]. A persistent ROS
overproduction may induce cellular adaptation as it occurs
in many diseases, especially in cancer. Otherwise, an exces-
sive ROS production may give rise to fatal lesions that cause
cell deaths [4, 5]. Thus, many of the current chemotherapy
strategies are aimed at raising ROS over the cytotoxic thresh-
old levels in malignant cells [6–10]. To keep ROS in the
prooncogenic zone, cancer cells are provided by an extensive
supply of antioxidant molecules that reduce the efficacy of
prooxidant drugs and enable tumor cells to acquire chemore-
sistance [11, 12].

Cisplatin is a prooxidant chemotherapeutic agent widely
used for the treatment of ovarian cancer [13–16]. Neverthe-
less, ovarian cancer cells often develop cisplatin resistance
by increasing the expression of the antioxidant systems
[14–17]. Consequently, the final concentration of ROS
evoked by cisplatin exposure is crucial for the effectiveness
of this prooxidant cancer therapy [17]. For this reason, there
is a strong need to develop new therapeutic strategies able to
overcome platinum resistance in recurrent and metastatic
ovarian cancer.

In the antioxidant enzyme family, the heavy subunit of
human ferritin (H-Ferritin, FHC) acts by sequestering iron
in a bioavailable and catalytically inactive form thus pre-
venting its accumulation in the intracellular labile pool
(LIP) and its participation in ROS-generating Fenton reac-
tions [18]. The role of FHC as an antioxidant protein is
underscored by the variety of mechanisms leading to its
transcriptional and post-transcriptional upregulation in
response to oxidative stimuli [19]. FHC expression is usu-
ally altered in cancer cells as reported in lung [20], breast
[21, 22], melanoma [23], and ovarian cancer cells [24].
However, the possible relationship between FHC amounts
and the aptitude of cancer cells to develop chemoresistance
to cisplatin is still poorly characterized.

In the current study, we investigatedwhether and towhich
extent the modulation of H-Ferritin amounts might affect
the cisplatin sensitivity in OVCAR3, a well-established
in vitro experimental model of chemoresistant ovarian can-
cer cells [25], in comparison to OVCAR8 cells. Through a
series of assays including FHC knockdown and forced
overexpression, we demonstrate for the first time that ferri-
tin heavy subunit, through its ability to modulate ROS
amounts, is a key element in determining the response of
ovarian cancer cells to cisplatin exposure.

2. Materials and Methods

2.1. Cell Lines and Cell Culture.We selected as in vitro exper-
imental models two human ovarian cancer lines OVCAR3
and OVCAR8 representative of epithelial ovarian adenocar-
cinoma. Cells obtained from the American Type Culture

Collection (ATCC, Rockville, MD, USA). According to
ATCC, OVCAR3 cells derive from an ascitic metastatic site
and are an appropriate model system to study cisplatin
resistance in ovarian cancer. Both the cell lines are charac-
terized by mutations in p53 gene. OVCAR3 and OVCAR8
cells were maintained in RPMI 1640 media (Sigma-Aldrich,
St. Louis, MO, USA). Both culture media were supple-
mented with 10% fetal bovine serum at 37°C in a humidi-
fied atmosphere containing 5% CO2. Each cell line has
been examined for mycoplasma contamination through
LookOut® Mycoplasma PCR Detection Kit (Sigma-Aldrich,
St. Louis, Missouri, USA).

2.2. Patients and Specimens. We selected a group of 28
patients with High-Grade Serous Ovarian Cancer (HGSC)
who were treated at the Unit of Gynaecologic Oncology,
Magna Graecia University, Germaneto, and Pugliese-
Ciaccio Hospital, Catanzaro, Italy, between April 2013 and
March 2016. Tissue and serum samples of patients were
retrieved from our biobank to perform analysis of FHC
mRNA expression. Inclusion criteria were as follows: avail-
ability of clinical data and biological samples; stage II-III-IV
HGSC surgically staged. Patients with previous or concur-
rent cancer located in other sites, known genetic suscepti-
bility to gynecologic or nongynecologic cancers (BRCA1-2
carriers, associated polyposis conditions (APC), Fanconi
syndrome) [14], or positive family anamnesis for ovarian
and/or breast cancer were excluded. Patients’ clinical data
are reported in Table 1.

Procedures carried out in this study were in accordance
with the guidelines of the Helsinki Declaration on human
experimentation and good clinical practice (GCP). Approval
by the “Pugliese-Ciaccio” institutional review board (IRB
number: AOPC12404) was obtained before starting patient’s
enrolment. Furthermore, an informed consent was obtained
from all patients before processing their data from the time
of hospitalization, even if data did not include any personal
identifying information. Biological samples consist in

Table 1: Clinical, pathological, and surgical characteristics of
patients with High-Grade Serous Ovarian Cancer (HGSC).

HGSC (n = 28)
Age (years) 59:5 ± 19:0
FIGO stage (n, %)

Stage II 7 (25.0)

Stage III 15 (53.6)

Stage IV 6 (21.4)

Primary debulking surgery (n, %) 17 (100)

Chemotherapy (n, %)

Platinum+Taxol+Beva 28 (100)

Response to chemotherapy

Resistant 13 (46.4)

Sensitive 15 (53.6)

Major comorbidities (n, %) 5 (17.8)

Follow-up (months) 26:2 ± 18:2
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surgical tissue specimens fixed in 4% paraformaldehyde and
subsequently embedded in paraffin.

2.3. Reagents. Cisplatin was obtained from the outpatient
pharmacy at Unit of Gynaecologic Oncology, Magna Grae-
cia University, Germaneto. OVCAR3 and OVCAR8 cells
were seeded in a 24-well plate in antibiotic-free medium.
Cisplatin was added into the medium at various concentra-
tions (6μM, 12μM, 24μM and 48μM). Treatments were
performed at least three times on independent biological
replicates. EC50 was calculated by using GraphPad Prism®
version 5.01. N-Acetyl cysteine (NAC) was purchased from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and
used at 10mM for 2 h.

2.4. ROS Detection. Intracellular ROS amounts were
detected using three different methods. CellROX® Green
Reagent (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA) detects total ROS intracellular content while
MitoSOX™ Red Indicator (Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA) specifically probes superoxide
radicals. Detection was performed by immunofluorescence
analysis. For immunofluorescence analysis, OVCAR3 and
OVCAR8 cells were cultured on a cover slip, and upon
24 h, cells were incubated with CellROX® Green Reagent
for 30min. Both cell lines were incubated with MitoSOX™

Red Indicator for 10min at 37°C. Cells were then gently
washed. Cover slips were mounted on microscope slides
using a mounting solution ProLong Gold antifade reagent
(Thermo Fisher Scientific, Waltham, Massachusetts, USA).
Images were collected using a Leica DM-IRB/TC-SP2 confo-
cal microscopy system (63x). ROS were also determined by
incubating cells with the redox-sensitive probe 2′-7′-DCF
(CM-H2CFDA; Molecular Probes, Eugene, OR, USA).
Analysis was performed as described in Aversa et al.
[26]. Fluorescence was revealed using the Victor3 Multila-
bel Counter (PerkinElmer, Turku, Finland) at 485nm and
535nm for excitation and emission, respectively. Results
were normalized on protein concentration.

2.5. MTT Assay. For the MTT assays, 3-[4,5-
dimethylthiaoly]-2,5-diphenyltetrazolium bromide (MTT)
(Sigma-Aldrich, St. Louis, MO, USA) was used. Briefly,
OVCAR3 and OVCAR8 cells (50 × 103 cells/well) were
seeded into a 24-well plate. Upon specific treatments, fresh
MTT 2mg/mL (Sigma-Aldrich, St. Louis, MO, USA), resus-
pended in PBS, was added to each well containing both the
cell lines; fresh MTT 2mg/mL (Sigma-Aldrich, St. Louis,
MO, USA). After 2 h incubation, culture medium was dis-
carded and replaced with 200μL of isopropanol. Optical den-
sity was measured at 595nm in a spectrophotometer.
Analysis of OVCAR3 and OVCAR8 cell growth was per-
formed at 0 h, 12 h, 24 h, 48 h and 72h. For each sample,
MTT assay was performed in triplicate.

2.6. Cell Cycle Analysis. A total of 2 × 105 cells were fixed with
100% ethanol and stored at 4°C overnight. Cells were rehy-
drated with PBS for 10min at RT, and then cells were stained
with propidium iodide (PI) staining solution containing
50μg/mL PI (Sigma-Aldrich, St. Louis, MO, USA),

100μg/mL DNase-free RNase A (Calbiochem, La Jolla,
CA), and 0.01 % NP-40 (USB, Cleveland, OH) in PBS for
60min at room temperature. Stained cells were analyzed for
cell cycle analysis in BD LSRFortessa™ X-20 (BD Biosciences,
San Jose, CA) and FlowJo software.

2.7. Apoptosis Analysis. Apoptosis analysis was performed
through the Alexa Fluor®488 Annexin V/Dead Cell Apopto-
sis Kit (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) according to the manufacturer’s instructions. After
staining, cells were incubated at room temperature for
15min in the dark. Each tube was diluted with 400μL of
Annexin Binding Buffer, and then, cells were analyzed by
flow cytometry using the BD LSRFortessa™ X-20 (BD Biosci-
ences, San Jose, CA) and FACSDiva7.0 program (BD Biosci-
ences, San Jose, CA).

2.8. Western Blotting. Total cell lysates were prepared using
RIPA buffer, as described by Aversa et al. [27]. Each protein
sample (40–60μg) was separated by 10–15% SDS–PAGE
and then transferred to nitrocellulose membranes. Mem-
branes were incubated with primary antibodies at 4°C over-
night. Primary antibodies against FHC (1 : 200, sc-376594),
SOD1 (1 : 500, G-11, sc-17767), GPx 1/2 (1 : 500, B-6, sc-
133160), c-Myc (1 : 500, C33, sc-42), CCNE1 (1 : 500, E-4,
sc-377100) were purchased from Santa Cruz Biotechnology
(Santa Cruz Biotechnology, Dallas, Texas). Primary antibod-
ies against caspase 3 (1 : 1000, #9662S), AKT/pAKT (1 : 1000,
9772S/4058S), ERK/pERK (1 : 1000, 9772S/4058S), Phospho-
Chk2 (Thr68) (1 : 1000, C13C1), and Chk2 (D9C6, 1 : 1000)
were purchased from Cell Signalling Technology (Leiden,
Netherlands). Membranes were then washed and incubated,
for 2 h, with secondary antibodies HRP-conjugated goat
anti-mouse IgG (1 : 2000, sc-2005) and HRP-conjugated goat
anti-rabbit IgG (1 : 2000, sc-2357) (Santa Cruz Biotechnol-
ogy, Dallas, Texas), and immunoreactive bands were visual-
ized with the ECL western blotting detection system (Santa
Cruz Biotechnology, Dallas, Texas). To ensure equal loading
of proteins, we used goat polyclonal anti-γ-tubulin antibody
(C-20) (1 : 2000, sc-7396, Santa Cruz Biotechnology). Exper-
iments were performed three times and representative
images are reported. Western blot densitometry was per-
formed using ImageJ software.

2.9. FHC Transient Knockdown and Overexpression.
OVCAR3 and OVCAR8 cells were plated into six-well plates
at 5 × 105 cells/well and starved overnight prior to trans-
fection. FHC transient knockdown was performed by
using a specific FHC siRNA (s5385, Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA) (OVCAR3siFHC and
OVCAR8siFHC). To ensure an optimal control, OVCAR3
and OVCAR8 cells were further transfected with Silencer™
Select Negative Control siRNA (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) (OVCAR3Neg Control and
OVCAR8Neg Control). FHC transient overexpression was
performed by using a specific pc3FHC expression vector
(OVCAR3pc3FHC and OVCAR8pc3FHC) as previously
reported in Zolea et al. [28]. Cells were further transiently
transfected with an empty pc3DNA expression vector as
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negative control (OVCAR3pc3DNA and OVCAR8pc3DNA).
All transfections were performed three times using the
Lipofectamine 2000 reagents according to the manufac-
turer’s recommendations (Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA). After 48 h, FHC-specific
overexpression and silencing were checked at protein
levels through western blot.

2.10. RNA Isolation and Absolute qRT-PCR Analysis. Total
RNA isolation and single-stranded complementary DNA
(cDNA) generation were performed as previously reported
in Di Sanzo et al. [29]. RNA from paraffin-embedded tissue
specimens were obtained by a series of incubation with
xylene and subsequent ethanol washes. Absolute qPCR anal-
ysis was also used to determine the expression of FHC
mRNA in the 28 tumor tissue specimens. FHC expression
analysis was performed by using SYBR Green qPCR Master
Mix (Thermo Fisher Scientific, Waltham, Massachusetts,
USA). Primers used to detect FHC were as follows: FW: 5′
-CATCAACCGCCAGATCAAC-3′ and REV: 5′-GATGGC
TTTCACCTGCTCAT-3′. Analysis was performed on
QuantStudio 3 Applied Biosystems by Thermo Fisher Scien-
tific. Starting from a sample of known template concentra-
tion, a 5-point 10-fold serial standard curve was prepared,
and the concentration of all other samples was calculated
by simple interpolation of each threshold cycle (Ct) into this
standard curve. FHC mRNA expression data are reported as
log (quantity, ng) and represent the mean of three indepen-
dent technical replicates.

2.11. Statistical Analysis. Results are expressed as mean ± SD
and analyzed using the unpaired Student’s t-test or two-way
ANOVA as indicated in the figure legends. GraphPad Prism®
version 5.01 was used to calculate EC50; Sidak test was used to
identify statistical significance in the EC50 values. FHC tumor
tissue levels in chemoresistant vs. chemosensitive HGSC
patients were compared using the nonparametric Kruskal–
Wallis test to identify statistical differences between groups.
The Kruskal-Wallis test has been chosen as a nonparametric
alternative to one-way ANOVA and an extension of the
Mann-Whitney U test to allow the comparison of more than
two independent groups. p ≤ 0:05 was considered to be
significant.

3. Results

3.1. OVCAR3 Cells Exhibit Lower Endogenous ROS and
Higher Endogenous FHC Levels Than OVCAR8 Cells. We
selected as in vitro experimental models OVCAR3 and
OVCAR8 cell lines representative of epithelial ovarian ade-
nocarcinoma. OVCAR3 has been chosen as experimental
model for studying cisplatin chemoresistance [25]. First, we
performed ROS analysis in OVCAR3 and OVCAR8 cells by
using two fluorogenic probes: CellROX® Green Reagent able
to detect total intracellular ROS content and MitoSOX™ Red
Indicator able to selectively detect superoxide radicals. As
shown in Figures 1(a) and 1(b), fluorescence microscopy
highlights that CellROX® Green fluorescence intensity was
significantly higher in OVCAR8 cells compared to OVCAR3

cells. Conversely, MitoSOX staining showed only a slightly
different intensity between the two cell lines. These results
suggest that OVCAR8 cells are characterized by higher levels
of total ROS content compared to OVCAR3 cells. The super-
oxide radical contribution to this different levels appeared
inconsistent. Differences in baseline ROS amounts might
reflect, in principle, diverse expression of antioxidant
enzymes. Thus, we analyzed the expression of FHC protein,
belonging to the antioxidant system, in both OVCAR3 and
OVCAR8 cells. Representative western blot analyses and rel-
ative densitometry reported in Figure 1(c) highlight that the
antioxidant protein FHC was consistently more expressed
in OVCAR3 compared to OVCAR8 cells. This behaviour
was mirrored by the expression of the other two antioxidant
enzymes SOD1 and GPx (Figure S1).

3.2. OVCAR3 Cells Show Enhanced Cell Cycle S-Phase and
Cell Growth. We next assessed whether the differences in
intracellular baseline ROS amount and FHC protein levels
were paralleled by different cancer cell growth. Figure 2(a)
shows a representative plot and histograms indicating the
mean ± SD of three cell cycle cytofluorimetric analyses, per-
formed by staining cells with PI solution. Results highlight
that a significant higher percentage of OVCAR3 cells were
in S-phase compared to OVCAR8 cells (S%: 73:9 ± 0:3 vs.
53:9 ± 0:7, p < 0:05). Accordingly, results from the MTT
analysis show that OVCAR3 exhibited an enhanced cell
growth potential at 24 h, 48 h, and 72h (Figure 2(b)). As
reported in Figure 2(c), OVCAR3 cells were also character-
ized by consistent overexpression of the specific S-phase
cyclin E1 (CCNE1) along with increased expression of the
proto-oncogene c-Myc and enhanced phosphorylation of
ERK1/2 and AKT compared to OVCAR8 cells. On the con-
trary, no phosphorylation of the S-phase cyclin-dependent
kinase Chk2 (Thr68) was observed in OVCAR3 and
OVCAR8 cells. Optical densitometry of each WB analysis is
reported in Figure S1.

3.3. Cisplatin Treatment Induces Significant FHC
Downregulation and ROS Increase Exclusively in
Chemosensitive OVCAR8 Cells. The sensitivity of OVCAR3
and OVCAR8 cells to cisplatin was determined by treating
both cell lines with increasing concentrations of the drug (6
μM, 12 μM, 24 μM and 48 μM). After 24 h, we performed
the MTT assay to monitor cell viability following treatment.
As shown in Figure 3(a), we found that OVCAR3 cells were,
overall, more resistant to treatment than OVCAR8 cells (log
EC50 OVCAR3 vs. log EC50 OVCAR8: 1:46 ± 0:06 vs. 0:85
± 0:05, p < 0:0001). In particular, at the lowest cisplatin con-
centration (6 μM) OVCAR8 cell viability was almost halved
while OVCAR3 cells were totally unresponsive. DCFDA
luminometric analysis highlighted that the extent of ROS
accumulation induced by cisplatin treatments in OVCAR8
cells was significantly higher than that induced in OVCAR3
cells at each concentration apart from 48 μM (Figure 3(b)).
Next, we observed that the exposure to 6 μM cisplatin
induced a clear cleavage of caspase 3 in OVCAR8 cells and
not in OVCAR3 cells (Figure 3(c)). Furthermore, FHC pro-
tein levels showed a completely different behaviour between
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the two cell lines; at 6 μM cisplatin, FHC was consistently
downregulated in OVCAR8 cells whereas it was almost
unaffected in OVCAR3 cells (Figure 3(c)). Optical densi-

tometries of WB are reported in Fig. S2. The analysis of
SOD1 and GPx protein levels upon 6 μM cisplatin
showed, instead, a slight increase in both the cell lines
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Figure 1: Analysis of ROS intracellular amounts and FHC antioxidant protein levels in OVCAR3 and OVCAR8 cells. (a)
Immunofluorescence analysis of ROS levels in OVCAR3 and OVCAR8 cells by staining with CellROX® Green Reagent (green). Nuclei
were stained with DAPI (blue). Analysis was performed in duplicate and representative images are reported. (b) Immunofluorescence
analysis of superoxide radical levels in OVCAR3 and OVCAR8 cells by staining with MitoSOX™ Red Indicator (red). Nuclei were stained
with DAPI (blue). Analysis was performed in duplicate and representative images are reported. (c) Representative western blot of
antioxidant protein FHC in OVCAR3 and OVCAR8 cells. γ-Tubulin was used as internal control. WB has been quantified by using
ImageJ software and optical densitometry is reported. WB analysis was performed three times and results were reproducible.
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(Figure S2). Furthermore, immunofluorescence analysis
highlighted that 6 μM cisplatin induced a significant
increase in both total ROS and superoxide radical levels in
the drug-responsive OVCAR8 cells compared to OVCAR3
resistant cells (Figures 3(d) and 3(e)).

3.4. Modulation of Intracellular FHC Levels Affects
Sensitivity to Cisplatin in OVCAR3 and OVCAR8 Cells.
Here, we asked whether a change in FHC levels might
affect the EOC cell response to cisplatin. To this, we first
transiently transfected OVCAR3 cells with a specific FHC
siRNA (OVCAR3siFHC) or negative control (OVCAR3Neg
Control) for 48h. Annexin V/7-AAD cytofluorimetric analysis
showed that 6 μM cisplatin was unable to induce a consistent
apoptosis in OVCAR3Neg Control (early apoptosis: 9:70% ±
0:57; late apoptosis: 6:80% ± 0:99). On the contrary, the
same drug concentration promoted a significant increase
of apoptotic cell death in OVCAR3siFHC cells (early apopto-
sis: 45:65% ± 0:78; late apoptosis: 9:80% ± 1:13) compared to
either untreated OVCAR3Neg Control (p < 0:05) or OVCAR3-

Neg Control treated with 6 μM cisplatin alone (p < 0:05). Apo-
ptosis assays performed in OVCAR3Neg Control cells treated
with (i) 10mM N-acetyl-cysteine (NAC) alone and (ii)
10mM N-acetyl-cysteine (NAC) in combination with 6 μM
cisplatin and in untreated OVCAR3siFHC revealed no consid-
erable changes. Results of three independent biological rep-
licates are reported as mean ± SD in Table 2 as well as in
Figure 4(a).

Accordingly, detection with CellROX® Green Reagent
revealed that the ROS amounts evoked by 6 μM cisplatin
treatment in combination with FHC knockdown in
OVCAR3 cells (OVCAR3siFHC cisplatin 6μM) were consis-
tently higher than those induced by either cisplatin treatment
alone (OVCAR3Neg Control cisplatin 6μM) or FHC silencing
alone (OVCAR3siFHC) (Figure 4(b)). No considerable
changes have been observed in OVCAR3 cells treated with
10mM NAC (OVCAR3Neg Control NAC 10mM) in compari-
son with OVCAR3Neg Control untreated cells. As expected,
NAC treatment reduced ROS accumulation in OVCAR3
cells treated with 6μM of cisplatin (OVCAR3Neg Control
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Figure 2: OVCAR3 cells exhibit increased growth potential compared to OVCAR8 cells. (a) Cell cycle FACS analysis of OVCAR3 and
OVCAR8 cells stained with PI. The experiments were performed in triplicate. Representative plots of a single experiment (left);
histograms showing the mean ± SD of three independent experiments (right). ∗p value < 0.05, OVCAR3 vs. OVCAR8. (b) MTT analysis
of OVCAR3 and OVCAR8 cell growth at 12 h, 24 h, 48 h, and 72 h. Data are reported as absorbance measured at 595 nm and shown as
mean ± SD of three independent replicates (∗p < 0:05, OVCAR3 vs. OVCAR8); (°p < 0:01, OVCAR3 vs. OVCAR8); N.S.: not significant.
(c) Representative WB of c-Myc, cyclin E1 (CCNE1), pChk2 (Thr68), pERK1/2, and pAKT in OVCAR3 and OVCAR8 cells. γ-Tubulin
was used as internal control. WB analysis was performed three times and results were reproducible.
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cisplatin 6μM/NAC 10mM). In addition, western blot
analysis revealed that 6μM of cisplatin exposure led to a
further downregulation of FHC protein levels in
OVCAR3siFHC cells; conversely, cisplatin left FHC levels
unaltered in OVCAR3Neg Control cells (Figure 4(c)).

Next, we performed FHC overexpression in OVCAR8
cells. As shown in Figures 5(a) and 5(c), the forced FHC
overexpression significantly protected OVCAR8 cells from
6μM cisplatin-induced cytotoxicity (OVCAR3pc3FHC cis-

platin (6μM) vs. OVCAR8pc3DNA cisplatin (6μM), p < 0:05).
Similar results were obtained when OVCAR8 cells were
treated with 6 μM cisplatin for 24h in combination with
10mM of ROS scavenger NAC for 2h (OVCAR8pc3DNA cis-
platin (6μM)/NAC (10mM) vs. OVCAR8pc3DNA cisplatin
(6μM), p < 0:05). Results of three independent biological rep-
licates are reported as mean ± SD in Table 3. Accordingly,
detection with CellROX® Green Reagent further revealed that
FHC overexpression, as well as NAC treatment, consistently
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Figure 3: OVCAR8 cells are characterized by ROS accumulation and FHC downregulation upon 6μM cisplatin treatment. (a) Cell viability
assay performed by MTT analysis in OVCAR3 and OVCAR8 cells treated with 6μM, 12 μM, 24 μM and 48μM of cisplatin for 24 h. Cisplatin
concentrations are reported as log [cisplatin (μM)]. Cell viability is expressed as percentage (%). Treatments were performed at least three
times on independent biological replicates and the mean concentration of the drug that gives half-maximal response (log EC50) was used
to compare cytotoxicity. (b) Quantification of ROS amounts through DCFDA staining in OVCAR3 and OVCAR8 untreated (NT) and
upon treatment with 6 μM, 12μM, 24μM and 48μM cisplatin for 24 h. Data represent the mean ± SD of three biological replicates.
∗p value < 0.01 OVCAR3 NT vs. OVCAR8 NT; °p value < 0.01 OVCAR3 6 μM cisplatin vs. OVCAR8 6μM cisplatin; ∗∗p value < 0.05
OVCAR3 12 μM cisplatin vs. OVCAR8 12 μM cisplatin; °°p value < 0.05 OVCAR3 24μM cisplatin vs. OVCAR8 24 μM cisplatin; N.S.: not
significant: OVCAR3 48μM cisplatin vs. OVCAR8 48 μM cisplatin. (c) Representative western blot of FHC, cleaved caspase 3, and caspase
3 in OVCAR3 and OVCAR8 untreated (NT) and upon treatment with 6 μM cisplatin for 24h. γ-Tub was used as internal control. WB
analysis was performed three times and results were reproducible. (d) Immunofluorescence analysis of ROS levels in untreated (NT) and
treated with 6μM cisplatin OVCAR3 and OVCAR8 cells by staining with CellROX® Green Reagent (green). Nuclei were stained with
DAPI (blue). Analysis was performed in duplicate and representative images are reported. (e) Immunofluorescence analysis of superoxide
radical levels untreated (NT) and treated with 6μM cisplatin OVCAR3 and OVCAR8 cells by staining with MitoSOX™ Red Indicator
(red). Nuclei were stained with DAPI (blue). Analysis was performed in duplicate and representative images are reported.
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reduced ROS amounts evoked by 6 μM cisplatin treatment
alone in OVCAR8 cells (Figures 5(b)).

3.5. FHC Tissue Levels Are Higher in Chemoresistant High-
Grade Serous Ovarian Cancer (HGSC) Patients Compared
to Chemosensitive Ones. In light of the in vitro findings, we
performed absolute qPCR analysis of FHC mRNA tissue
levels in a small cohort of 28 patients with High-Grade
Serous Ovarian Cancer (HSGC, stages II, III, and IV) treated
with platinum-based chemotherapy, among which 13 were
chemoresistant and 15 were chemosensitive. As shown in
the box plot in Figure S3, statistical Kruskal–Wallis test
suggests that patients with resistance to chemotherapy may
be characterized by higher FHC levels compared to the
chemosensitive ones. However, data do not reach the
statistical significance.

4. Discussion

Despite considerable efforts for developing novel and more
efficient therapeutic strategies, ovarian cancer patients often
suffer from aggressive and therapy-resistant disease charac-
terized by poor prognosis and high mortality [14, 30, 31].
Cisplatin is a prooxidant chemotherapeutic agent largely
used as first-line therapy in ovarian cancer; however, its
efficacy is quite limited since most patients ultimately die
with platinum-resistant disease [30, 31]. Numerous evi-
dences indicate that altered redox balance, which is now
widely considered as one of the main cancer hallmarks, can
be pivotal in the resistance to antitumor agents including cis-
platin [1, 2, 4].

As a consequence of genetic, metabolic, and
microenvironment-related aberrations, cancer cells are sub-
jected to persistent prooxidant stimuli that ultimately
increase baseline ROS levels and promote tumor growth by
inducing genomic instability and metabolism reprogram-
ming [32]. However, tumor cells have developed an efficient
ROS detoxification system through which they gain advan-
tage when subjected to further prooxidant conditions. This
dependency from the antioxidant systems represents a spe-
cific vulnerability so as the current used prooxidant chemo-
therapeutic agents act by increasing oxidative stress above
the toxicity threshold [1–5].

In this study, by analyzing changes of intracellular ROS
levels, we explored the role of FHC, an important antioxidant
enzyme, in the development of resistance to cisplatin-based
therapy in ovarian cancer cells.

FHC, the heavy subunit of the human ferritin, has a fer-
roxidase activity through which it safely stores iron in cata-
lytically inactive Fe3+ form thus tightly controlling the
homeostasis of the labile prooxidant iron pool [33]. We and
others have previously demonstrated that FHC is a down-
stream effector of NFkB-mediated inhibition of the oxidative
stress-induced apoptosis [26, 34]. In addition, FHC is tran-
scriptionally upregulated by the antioxidant transcription
factor Nrf2 to maintain iron and redox homeostasis [35, 36].

As an in vitro experimental model, we selected OVCAR3
and OVCAR8 cell lines as representative of ovarian cancer
cells. In particular, OVCAR3 cells have been selected as cis-
platin refractory cell line established from metastatic ascites
of a patient with ovarian adenocarcinoma [25].

Overall, our results strongly suggest that the antioxidant
properties of FHC play a key role in determining the
response of ovarian cancer cells to cisplatin treatment. First,
we observed that the chemoresistant OVCAR3 cells are char-
acterized by higher constitutive FHC levels and by lower
endogenous ROS content in comparison to OVCAR8 cells.
Moreover, prooxidant cisplatin treatment affects FHC levels
in OVCAR8 cells by inducing its downregulation while it
leaves unchanged FHC amounts in OVCAR3 cells. These
effects appear to be selective for FHC since other two antiox-
idant enzymes, namely SOD1 and GPx, were not consistently
modified upon cisplatin exposure. Recent evidences indicate
that H-Ferritin may undergo degradation in cells exposed to
anticancer compound and this is accompanied by intracellu-
lar iron accumulation and increase in iron-dependent ROS
production [37]. Indeed, we noticed that in OVCAR8 cells
the downregulation of FHC mediated by cisplatin exposure
was accompanied by an enormous increase in ROS accumu-
lation that likely exceed the cytotoxic threshold levels. Con-
versely, in OVCAR3 cells the cisplatin hit was insufficient
to push ROS production over the cytotoxic levels.

In the past decades, three main approaches have been pro-
posed to exploit the cancer cell killing potential of ROS: (i)
enhancing the generation of ROS in tumor cells by increasing
the dose of a single prooxidant chemotherapeutic drug, (ii)
combination of conventional anticancer agents with natural

Table 2: Data analysis of Annexin/7-AAD cytofluorimetric apoptosis assays in OVCAR3 cells.

Samples Early apoptosis (% ± SD) Late apoptosis (% ± SD) Live cells
(% ± SD)

OVCAR3Neg Control NT∗ 1:85 ± 0:64 6:55 ± 0:78 90:45 ± 1:77
OVCAR3Neg Control cisplatin (6 μM)∗∗ 9:70 ± 0:57 6:80 ± 0:99 83:85 ± 1:20
OVCAR3Neg Control NAC (10mM) 0:85 ± 0:79 6:35 ± 0:92 92:18 ± 1:77
OVCAR3Neg Control cisplatin (6 μM)/NAC (10mM) 6:80 ± 0:42 4:15 ± 0:35 89:45 ± 0:92
OVCAR3siFHC 4:70 ± 0:14 12:15 ± 0:49 76:65 ± 1:06
OVCAR3siFHC cisplatin (6 μM) 45:65 ± 0:78 9:80 ± 1:13 43:85 ± 0:49
∗OVCAR3siFHC cisplatin (6 μM) vs. OVCAR3Neg Control NT, p value < 0.05 (two-way ANOVA test). ∗∗OVCAR3siFHC cisplatin (6 μM) vs. OVCAR3Neg Control

cisplatin (6 μM), p value < 0.05 (two-way ANOVA test).
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Figure 4: FHC knockdown improves OVCAR3 response to 6 μM cisplatin by increasing ROS production. (a) Representative plots of
Annexin V/7-AAD apoptosis assays in OVCAR3Neg Control, OVCAR3Neg Control (6 μM) cisplatin, OVCAR3Neg Control 10mM NAC,
OVCAR3Neg Control (6 μM) cisplatin/10mM NAC, OVCAR3siFHC, and OVCAR3siFHC (6 μM) cisplatin. Cisplatin treatment was performed
for 24 h while NAC treatment was performed for 2 h. FACS plots are representative of single experiments. Values are expressed as mean ±
SD of three biological replicates. (b) Immunofluorescence analysis of ROS levels in OVCAR3Neg Control, OVCAR3Neg Control (6 μM)
cisplatin, OVCAR3Neg Control 10mM NAC OVCAR3Neg Control (6 μM) cisplatin/10mM NAC, OVCAR3siFHC, and OVCAR3siFHC (6 μM)
cisplatin, by staining with CellROX® Green Reagent (green). Nuclei were stained with DAPI (blue). (c) Representative western blot of
FHC in OVCAR3Neg Control, OVCAR3Neg Control (6 μM) cisplatin, OVCAR3Neg Control 10mM NAC, OVCAR3Neg Control (6 μM)
cisplatin/10mM NAC, OVCAR3siFHC, and OVCAR3siFHC (6 μM) cisplatin. γ-Tubulin was used as internal control. WB analysis was
performed three times and results were reproducible.
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Figure 5: FHC overexpression or NAC treatment reduces OVCAR8 response to cisplatin. (a) Representative plots of Annexin V/7-AAD
apoptosis assays in OVCAR8pc3DNA, OVCAR8pc3DNA (6 μM) cisplatin, OVCAR8pc3DNA (6 μM) cisplatin/10mM NAC, and
OVCAR8pc3FHC (6 μM) cisplatin. Cisplatin treatment was performed for 24 h while NAC treatment was performed for 2 h. FACS plots are
representative of single experiments. Values are expressed as mean ± SD of three biological replicates. (b) Immunofluorescence analysis of
ROS levels in OVCAR8pc3DNA, OVCAR8pc3DNA (6 μM) cisplatin, OVCAR8pc3DNA (6 μM) cisplatin/10mM NAC, and OVCAR8pc3FHC

(6 μM) cisplatin, by staining with CellROX® Green Reagent (green). Nuclei were stained with DAPI (blue). (c) Representative western blot
of FHC in OVCAR8pc3DNA, OVCAR8pc3DNA (6 μM) cisplatin, OVCAR8pc3DNA (6 μM) cisplatin/10mM NAC, and OVCAR8pc3FHC (6μM)
cisplatin. γ-Tubulin was used as internal control. WB analysis was performed three times and results were reproducible.
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compounds that increase ROS production, the so-called
“ROS+ROS concept,” and (iii) inhibition of the antioxidant
defense system of tumor cells. Remarkably, the first two
approaches are very challenging to translate from in vitro
models to in vivo conditions because of significant side
effects [10, 38, 39]. On the contrary, disabling key antioxidant
systems in the presence of ROS inducers represents the most
promising new anticancer strategy in resistant tumor cells.
Indeed, impairing antioxidant capacity, such as Nrf2, SOD,
and GPx, has emerged as a good strategy to target many can-
cer types [40]. Here, we proved, for the first time, that modu-
lation of intracellular H-Ferritin (FHC) protein is able to
condition ovarian cancer cell response to cisplatin thus adding
this molecule to the targetable antioxidant protein panel. The
relevance of FHC/ROS axis in modulating ovarian cancer cell
response to cisplatin has been demonstrated by FHC knock-
down or forced overexpression in our in vitro system. The
knockdown of FHC, by using a specific siRNA, is accompa-
nied by a significant augment in the cytotoxic effects of cis-
platin in the drug-resistant OVCAR3 cells. Accordingly, an
overexpression of FHC in the drug-sensitive OVCAR8 cells
suppresses the cytototoxic effects of the drug at a level compa-
rable to that obtained by scavenging ROS through NAC treat-
ment. The fundamental mechanism through which FHC
knockdown is able to restore OVCAR3 sensitivity to cisplatin
appears to be strictly related to its antioxidant properties and
to its capacity to lead the effective final amounts of ROS over
those evoked by the cisplatin treatment alone.

At last, we also analyzed FHC cancer tissue levels in 28
patients with HGSC receiving a platinum-based chemother-
apy. Although suggestive of a possible association between
high levels of FHC and chemoresistance, the collected data
do not reach the statistical significance. This trend prompted
us to increase, in future studies, the analyzed cohort of patients
to provide additional arguments in favor of the importance of
estimating ROS amounts and FHC status to improve the ther-
apeutic outcomes in treatment of ovarian cancer.

5. Conclusions

In conclusion, our data demonstrate for the first time the
association of FHC/ROS axis with cisplatin resistance in
ovarian cancer cells. Furthermore, we propose that inhibition
of FHC might be a potential approach for restoring cisplatin
sensitivity of resistant ovarian cancer cells. The conjugation
of siRNA carrier system with ligands that exhibit high affinity
to specific receptors overexpressed in ovarian cancer cells
could make feasible this approach also in vivo.
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Supplementary Materials

Fig.S1: WB analysis of SOD1, GPx, CCNE1, c-Myc, ERK/-
pERK, AKT/pAKT, and Chk2/pChk2 in OVCAR3 and
OVCAR8 cells. Representative western blot of antioxidant
proteins SOD1 and GPx, CCNE1, and c-Myc together
with ERK/AKT/Chk2 phosphorylation in OVCAR3 and
OVCAR8 cells. γ-Tubulin was used as internal control.
Each plot has been quantified by using ImageJ software
and optical densitometry is reported. WB analysis was per-
formed three times and results were reproducible. Fig. S2:
WB analysis of FHC, caspase 3/cleaved caspase 3, SOD1,
and GPx in OVCAR3 and OVCAR8 cells untreated or
treated with 6μM cisplatin. Representative western blot
of FHC, caspase 3/cleaved caspase 3, SOD1, and GPx in
OVCAR3 and OVCAR8 cells untreated (NT) or treated
with 6μM cisplatin. γ-Tubulin was used as internal control.
Each plot has been quantified by using ImageJ software and
optical densitometry is reported. WB analysis was performed
three times and results were reproducible. Fig. S3:WBanalysis
of FHC, caspase 3/cleaved caspase 3, SOD1, and GPx in
OVCAR3 andOVCAR8 cells upon several treatments. Repre-
sentative western blot of FHC in OVCAR3Neg Control,
OVCAR3Neg Control (6μM) cisplatin, OVCAR3Neg Control

10mM NAC, OVCAR3Neg Control (6μM) cisplatin/10mM
NAC (6μM) cisplatin, OVCAR3siFHC, OVCAR3siFHC (6μM)
cisplatin, OVCAR8pc3DNA, OVCAR8pc3DNA (6μM) cisplatin,
OVCAR8pc3DNA (6μM) cisplatin/10mM NAC, and
OVCAR8pc3FHC (6μM) cisplatin. γ-Tubulin was used as
internal control. Each plot has been quantified by using
ImageJ software and optical densitometry is reported.

Table 3: Data analysis of Annexin/7-AAD cytofluorimetric apoptosis assays in OVCAR8 cells.

Samples Early apoptosis (% ± SD) Late apoptosis (% ± SD) Live cells (% ± SD)
OVCAR8pc3DNA NT 1:75 ± 0:21 7:55 ± 0:78 82:75 ± 1:20
OVCAR8pc3DNA cisplatin (6 μM) 9:85 ± 0:35 44:70 ± 1:13 42:35 ± 1:20
OVCAR8pc3DNA cisplatin (6 μM)/NAC (10mM)∗ 5:85 ± 0:21 18:05 ± 0:35 71:70 ± 0:99
OVCAR3pc3FHC cisplatin (6 μM)∗∗ 14:25 ± 0:49 13:10 ± 0:42 71:25 ± 1:63
∗OVCAR8pc3DNA cisplatin (6 μM)/NAC (10mM) vs. OVCAR8pc3DNA cisplatin (6 μM), p value < 0.05 (two-way ANOVA test). ∗∗OVCAR3pc3FHC cisplatin
(6 μM) vs. OVCAR8pc3DNA cisplatin (6 μM), p value < 0.05 (two-way ANOVA test).
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WB analysis was performed three times and results were
reproducible. Fig. S4: analysis of FHC tumor tissue levels
in 28 HGSC patients. Representative images of ovarian
cancer tissue specimens (left). Box plot depicting FHC
mRNA levels, expressed as log (ng), as assessed by abso-
lute qPCR analysis in cancer tissue specimens of chemore-
sistant HGSC patients (n = 13) and chemosensitive HGSC
patients (n = 15) (right). Data are not statistically signifi-
cant (N.S.). (Supplementary Materials)
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STAT3 is a nuclear transcription factor that regulates genes involved in cell cycle, cell survival, and immune response.
Although STAT3 activation drives cells to physiological response, its deregulation is often associated with the development
and progression of many solid and hematological tumors as well as with drug resistance. STAT3 is a redox-sensitive
protein, and its activation state is related to intracellular GSH levels. Under oxidative conditions, STAT3 activity is
regulated by S-glutathionylation, a reversible posttranslational modification of cysteine residues. Compounds able to
suppress STAT3 activation and, on the other hand, to modulate intracellular redox homeostasis may potentially improve
cancer treatment outcome. Nowadays, about 35% of commercial drugs are natural compounds that derive from plant
extracts used in phytotherapy and traditional medicine. Sesquiterpene lactones are an interesting chemical group of plant-
derived compounds often employed in traditional medicine against inflammation and cancer. This review focuses on
sesquiterpene lactones able to downmodulate STAT3 signaling leading to an antitumor effect and correlates the anti-
STAT3 activity with their ability to decrease GSH levels in cancer cells. These properties make them lead compounds for
the development of a new therapeutic strategy for cancer treatment.

1. Introduction

Cancer is the main single cause of death in both men and
women, claiming over 6 million lives each year worldwide.
The hallmarks of cancer include tumor cell proliferation
and survival, tumor angiogenesis, and metastasis. Tumor
cells exhibit an altered metabolism that allows them to
sustain high proliferative rates and resist to some cell
death signals, particularly those mediated by increased oxi-
dative stress. Several studies have identified a critical role
of aberrant activation of STAT3 signaling in oncogenesis.
Therefore, any treatment counteracting the STAT3 hyper-
activation has been considered as a new strategy to treat
different tumors.

Over the last 20 years, a lot of literature evidence indi-
cates that many derived plant substances are potentially
interesting in cancer therapy or can be considered as lead
compounds to develop new possible anticancer drugs.

2. Signal Transducer and Activator of
Transcription 3

2.1. STAT3 Structure. Signal transducer and activator of tran-
scription 3 (STAT3) is a member of a family of seven proteins
(STAT 1, 2, 3, 4, 5a, 5b, and 6) activated by growth factors
and cytokines that participate in physiological cellular
responses [1, 2]. The transcript of STAT3 undergoes alterna-
tive splicing, resulting in the full length STAT3α (92 kDa)
and in the truncated isoform STAT3β (83 kDa) that lacks
the C-terminal domain including Ser727 [3].

Two crystal structures of STAT3 are deposited in the Pro-
tein Data Bank (PDB): the phosphorylated STAT3β-DNA
complex (1BG1) [4] and the unphosphorylated STAT3 core
fragment (3CWG) [5]. Sequence comparisons, biochemical
assays, and mutagenesis have identified six functional
conserved domains within the STAT3 molecule, each of them
contributing to various aspects of signal transduction
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pathway. The domains are arranged in the protein structure
as follows: an N-terminal domain (NTD) (1-137), a coiled-
coil domain (CCD) (138-320) formed by a four-helix bundle,
a DNA-binding domain (DBD) (321-494) comprising an
eight-stranded β-barrel, a α-helical linker domain (LD)
(495-583), a Src homology 2 (SH2) domain (584-688), and
a C-terminal transcriptional activation domain (TAD)
(723-770). The NTD is a conserved sequence that mediates
tetramerization of two phosphorylated dimers which cooper-
atively bind specific STAT3 sites in a gene promoter [6, 7].
The CCD is critical for recruitment of STAT3 to the receptor,
subsequent phosphorylation and dimerization, and its trans-
location into the nucleus [8]. Moreover, the CCD is involved
in protein-protein interactions leading to multiple types of
dimer complexes, and it also contains a lysine residue
(Lys140) subject to methylation by histone methyl transferase
SET9, which is a negative regulatory event [9]. The DBD
allows the recognition and the binding to a specific consensus
sequence defining the DNA-binding specificity. The SH2
domain is required for the recruitment of signal transduction
proteins to activated receptors and contains a key binding
pocket where the phosphotyrosine residue of other STAT pro-
teins can bind to form homo- or heterodimers [10]. Other
than SH2 domain interaction, we have recently detected two
interchain disulfides between cysteine 367 and cysteine 542
and between cysteine 418 and cysteine 426 (Cys367-Cys542
and Cys418-Cys426) responsible for STAT3 dimer stabiliza-
tion [11]. Finally, the TAD is involved in transcriptional
activation and promotes the full STAT3 activation through
the phosphorylation of the serine residue 727 (Ser727). In

the C-terminal domain, between SH2 and TAD, there is a tail
segment with the phosphorylation site tyrosine 705 (Tyr705)
that controls dimerization and yields the DNA-binding
activity of STAT3 [12].

2.2. STAT3 Signaling Cascade. Multiple distinct steps are
involved within the STAT3 signaling pathway. According to
the classical model, STAT3 is activated through the binding
of growth factors and cytokines to their cell-surface receptors.
Cytokines, like IL-6, IL-10, and IL-11, as well as growth
factors, like endothelial growth factor (EGF), vascular endo-
thelial growth factor (VEGF), and fibroblast growth factor
(FGF), can activate the phosphorylation cascade. This event
allows rapid transphosphorylation and activation of Janus
tyrosine kinases (JAKs, JAK1, JAK2, JAK3, and Tyk2) that
phosphorylate tyrosine residues on the cytoplasmic tail of
the receptors. The SH2 domain of STAT3 recognizes and
binds to these docking sites, placing STAT3 within close
proximity of active JAKs, which subsequently phosphorylate
STAT3 at Tyr705. The phosphorylated form of STAT3
homo- or heterodimerizes via reciprocal SH2 domain inter-
action and translocates from the cytoplasm to the nucleus,
where it regulates the transcription of target genes
(Figure 1) [13, 14]. In addition to JAKs, STAT3 can be acti-
vated by nonreceptor tyrosine kinases such as Src and ABL
[15–17]. Furthermore, various serine kinases, like protein
kinase C (PKC), mitogen-activated protein kinases (MAPK),
and CDK5, phosphorylate the OH residue of Ser727.
Although serine phosphorylation occurs in several cells, its
biologic role is still controversial. Some authors report that
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serine phosphorylation allows to achieve maximal transcrip-
tional activity [18], whereas others demonstrate that serine
phosphorylation inhibits STAT3 activity [19, 20].

The binding of STAT3 to a specific DNA domain
promotes the expression of numerous genes involved in cell
cycle progression, apoptosis, tumor angiogenesis, invasion,
metastasis, chemoresistance, immunosuppression, and
cancer stem cell renewal (Table 1) [21–40]. Intriguingly,
many downstream target genes of STAT3 encode cytokines
and growth factors that trigger the same STAT3 signaling
pathway, thereby providing a mechanism of autocrine and
paracrine STAT3 activation.

Under physiological conditions, the activation of
STAT3 signaling is a transient and tightly regulated pro-
cess that can last from half an hour to several hours. After
this period, the signal decays and STAT3 are exported
back to the cytoplasm. This decay entails downregulation
of both receptors and JAKs, as well as of STAT3 transcrip-
tional activity, and involves several negative protein mod-
ulators, including the family of suppressor of cytokine
signaling proteins (SOCS), the protein inhibitors of acti-
vated STATs (PIAS), and several protein tyrosine phos-
phatases (PTPs) [41, 42] (Figure 1).

The SOCS family is composed by eight inducible intracel-
lular proteins, all characterized by the SH2 domain that inter-
acts with phosphorylated JAKs and/or with the intracellular
domains of the receptors to impede the recruitment of STATs

to the docking sites as well as to inhibit JAK activity. More-
over, via their SOCS box domain, SOCS interact with E3
ubiquitin ligase and promote the ubiquitin-dependent degra-
dation of targets [43]. Specifically, STAT3 stimulates SOCS3
gene transcription and the resulting protein binds phospho-
JAKs and/or the receptors to turn off the cascade.

Other than SOCS, STAT3 transcriptional activity is con-
trolled by PIAS3, a nuclear protein member of PIAS family
proteins which prevents active STAT3 from binding DNA
and inhibits STAT3-mediated gene activation [44].

Furthermore, STAT3 transcriptional activity is controlled
by PTPs, a family of tyrosine phosphatases, that operate on
various steps of signaling cascade. The best characterization
of these proteins is SHP-1 and SHP-2 that contain SH2
domain and ensure that tyrosine phosphorylation of JAKs
does not persist after the removal of the cytokine [2, 12].
Inactivation of STAT3 in the nucleus occurs through the
dephosphorylation of Tyr705 by TC-PTP and TC45 [45].

There is a growing body of evidence demonstrating
that STAT3 signaling is also regulated via a complex inter-
play with cellular miRNAs. Both direct and indirect regu-
latory mechanisms mediate several positive and negative
feedback loops between miRNAs and the STAT3 signaling
pathway. Approximately, 50 miRNAs are predicted to bind
the 3′-UTR of STAT3; among them, let-7, miR-20a, and
miR-93 were directly validated using STAT3-3′-UTR-
Reporter constructs. Several miRNAs directly induce
STAT3 upregulation (miR-551b 3p) or act to reduce the
expression of negative regulators of STAT3 (miR-18a,
miR-221, and miR-222), and others are activated by
STAT3 (miR-21) through binding within the promoters
of these oncomiRs. A more thorough review can be found
in the manuscript by [46].

2.3. STAT3 and Oncogenesis. Growing evidence over the last
years suggests a critical role of STAT3 as a point of conver-
gence of various signaling pathways that are deregulated in
cancer. In healthy cells, STAT3 is closely regulated to
maintain a transient active state. Conversely, STAT3 is
improperly and persistently activated in numerous hema-
topoietic and solid malignancies [47, 48]. Constitutively
active STAT3 induces deregulation of growth and survival,
promotion of angiogenesis, and suppression of host’s
immune surveillance against tumor. Moreover, it promotes
epithelial-mesenchymal transition, invasion, and metastasis
thereby contributing to tumor progression. In the last
years, increasing evidence indicates that STAT3 also pro-
motes resistance to conventional chemo- and radiation
therapy as well as to pharmacological inhibition of several
pathways of oncogene-driven malignancies [49, 50].

Although recent studies have revealed activating STAT3
mutations in some malignancies (hepatocellular adenoma,
40% of large granular lymphocytic leukemia, and 30% of
chronic lymphoproliferative disease of NK cells), these muta-
tions are too rare to account for the high prevalence of
STAT3 activation in solid tumors.

The constitutive activation of STAT3 in cancer is caused
mostly by the higher secretion of cytokines and growth
factors in tumor microenvironment. Furthermore, in this

Table 1: STAT3-regulated genes.

Tumor-supporting functions of STAT3
Biological functions Genes References

Apoptosis

Bcl-2 ↑ [44]

Mcl-1 ↑ [24, 30]

Bcl-xL ↑ [25, 30]

Survivin ↑ [26, 30]

Skp2 ↑ [27]

Fas ↓ [28]

Proliferation

c-Myc ↑ [30]

Pim-1 ↑ [30]

Cyclin-D1 ↑ [23]

Angiogenesis
VEGF ↑ [29, 31]

bFGF ↑ [32]

Immune suppression
IL-10 ↑ [33]

IL-12 ↓ [34]

Invasion and metastasis

MMP-1 ↑ [30, 36]

MMP-2 ↑ [30, 35]

MMP-3 ↑ [36]

MMP-9 ↑ [36, 37]

Vimentin ↑ [38]

TWIST-1 ↑ [39]

p53 ↓ [45]

Cancer stem cell CPT1B ↑ [40]

Self-renewal ALDH1A1 ↑ [41]

Chemoresistance SOX2 ↑ [42]
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context, it has been recognized a critical role to the dereg-
ulation of receptors with intrinsic tyrosine kinase activity
(e.g., EGFR or HER-2/neu) or of nonreceptor tyrosine
kinases (e.g., Src or Abl), as well as to the epigenetic
modulation of negative regulators of STAT3. High levels
of IL-6 have been reported in a lot of cancer patients
and are also described as a potent negative regulator of
dendritic cell maturation in vivo, contributing to control
T cell-mediated immune responses [51].

Studies of myeloma, hepatocellular carcinomas, and non-
small-cell lung cancer report the loss of proteins that nega-
tively regulate STAT3, such as PIAS [52] or SOCS [53].

On the other hand, JAK mutations and their relevance in
the pathogenesis of hematological disorders are well
described, with JAK2 V617F being the most well-known
mutation, which is found in >95% of patients with polycy-
thaemia vera, primary myelofibrosis, and essential thrombo-
cytosis [54]. Mutations in the genes encoding JAK enzymes
seem to be much less common in solid tumors.

Abnormal STAT3 signaling is also associated with defects
in activation of JAKs due to a chromosomal translocation
resulting in a fusion protein that contains the kinase domain
of JAK2 fused to the oligomerization domain of the Ets tran-
scription factor (Tel-JAK2) and possesses constitutive tyro-
sine kinase activity [55].

It has been reported that also noncanonical pathways
of STAT3 signaling play a significant role in malignant
transformation, causing alternative posttranslational modi-
fications like phosphorylation of Ser727 and acetylation of
Lys685 [56–59].

In the last years, miRNAs are emerging as important reg-
ulators of the JAK-STAT3 pathway in the pathogenesis of
cancer, causing up- or downmodulation of STAT3 signaling,
as well as in the development of chemoresistance in several
types of cancer. Further insights on the subject are by [46].

2.4. Treatment Strategies Targeting STAT3 Protein. The
understanding that STAT3 signaling promotes tumorigene-
sis and chemoresistance while severely hinders antitumor
immunity has stimulated the search for clinical agents that
can effectively inhibit this pathway. Over the last 15 years,
many direct or indirect inhibitors targeting various members
of the STAT3 pathway have been employed to disrupt
STAT3 activity (Figure 2) and some of them entered in clin-
ical trials for treatment of solid or hematological tumor.

Two principal approaches that indirectly inhibit STAT3
activation have been developed. First of all, antibodies that
target IL-6 or its receptor are extensively evaluated preclini-
cally and clinically (Figure 2, node 1). Siltuximab and toci-
lizumab are two antibodies approved by the FDA for the
treatment of arthritis or Castleman disease that have been
testing in phase I/II clinical trials in different hematological
as well as solid tumor [60–65]. Another indirect but efficient
mechanism is the use of JAK or Src inhibitors (Figure 2,
node 2) [66]. A number of small JAK and Src inhibitors
are now in various stages of clinical trials, and some of
them result in approved drugs, specifically ruxolitinib
and tofacitinib [67]. Other JAK and Src inhibitors such
as AZD1480, WP-1066, desatinib, and saracatinib demon-
strate the reduction of STAT3 phosphorylation as well as
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downstream implications like increased apoptosis and
decreased tumor growth [68–71]. Unfortunately, the JAK
and IL-6 inhibitors determine an increased rate of infection
and off-target neurotoxicity. Moreover, the inhibition of
these kinases may influence different signaling cascades and
give rise to additional off-target effects. For example, the cru-
cial role of STAT1 in inflammatory response and in disrupt-
ing cell proliferation is well known, as well as in antitumor
and immune surveillance [72–75]. Therefore, STAT1 should
not be downregulated, while attempting to inhibit the actions
of STAT3. It is clear that further investigation of all these
inhibitors is necessary to understand how to optimize
STAT3 inhibition.

For all these reasons, a better strategy for STAT3
inhibition is through the direct targeting of functional
phosphorylated STAT3. A lot of peptides and small mol-
ecules that impair dimerization, nuclear translocation, and
DNA binding of STAT3 have been developed (Figure 2,
node 3).

The small peptides designed on STAT3 SH2 domain
sequence that contain a tyrosine-phosphorylation site
(PY∗LKTK) bind to the SH2 domain of STAT3 preventing
its dimerization and translocation into the nucleus [76, 77].
Although these compounds have proapoptotic and antitu-
mor activity in cancer cells, they have primarily been used
as research tools due to their limited cellular uptake and
stability.

Nonpeptidic small molecules able to permeate cells
represent a more attractive approach to inhibit aberrant
STAT3 activity in cancer cells [78]. Compounds, such as
STATTIC, STA-21, LLL-3, LLL-12, WP1066, S3I-201,
BP-1-102, STX-0119, and HJC0123, inhibit the growth of
tumor cells with hyperactivated STAT3 [79–82]. Although
many SH2 domain inhibitors have proved to be promising
in laboratory studies, only a few have been evaluated in
clinical trials.

An alternative approach useful to inhibit STAT3 function
involves competitive inhibition of the interactions between
DBD domain of STAT3 and promoter elements in target
genes. Platinum (IV) complex, such as CPA-1, CPA-7, and
IS3-295, inhibits the STAT3 DNA-binding activity leading
to apoptosis in human cancer cell lines [83]. A 15 bp
double-stranded decoy oligonucleotide that correspond to
the STAT3 response element in the cFOS promoter compet-
itively inhibits STAT3 DNA binding and suppresses the
tumor growth of preclinical models of ovarian, breast,
head-and-neck, lung, brain, and skin cancers as well as acute
myeloid leukemia [84–87].

Although many of these anti-STAT3 compounds have
antitumor effects in vitro and in vivo, there are no currently
approved drug directly targeting STAT3 and the research of
STAT3 inhibitors is still evolving.

3. Redox Homeostasis in Cancer Cells

3.1. Intracellular Redox Homeostasis. In contrast to normal
tissue, most of solid tumors are characterized by regions of
low oxygen (hypoxia), low pH, and low levels of glucose
which result from an architecturally abnormal microcircula-

tion, rapid growth of tumor cells, and high interstitial pres-
sure. Hypoxia and the high energetic metabolism induced
by tumor microenvironment contribute to upregulation of
reactive oxygen species (ROS) production in mitochondria,
peroxisomes, and endoplasmic reticulum [88–91]. Excessive
levels of ROS cause oxidative damage to DNA, proteins,
and lipids, compromising their structures and function. To
prevent oxidative damage, cancer cells activate various
enzymatic and nonenzymatic antioxidant systems. The
first ones include superoxide dismutase, catalase, glutathi-
one peroxidase, and glutathione reductase whereas α-
tocopherol (vitamin E), β-carotene (vitamin A), ascorbic
acid (vitamin C), and uric acid represent the ROS scaveng-
ing molecules. Furthermore, multiple and interrelated
redox couples, such as NADPH/NADP+, GSH/GSSG,
Trx/TrxSS, and cysteine/cystine, contribute to the intracel-
lular redox homeostasis [92–99].

A number of human cancer tissues, including breast,
brain, colon, pancreas, lungs, and leukemia, produce high
concentrations of glutathione (GSH) that contribute to can-
cer initiation, progression, and metastasis formation and to
chemoresistance [100–103]. In accordance with the elevated
level of GSH in cancer cells, several drugs known to reduce
GSH concentration are currently being used in clinical trials
to improve efficacy of targeted therapy. In this regard, the use
of disulfiram, alone or combined with arsenic trioxide, has
been approved as therapy for metastatic melanoma and non-
acute promyelocytic leukemia [101, 104]. Buthionine sulfox-
imine (BSO), a synthetic inhibitor of GSH production,
confers increased sensitivity to chemotherapy in myeloma
and neck cancers [105] and has been clinically used in vari-
ous types of cancers [106]. Similarly, phenylethyl isothiocya-
nate (PEITC), which conjugates with GSH, inhibits the
oncogenic transformation of ovarian epithelial cells and
hematopoietic cells [107].

Collectively, modulation of the GSH level is an alterna-
tive way to increase the sensitivity of tumor cells to conven-
tional chemotherapy and provides a viable option for
patients suffering from therapy-resistant tumors.

3.2. [GSH]/[GSSG] Redox Couple. The tripeptide glutathi-
one (Glu-Gly-Cys) is the most abundant intracellular
nonenzymatic ROS scavenger reaching millimolar concen-
trations in the cells. Intracellular glutathione can exist as a
monomer in its reduced form (GSH) or as a disulfide
dimer (GSSG) after its oxidation which usually accounts
for less than 1% of the total intracellular glutathione
content.

As antioxidant and intracellular redox buffer, GSH has
essential roles in ROS scavenging and in detoxification of
electrophiles, xenobiotics, and heavy metals. Two oxidized
GSH molecules dimerize by a SS bond to form GSSG. Gluta-
thione reductase, a NADPH-dependent enzyme, reverts this
reaction to reconstitute GSH pool. GSH reduces peroxides
and generates GSSG via glutathione peroxidase (GPx) or
it reacts with many electrophiles to generate glutathione
S-conjugates (GS-R). Although these reactions can occur
spontaneously, they are often catalyzed by the glutathione
S-transferase (GST) [108, 109] (Figure 3).
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The cellular redox status can be evaluated measuring the
GSH/GSSG ratio by the Nernst equation [110]. At 25°C and
pH7, E° of the GSH/GSSG redox couple is

GSSG + 2e− + 2H+ ⟵⟶ 2GSH E∘
GSH/GSSG = −240mV:

ð1Þ

Since two GSH molecules are needed to form one GSSG
molecule, the reaction is second order with respect to GSH.
Thus, any changes in the absolute concentration of GSH will
change the redox potential, even without changes in the
GSH/GSSG ratio. This suggests that cells with much higher
GSH level have a greater reducing capacity than cells with
lower GSH concentration.

The cellular redox state is one of the master regulators of
different cellular processes, and physiological cellular func-
tion is maintained by a fine balance between reducing and
oxidizing conditions. It has been reported that the etiology
and/or progression of many human diseases, including
cancer, are related to GSH/GSSG homeostasis. Generally, ele-
vated levels of GSH that determine a more reducing cellular
environment stimulate cell proliferation whereas a mild oxi-
dizing environment results in cell differentiation. A further
shift toward a more oxidant cellular environment leads to
apoptosis or necrosis [108, 110, 111].

3.3. Redox Regulation of STAT3. Under oxidative stress,
many proteins undergo reversible and irreversible oxidative
modifications, which may lead to changes in the structure
and/or function of the oxidized protein. These redox-
sensitive proteins exhibit a striking differential susceptibility
to oxidative stress; while a protein may contain numerous
residues, only a minority of them will have the chemical
properties to function as a possible target site for oxidant.
This is largely due to the reactivity of anionic sulfur of various
oxidizing agents.

Mild oxidative stress induces selective modifications of
proteins at critical cysteine thiols including reversible oxida-
tion to sulfenic acids, intra- and intermolecular disulfides, S-
glutathionylation, and S-nitrosylation [112]. S-Glutathiony-
lation, the reversible formation of protein-mixed disulfides
with GSH, represents the most common steady-state deriva-
tive due to cellular abundance of GSH and ready conversion

of cysteine-sulfenic acid and S-nitrosocysteine precursors to
S-glutathionylcysteine disulfides. This reaction may protect
proteins from irreversible damage or modulate protein
function. Conversely, excessive oxidative stress is associ-
ated with permanent loss of function, misfolding, and
aggregation due to irreversible modification of SH groups
of protein [113–115].

Several studies demonstrate that intracellular redox envi-
ronment influences STAT3 activation cascade although it is
still not clear if ROS up- or down-regulate STAT3 activation.
Some authors report that ROS trigger Tyr705 STAT3
phosphorylation and upregulate its DNA-binding activity
[116, 117]. On the other hand, other authors indicate that
ROS oxidize conserved cysteines in STAT3 DNA-binding
domain impairing its transcriptional activity [118, 119].
Moreover, there is evidence from the literature which prove
that ROS scavengers and inhibitors of NADPH oxidase
enzymes (NOX) generally inhibit STAT3 activity [120, 121].
In addition, it has been shown that nitrosocyclohexyl acetate,
a nitroxyl donor, inhibits STAT3 phosphorylation through
the formation of sulfenic acid at the cysteine residues in
endothelial cells [122].

S-Glutathionylation and S-nitrosylation inhibit STAT3
phosphorylation as well as its DNA-binding activity in differ-
ent cell lines and in in vitro studies. Although the 3D model
of nitrosylated/glutathionylated STAT3 is not available, it
can be speculated that the small conformational changes
induced by NO or GSH addition could in turn induce a con-
formational change in the phosphorylation site of protein
inhibiting accessibility to JAKs [119, 123–125].

Our group has been studying STAT3 redox regulation for
the past ten years. Particularly, we identified three sesquiter-
pene lactones, costunolide, dehydrocostuslactone, and cynaro-
picrin, able to inhibit IL-6-induced as well as constitutive
activation of STAT3 in different cancer cell lines. These com-
pounds disrupt intracellular redox homeostasis, induce revers-
ible S-glutathionylation of STAT3, and decrease its Tyr705
phosphorylation [126, 127]. Deepening inside the redox regu-
lation of STAT3 signaling, we reported that Cys328 and
Cys542 in the DNA-binding domain and in the linker domain,
respectively, are a target of S-glutathionylation [123, 128].

Since STAT3 is validated as a therapeutic target in differ-
ent solid and hematologic tumor, the modulation of oxidative
stress could be a new strategy to inhibit STAT3 hyperactiva-
tion. On the other end, the consequent decrease in GSH levels
could sensitize tumor cells to conventional chemotherapy.

4. Sesquiterpene Lactones

4.1. Sesquiterpene Lactone Structure. Sesquiterpene lactones
(SLs) are colorless, bitter, and stable compounds of terpe-
noids, a class of lipophilic plant secondary metabolites. More
than 5000 SLs have been characterized in species of the plant
kingdom, in particular in the family Asteraceae, and plant
extracts rich in SLs have long been employed in traditional
medicine against inflammatory-related diseases. SLs possess
a broad spectrum of biological activities, including anti-
inflammatory, antibacterial, and immunomodulatory effects.
These compounds also inhibit cell cycle and proliferation and
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Figure 3: Antioxidant function of glutathione. GST: glutathione
transferase; GS-R: electrophile-GSH adduct; GPx: glutathione
peroxidase; GR: glutathione reductase.
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induce apoptosis, in different cancer cell lines and in many
in vivo studies [129–131]. Although the exact mechanisms
of action are not well elucidated, emerging data suggest that
the biological effect of SLs is associated with depletion of
GSH and ROS generation [126, 127, 132, 133].

SLs are 15 carbon compounds consisting of three iso-
prene (5-C) units arranged in several characteristic ring
systems, including one or more lactone rings. The α-β-
unsaturated carbonyl group present in most of these com-
pounds is the major responsible for their biological effects
[134]. The α-β-unsaturated carbonyl group is a strong
alkylating agent that may react by Michael-type addition
with intracellular nucleophiles, such as cysteine sulfhydryl

residues in proteins, leading to disruption of their biolog-
ical function. The α-β-unsaturated carbonyl moiety may
also react with the sulfhydryl group of cysteine residue
in GSH leading to redox homeostasis disruption and oxi-
dative stress in cells (Figure 4(b)) [134–136].

Further chemical features, such as lipophilicity and
molecular geometry of compounds as well as the chemical
environment of the target nucleophiles, also influence the
bioavailability and biological activity of SLs [137, 138].

4.2. Sesquiterpene Lactones and STAT3. In the last years,
many natural SLs able to induce apoptosis through the
inhibition of STAT3 signaling have been recognized in
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different cancer cellular and animal models (Table 2) [126,
127, 139–155]. Induction of apoptosis was found to be
linked with increased ROS production, GSH depletion,
and modulation of GSH/GSSG ratio. Although the final
biological outcome of all SLs is well described, the molecu-
lar mechanism of anti-STAT3 activity is not reported for all
of them. Cheng et al. demonstrate that 6-O-
angeloylplenolin directly interacts with the SH2 domain of
STAT3 and inhibits the constitutive and IL-6-induced
STAT3 activity in lung cancer cells [153]. A direct interac-
tion with STAT3 SH2 domain is also reported for alanto-
lactone [142]. Furthermore, Liu et al. describe that
parthenolide covalently binds to Cys residues of JAKs
suppressing its kinase activity and downmodulating the
STAT3 pathway [145].

Other studies show that SLs inhibit STAT3 signaling
through S-glutathionylation of Cys residues in STAT3 pro-
tein. Dehydrocostuslactone, costunolide, cynaropicrin, and
alantolactone that contain an α-β-unsaturated carbonyl
group directly interact with GSH by Micheal addition and
induce a rapid drop in GSH concentration, thereby triggering
S-glutathionylation of STAT3. This event impairs STAT3
phosphorylation switching off the signaling cascade
(Figure 4(b)) [126, 127, 139]. It is possible to speculate that
S-glutathionylation is the common molecular mechanism of
anti-STAT3 activity of other SLs able to disrupt GSH/GSSG
homeostasis [140, 141, 143, 146–148, 150–152]. The exact
molecular mechanism by which S-glutathionylation inhibits
STAT3 phosphorylation is not completely clarified. We

reported that S-glutathionylation of STAT3 slightly modu-
lates the secondary and tertiary structure of STAT3 affecting
the phosphorylation site thus hampering the recognition of
Tyr705 site by JAKs [123].

Various in vitro and in vivo studies reveal that sup-
pression of STAT3 activation by SLs overcomes drug resis-
tance [127, 139, 142, 144, 152, 154, 155]. Since the central
role of STAT3 in carcinogenesis and chemoresistance, SLs
able to switch off STAT3 signaling have gained considerable
attention from the researchers for the development of a
new therapeutic strategy for cancer treatment.

5. Concluding Remarks

Very often, the rational development of drugs that kill
cancer cells interacting with one signaling has a sporadic
success due to the activation of other pathways as well
as to the development of chemoresistance. It is known that
oxidative stress is closely related to carcinogenesis and to
resistance toward classical drug treatment. Therefore, the
use of molecules able to reduce STAT3 activation and,
on the other hand, to induce a mild oxidative stress in a
high-reduced cellular environment may potentially
improve cancer treatment outcome. In this context, SLs
are promising compounds in cancer drug discovery and
their anti-STAT3 activity as well as their ability to disrupt
redox homeostasis place them as lead compounds in the
development of innovative therapies (Figure 5).

Drugs

GSH

GST

SLs

Nucleus

Apoptosis

GS-R

JAK

Y

Cytokines

YP

P
P JAK

STAT3 P

STAT3 P
STAT3P

STAT3

STAT3
P

P
Transcription

STAT3
GSS

Figure 5: Cancer cells are characterized by elevated levels of GSH that confer resistance to several chemotherapeutic drugs and by constitutive
activation of STAT3 signaling that contributes to tumorigenesis and tumor growth, promotes angiogenesis and metastasis, suppresses
immune response, and induces chemoresistance (red line). SLs inhibit STAT3 signaling targeting different steps in the signaling cascade
(black line). The mild oxidative stress, derived by the direct binding of SLs to GSH, induced S-glutathionylation of STAT3 switching off
STAT3 signaling (black line). Moreover, the reduced GSH levels contribute to overcome chemoresistance. GST: glutathione transferase;
GS-R: drug-GSH adduct; GSS-STAT3: glutathionylated STAT3; p-STAT3: phosphorylated STAT3; pJAKs: phosphorylated JAKs.
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Strategies to battle malignant tumors have always been a dynamic research endeavour. Although various vehicles (e.g.,
chemotherapeutic therapy, radiotherapy, surgical resection, etc.) are used for skin cancer management, they mostly remain
unsatisfactory due to the complex mechanism of carcinogenesis. Increasing evidence indicates that redox imbalance and
aberrant reactive oxygen species (ROS) are closely implicated in the oncogenesis of skin cancer. When ROS production goes
beyond their clearance, excessive or accumulated ROS could disrupt redox balance, induce oxidative stress, and activate the
altered ROS signals. These would damage cellular DNA, proteins, and lipids, further leading to gene mutation, cell
hyperproliferation, and fatal lesions in cells that contribute to carcinogenesis in the skin. It has been known that ROS-mediated
skin carcinogenesis involves multiple ways, including modulating related signaling pathways, changing cell metabolism, and
causing the instability of the genome and epigenome. Nevertheless, the exact role of ROS in skin cancer has not been thoroughly
elucidated. In spite of ROS inducing skin carcinogenesis, toxic-dose ROS could trigger cell death/apoptosis and, therefore, may
be an efficient therapeutic tool to battle skin cancer. Considering the dual role of ROS in the carcinogenesis and treatment of
skin cancer, it would be essential to clarify the relationship between ROS and skin cancer. Thus, in this review, we get the
related data together to seek the connection between ROS and skin carcinogenesis. Besides, strategies basing on ROS to fight
skin cancer are discussed.

1. Introduction

Skin cancer is the most common type of cancer, and its
incidence has gradually increased in recent years [1]. It is
characterized by aberrant cell growth with a potential to
invade or spread elsewhere in the body, which involves the
complex process of carcinogenesis [2]. At present, the main
types of skin cancer are melanoma and nonmelanoma skin
cancer (NMSC), while the latter includes basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC). Ultraviolet (UV)
exposure is one of the main factors inducing skin cancer, and
cutaneous cells may be damaged directly by UV radiation or
indirectly by UV-mediated reactive oxygen species (ROS)
overproduction [3]. Long-term UV radiation could cause
photochemical reactions or/and oxidative DNA damage,
induce DNA mutation and misexpression, and trigger skin

carcinogenesis [4]. UV irradiation induces the skin to pro-
duce substantial ROS, which results in nuclear DNA damage
via forming a large amount of cyclobutane pyrimidine
dimers (CPDs), pyrimidine (6-4), pyrimidone photoprod-
ucts, and 8-oxodG [5]. 8-oxodG, a biomarker of oxidative
damage to DNA, could be removed from the damaged
DNA by the enzyme human 8-oxoguanine-DNA glycosylase
1 (hOGG1). In the study, it was shown that UVB-induced
ROS triggered 8-oxoguanine (8-oxoG) production and
hOGG1 reduction in the skin, further damaging the DNA
repair pathway, and eventually initiating cutaneous carcino-
genesis [6, 7].

ROS belong to oxygen-derived small molecules including
oxygen-centered radical species (e.g., superoxide (O2

•-),
hydroxyl (•OH), peroxyl (R-O2

•), and alkoxyl (RO•)) and
nonradical compounds that are either oxidizing agents or
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easily converted into radicals, such as hypochlorous acid
(HOCl), ozone (O3), singlet oxygen (1O2), and hydrogen per-
oxide (H2O2) [8]. ROS are one of the normal products of
physiological metabolism and are mainly derived from
endogenous and exogenous sources [9]. Endogenous sources
are primarily produced by complex I and complex III in the
oxidative respiratory electron transport chain (ETC) of mito-
chondria [10]. Some also originate from enzymes, including
NADPH-oxidases (NOXs), lipoxygenases, xanthine oxidases,
nitric oxide synthases, and cytochrome p450 enzymes [11].
Apart from the previously mentioned sources, environ-
mental stress (e.g., chemical substances, drugs, UV radiation,
ionizing radiation (IR), and hypoxia) could induce ROS
production. Under physiological conditions, ROS produc-
tion and scavenging are in a dynamic equilibrium and
the body is in a redox homeostasis at the presence of the anti-
oxidant defense system, which is vital to normal physiologi-
cal response [12]. The antioxidant defense system mainly
includes an enzymatic antioxidant system (e.g., superoxide
dismutase (SOD), glutathione peroxidase (GSH-Px), catalase
(CAT), thioredoxin (TRX), and peroxiredoxin) and a nonen-
zymatic one (e.g., tripeptide glutathione (GSH), vitamins
(vitamins C and E), β-carotene, and uric acid) [13]. Through
these two antioxidant systems, oxygen radicals and nonradi-
cals (O2

•-, •OH, H2O2, etc.) could be converted into H2O and
eventually into O2 [14, 15].

ROS importantly work in the physiology of the skin. As
the first barrier of body, the skin protects the body against
various harmful factors like pathogens, physical factors,
and chemical drugs. At a low level, ROS are beneficial to
maintain normal metabolism and cell growth through
mediating a variety of signal transduction pathways as a sec-
ond messenger [16]. They are quite essential for skin physio-
logical processes such as cutaneous cell proliferation, dermal
angiogenesis, wound healing, and skin repair [17]. Neverthe-
less, high-level ROS produced by various external factors
(e.g., chemical toxicants, UV, IR, and pathogen infection)
or internal factors (e.g., ischemia/reperfusion, inflammation,
and hypoxia) would disrupt redox homeostasis in the skin,
further trigger severe oxidative stress, and then cause cell
membrane lipid peroxidation, eventually resulting in DNA/-
cell damage or variation and even carcinogenesis [18]. These
may encourage cutaneous lesion appearance and tumor
growth in the skin, such as melanoma, BCC, and SCC [19].
It is confirmed that ROS participate in carcinogenesis in
various ways like modulating related signaling pathways,
changing cell metabolism, and causing the instability of
the genome and epigenome [20, 21]. However, the role of
ROS in skin cancer has not been completely clarified. In addi-
tion, it is reported that a super high dose of ROS could
fight cancer basing on ROS inducing cell death/apoptosis,
which indicates that ROS would be a potential target of anti-
cancer therapy. The effects of different concentrations of
ROS on cells are summarized in Figure 1. Herein, we review
the recent data about ROS and skin cancer to elucidate the
role of ROS in carcinogenesis and their correlation. More-
over, treatments based on ROS for skin cancer, including
chemotherapy, phototherapy, radiotherapy, and dietary anti-
oxidants, are also discussed.

2. Role of ROS in Carcinogenesis

There are two ways for ROS to work in carcinogenesis: gen-
otoxicity and nongenotoxicity. The former is chiefly about
genotoxic substance-induced direct DNA damage, which
may cause protooncogene activation, tumor suppressor gene
inactivation, genomic instability, and epigenetic modifica-
tions, further leading to mutations. The latter has an indirect
effect on DNA through the activation of related signaling
pathways. The following are the details that ROS mediate
in cancer, skin cancer in particular, through these two ways.

2.1. ROS-Mediated Genotoxicity in Carcinogenesis

2.1.1. Genomic Instability. As one of the most potent DNA-
damaging agents, ROS induce genomic instability in numer-
ous ways. ROS, derived from mitochondrial respiratory
chain complex III, greatly encourage DNA oxidative damage,
not only destroying DNA bases to generate 7,8-dihydro-8-
oxo-2′-deoxyguanosine (8-oxodG) but also producing spon-
taneous DNA double-strand breaks (DSBs), ultimately
resulting in chromosomal aberrations and the accumulation
of tyrosine kinase inhibitor-resistant BCR-ABL1 mutants
[22]. Weyemi et al. in their reports showed that ROS-
produced NOX4 played a critical role in oncogenic Ras-
induced DNA damage. H-Ras continuously stimulated the
overexpression of NOX4 and its functional partner p22phox,
and thereby produced a large amount of H2O2 which would
induce DNA damage and initiate carcinogenesis [23]. By
activating the expression of Ras and c-Myc oncogenes, ROS
promote cancer progression and invasion; Ras in turn
induces ROS overproduction [24]. Recent studies revealed that
NOX-derived ROS were largely responsible for the develop-
ment of melanoma; NOX1/NOX4-induced ROS could trigger
the invasion of melanoma through enhancing Rac1 expres-
sion, participating in the epithelial-mesenchymal transition
(EMT) process, and activating the downstream signals of the
AKT pathway [25]. Aydin et al. meanwhile reported that
NOX2-derived ROS encouraged metastasis of melanoma
cells via diminishing the effects of NK cells and lymphocytes
[26]. Similarly, NOX5-derived ROS elevated the proliferation
of human UACC-257 melanoma cells via stimulating HIF-1α
expression, further enhancing new blood vessel formation
and accelerating the growth and invasion of tumors [27].
Moreover, endogenous estrogen metabolite-produced ROS
could cause oxidative damage and DSB production, which
induce antioncogene BRCA1 mutations and prevent DNA
damage repair, eventually encouraging genomic instability
and tumorigenesis [28]. Normally, the tumor suppressor
gene p53 plays crucial roles in DNA damage repair, cell
growth/apoptosis, and tumorigenesis inhibition; however,
ROS-induced mutations in p53 may spoil these functions
and promote carcinogenesis including skin cancer, lung can-
cer, gastric cancer, and colon cancer [29–31].

2.1.2. Epigenetic Changes. On the other hand, ROS-
induced epigenetic instability/modification also plays an
important part in carcinogenesis via the genotoxicity way.
The ROS-induced epigenetic modification often manifests
as a global hypomethylation of the genome and an abnormal
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hypermethylation in the CpG island region of some genes.
ROS could promote DNAmethylation to result in the silence
of the tumor suppressor gene and the activation of oncogene
by upregulating the expression of DNA methyltransferases
(DNMTs) or by forming a new DNMT-containing complex
[32]. For example, H2O2 powerfully induced the hyperme-
thylation of CDX1 or runt domain transcription factor 3
(RUNX3) promoter and silenced these genes in colorectal
cancer, which indicated that ROS could promote cancer
cell proliferation by inducing tumor inhibitor gene silence
[33, 34]. As the main scavenger of ROS, glutathione peroxi-
dase 3 (GPX3) is considered to be a potent tumor suppressor
in many cancers; nevertheless, GPX3 promoter hypermethy-
lation could stop its antioxidant function in clear cell renal
cell carcinoma (ccRCC), which indicates that the failure of
the antioxidant system in ccRCC cells may be related to renal
carcinogenesis [35]. Furthermore, ROS could promote carci-
nogenesis through mediating histone modifications or inter-
fering microRNA (miRNA) dysregulation. Gene activation
or inhibition caused by ROS-mediated histone modification
depends on the modified amino acid residues, and histone
acetylation modification is mainly coordinated by histone
acetyltransferase (HAT) and histone deacetylase (HDAC),
while the level of histone acetylation is always low in cancer
cells; especially, the hypomethylation of histone H3K9
leads to melanoma epigenetic instability [36]. Besides, ROS-
induced miRNA (such as miR-125b) dysregulation is closely
implicated in skin carcinogenesis via interfering with the
normal activities of key genes [37].

2.2. ROS-Mediated Nongenotoxicity in Carcinogenesis:
Abnormal Activation of Cellular Signaling Pathways.Moder-
ate-dose ROS like O2

•- and H2O2 facilitate the abnormal pro-
liferation, metastasis, and infiltration of various tumor cells
through activating multiple pathways including oxidative
stress-related pathways and antioxidant stress pathways,
such as the mitogen activated-protein kinase (MAPK) path-
way, the phosphoinositide-3-kinase (PI3K)/protein kinase B
(PKB or AKT)/mammalian target of rapamycin (mTOR)
pathway, the nuclear factor-κB (NF-κB) pathway, and the
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway
[38]. First, the MAPK signal pathway, consisting of the
extracellular-regulated kinase (ERK), the c-Jun N-terminal
kinase (JNK), and the p38 kinase isoenzyme, effectively
works in mitosis, metabolism, cell proliferation, and growth,
as well as apoptosis [39]. In many studies, it has been
observed that elevated ROS could activate the MAPK/ERK
signaling pathway and enhance the proliferation, invasion,
and metastasis of tumor cells [40, 41]; most melanoma
patients carried BRAF gene mutations, which might activate
theMAPK/ERK signaling pathway, further promoting tumor
cell proliferation through regulating the downstream signals,
and ultimately leading to tumorigenesis and even tumor pro-
gression [42]. Second, the PI3K/AKT/mTOR pathway, as a
classic signaling pathway, widely exists in cells to promote
cell survival, inhibit apoptosis, and prevent autophagy; this
pathway is overactivated in various tumor tissues and facili-
tates carcinogenesis and angiogenesis [43, 44]. ROS are able
to activate the PI3K/AKT/mTOR pathway and mediate the
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Figure 1: The effects of different concentrations of ROS on cells. (a) ROS, derived frommitochondria, NOXs, etc., mainly contain H2O2, O2
•-,

•OH, and others. Scavenging involves the antioxidation system, such as SOD, CAT, TRX/PRX, and vitamins. Low doses of ROS production
and scavenging are in a dynamic equilibrium, which is beneficial to the physiological function of normal cells. (b) High-level ROS encourage
cell variation and conversion into malignant cells. The production of ROS and antioxidation ability in tumor cells are both increased in
various degrees, but cancer cells tend to be in a higher oxidation environment. (c) Toxic-dose ROS cause cell death or apoptosis and is
also the killer of cancer cells.

3Oxidative Medicine and Cellular Longevity



proliferation and migration of tumor cells [45]. Indeed, ROS
enhance the proliferation of melanoma cells via stimulating
the PI3K/AKT pathway that interacts with the MAPK
pathway [46]. Third, the NF-κB signaling pathway is greatly
activated by increased ROS in cancer cells and has a large
influence on carcinogenesis [47]. Accumulating findings
indicate that NF-κB target genes remarkably benefit cellular
survival. It has been shown that ROS could activate the
NF-κB signal pathway to promote the angiogenesis and
progression of melanoma [48, 49]. On the contrary, the met-
astatic activity of malignant cells would significantly decrease
when ROS-mediated NF-κB activation was suppressed [50].
Fourth, Nrf2 has a dual effect of antitumorigenesis and pro-
tumorigenesis in different stages [51]. In the early stage of
UV-induced skin carcinogenesis, Nrf2 activation promotes
the proliferation of normal cells which greatly outnumbers
precancerous cells, and prevents precancerous cell expansion
and mutant transformation. Inversely in the late stage, Nrf2
activation is quite beneficial to precancerous/cancerous cell
survival, due to oncogene mutations providing higher prolif-
eration and viability for these cells via upregulating Nrf2
expression [52]. On one hand, Nrf2 facilitates carcinogenesis
and cancer cell growth/proliferation; numerous studies have
demonstrated that Nrf2 highly expresses in a variety of can-
cer cells and promotes ROS detoxification and tumorigenesis
[53–55]. Meanwhile, ROS-related Nrf2 activation of macro-
phages increased vascular endothelial growth factor (VEGF)
expression and facilitated cancer cell EMT [56]. Another
study showed that the activated Nrf2 positively worked in
skin tumor by protecting the protumorigenic activity of ker-

atinocytes from ROS-induced damage and apoptosis [57].
On the other hand, Nrf2 has an antitumorigenesis effect.
The decreased Nrf2 spoils the impaired antioxidant defense
system, which may increase the incidence of skin cancer
including melanoma, SCC, and BCC [58]. Similarly, Nrf2
knockout mice were more susceptible to SCC than controls
[59]. More importantly, it has been demonstrated that Nrf2
knockout mice could be subjected to persistent DNA dam-
age, substantial extracellular matrix degradation, and serious
inflammation; inversely, the activation of Nrf2 benefited the
prevention of skin carcinogenesis in Nrf2 knockout mice
[60]. Therefore, the activation of Nrf2 would be a promising
strategy for the treatment and prevention of skin carcinogen-
esis by improving antioxidant capacity to protect cells from
oxidative damage. Many Nrf2-activating compounds are
beneficial to the prevention of skin cancer, and they contain
curcumin, quercetin, and resveratrol [61]. Besides, other
redox signaling pathways are implicated in carcinogenesis
and tumor development, containing Wnt/β-catenin, TGF-
β/Smad, etc. [62, 63]. Figure 2 sketches the role of ROS in
carcinogenesis, especially in skin carcinogenesis.

3. Relationship between ROS and Skin Cancer

ROS could promote cutaneous carcinogenesis and cancer
progression by mediating related pathways. But until now,
the mechanism of ROS influencing skin cancer has not been
completely clarified and only part of them have been
explored. Herein, we endeavour to elucidate the relationship
between ROS and skin cancer basing on the related data.

High ROS
levels

Genotoxicity Nongenotoxicity

Carcinogenesis/
skin carcinogenesis

Proliferation MetastasisAngiogenesis
DNA damage/

mutation

MAPK NF-�휅B PI3K/AKT Nrf2Oncogenes: BRAF, N-RAS, RAC1, and PTEN
Tumor-suppressing genes: p53 and PTCH
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Figure 2: ROS crucially mediates in carcinogenesis/skin carcinogenesis. High/increased levels of ROS benefit carcinogenesis, especially the
development and progression of skin cancer including melanoma, SCC, and BCC. On the one hand, they activate protooncogenes (BRAF,
N-Ras, RAC1, PTEN, etc.), inactivate tumor suppressor genes (p53, PTCH, etc.), and cause epigenetic modification. These changes lead to
DNA damage and mutation resulting in skin carcinogenesis in a genotoxic way. On the other hand, they trigger cancer in a nongenotoxic
way, namely, through the activation of related signaling pathways, such as MAPK, NF-κB, PI3K/AKT/mTOR, and Nrf2. The activation of
these signaling pathways leads to the proliferation, angiogenesis, and metastasis of skin cancer cells. Together, these processes cause the
occurrence of carcinogenesis/skin carcinogenesis.
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Melanoma, derived from melanocytes, is a highly invasive
tumor with the incidence increasing yearly [64]. Excessive UV
exposure is a crucial susceptibility factor, and UV-produced
substantial ROS contribute to nuclear DNA damage. ROS
not only trigger the occurrence and development of mela-
noma by way of genotoxicity and some specific signaling
pathway activation but they also cause oncogene activation
or tumor-suppressing gene inactivation in melanoma con-
sisting of BRAF, c-Myc, p53, and Ras genes. N-Ras is
upstream of the MAPK pathway, and its mutation com-
monly occurs in melanoma, which contributes to cancer cell
proliferation [65]. Moreover, ROS also drive the stable
expression of HIF-1α to activate the Met protooncogene,
which facilitates the proliferation of the extracellular matrix,
angiogenesis, and the proliferation and metastasis of mela-
noma cells [66]. Other oncogenes, RAC1 in particular, are
associated with an increased risk of melanoma [67]. The
activation of RAC1 depends on the levels of ROS and deter-
mines the ability of the migration and invasion of B16 mel-
anoma cells which could be weakened by the suppression of
ROS-mediated Rac-1 activation [68]. Apart from the above-
mentioned factors, other signaling pathways especially the
PI3K/AKT pathway and NF-κB are implicated in the initia-
tion and progression of melanoma [69]. Therefore, ROS
are crucially responsible for the occurrence and development
of melanoma through inducing related gene mutations
and activating a serial of signaling pathways [70]. How-
ever, too much ROS generation would encourage apopto-
sis, which may become a useful vehicle to kill melanoma
cells. Subsequently, these will be discussed in the follow-up
part of treatments.

Originating from the basal cells near the epidermis-
dermis junction, BCC primarily occurs in middle-aged and
elderly people, and its lesions mostly appear in exposed areas
such as the head, face, and neck. Many factors (e.g., UV,
some harmful chemicals, and IR) may trigger BCC initiation,
among which UV exposure is a particularly important one
[71]. UV-induced ROS could promote the occurrence and
development of BCC by generating 8-oxoG and reducing
hOGG1 [6]. The imbalance of ROS would encourage skin
inflammation, abnormal metabolism, and decreased immu-
nity, which eventually leads to cell mutation and carcino-
genesis. Compared with control individuals, there was a
high level of MDA in BCC patients, with a reduction of
antioxidant components, which enhanced the occurrence
of BCC [72]. In the same way, the expression of oxidative
DNA damage product 8-oxoG increased, while the levels of
antioxidation defenses (e.g., hOGG1, CAT, GPx, and Nrf2)
decreased in BCC tissues [73]. UV radiation and oxidative
stress facilitate the membrane receptor PTCH gene muta-
tions, which would result in abnormal activation of the
hedgehog signaling pathway; in turn, PTCH gene activation
and the abnormal activation of the hedgehog signaling path-
way are closely involved in the pathogenesis of BCC [74].

As an extremely common type of skin cancer, SCC is
derived from keratinocytes and attacks the upper layer of
the skin. Excessive UV exposure is a main causative factor
for SCC, and UV-induced ROS play a crucial role in carcino-
genesis and in the promotion of SCC, while ROS-mediated

oxidative stress exacerbates the oxidative damage of DNA,
protein, and lipid, further magnifying the progression and
invasion of SCC [75, 76]. UV-produced ROS in skin always
act as an essential role in inducing p53 mutation. As a tumor
suppressor protein, p53 conserves genome stability, main-
tains normal cell growth, and prevents cell malignant trans-
formation. Once DNA is damaged, p53 would accelerate
DNA replication and repair by activating DNA repair pro-
teins, prevent cell growth from arresting the cell cycle, and
initiate programmed cell death if DNA damage is irreparable
[77]. In humans, TP53 is the major gene encoding p53,
and its mutational inactivation most frequently occurs in
skin cancers, e.g., SCC and BCC, especially in SCC [78].
Liu et al. discovered that in the absence of p53 function,
inhibition of p38α MAPK activity enhanced A431 SCC
cell proliferation and drove UV-induced skin carcinogenesis
in p53-/-/SKH-1 mice, which was closely associated with
increased ROS/NOX2 as well as aberrant p53 [79]. In addi-
tion, accumulative ROS could induce PTEN gene mutation
and inactivation in oxidative damage-related skin cancers,
SCC in particular. PTEN, a tumor suppressor gene, nega-
tively regulates the PI3K/AKT pathway and often undergoes
mutations, deletions, or silencing in many cancers [80]. Ming
et al. showed that PTEN expression markedly decreased in
SCC, suggesting a critical effect of PTEN in skin carcinogen-
esis and skin cancer procession [81].

4. Treatments for Skin Cancer Targeting ROS

There are many therapies for skin cancer, including surgery,
chemotherapy, radiotherapy, photodynamic therapy (PDT),
and molecular targeting therapy, etc., among which surgery
is the most common and important one [82]. Nevertheless,
numerous studies have shown that higher-level ROS and
redox imbalance often emerge from cancer cells, which could
cause multidrug resistance (MDR) and immunosuppression
of cancer cells and thereby make it quite difficult to control
tumors [83]. At the same time, when the skin cancer occurs
at a special site, or the lesions are too large or many to oper-
ate, or the patient is too old to tolerate surgery, or distant
metastasis of tumors occurs, other medical approaches such
as radiotherapy, PDT, and/or chemotherapy may be better
alternatives [84]. Given that ROS play an important role in
promoting skin cancer, many ROS-targeted treatments
would be well developed (shown in Figure 3).

4.1. Medical Treatments for Skin Cancer Basing on ROS. Skin
cancer cells have a higher oxidative environment, and ROS
have a double effect on cutaneous carcinoma. On the one
hand, reducing ROS production contributes to inhibiting
skin cancer; but on the other hand, diminishing antioxidant
enzymes may enhance toxic-dose ROS production and
weaken the body’s antioxidant defense, eventually inducing
cancer cell death. Thus, more and more ROS-targeted thera-
pies/drugs have been discovered in recent years.

Related researches have shown that celecoxib combined
with 5-fluorouracil (5-FU) could suppress the phosphoryla-
tion of AKT to reduce the proliferation of SCC cells via pro-
ducing a large amount of ROS in a dose-dependent manner.
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Once FU is converted into FU deoxynucleotides in cells, it
would block thymidine nucleotide synthetase and inhibit
DNA synthesis. FU meanwhile interferes with the synthesis
of RNA to resist tumors. Moreover, increased ROS cause oxi-
dative damage and then result in the breakage of NMSC cell
membrane lipids, proteins, and DNA strand chain [85, 86].
The targeted inhibitors dabrafenib and trametinib were used
to treat melanoma and SCC mainly by involving ROS over-
production and caspase-activated apoptosis [87]. Daniel
et al. also found that the combined therapy of vemurafenib
and potassium channel inhibitor TRAM-34 decreased ERK
phosphorylation and significantly increased intracellular
ROS levels, which stimulated caspase-3 and other proapopto-
tic pathways and decreased the mitochondrial membrane
potential, further leading to the apoptosis of melanoma cells
[88]. For example, targeting BRAF gene drugs vemurafenib
and dabrafenib could inhibit the growth and division of
BRAF-mutated metastatic melanoma cells via blocking the
MAPK signaling pathway and upregulating ROS [89]. Mean-
while, the MEK inhibitor trametinib combining with dabrafe-
nib significantly enhanced the therapeutic effect on melanoma
in the presence of high-level ROS [90]. Besides, chaetocin
derived from the Chaetomium species has a powerful antitu-
mor proliferative activity. It significantly inhibited melanoma
cell proliferation and promoted its apoptosis via increasing
cellular ROS, decreasing the mitochondrial membrane poten-
tial and activating the caspase-9/3 pathway [91]. Nevertheless,
Yu et al. and Wang et al. discovered that the ROS-responsive
gel scaffold that they created in their study could break
immune tolerance and enhance immune response to mela-
noma through reducing the level of local ROS and inhibiting
the programmed death-ligand 1 (PD-L1) [92, 93].

PDT is a phototherapy based on the accumulation
of photosensitizers in the body and the irradiation of light

with a specific wave length, which can generate substantial
ROS to produce cytotoxicity and kill cancer cells. Currently,
5-methylaminolevulinic acid (MAL) and 5-aminolevulinic
acid (ALA) are both extremely common photosensitizers in
PDT, and PDT has been widely used to treat skin tumors,
e.g., SCC, BCC, and Bowen’s disease. The presence of either
MAL or ALA in the body may be converted into protopor-
phyrin IX (PpIX) with strong photosensitivity, which pro-
duces substantial ROS to kill cancer cells after irradiation
with adequate-wavelength light, while neighbouring normal
cells are scarcely affected [94]. However, PDT has a large
limitation in skin cancer due to the infiltration of photo-
sensitizers into deep skin tissue. To overcome this defi-
ciency, some improvements, including pretreatment with a
laser or a microneedle and encapsulating the photosensitizer
in nanoparticles and combining with drugs, are made to
enhance PDT efficacy in skin cancer [95]. Others, like indo-
line-fused-triazole-mediated PDT can increase ROS produc-
tion and enhance apoptosis-related protein expression,
thereby inducing BBC cell death [96].

Furthermore, there are other ways for skin cancer treat-
ment targeting ROS. Typically, radiotherapy is an effective
vehicle in the management of skin cancer in recent decades
[97]. Via locally producing and releasing a large quantity of
ROS, radiotherapy can cause violent oxidative eruptions to
kill tumor cells and make solid tumor smaller [98]. Recently,
it has been demonstrated that some ROS-inducers are con-
ducive to enhancing the sensitivity of skin cancer cells to IR
through a ROS-mediated manner. Selenadiazole derivatives,
for example, could increase the sensitivity of A375 human
melanoma cells to X-ray by the induction of ROS-mediated
DNA damage and AKT inactivation. Besides, IR benefits
more ROS generation, G2/M phase arrest, andmelanoma cell
apoptosis [99].

Skin cancer:
melanoma/SCC/BCC

Apoptosis/death

Chemotherapy
Radiotherapy

Targeted therapy
PDT

Dietary
antioxidants

(+) Bcl-2, Bcl-XL, cytochrome c,
Bax, caspase-9/-3/-8

(-) MAPK, PI3K/
Akt, NF-�휅B

ROS

Redox imbalance

Figure 3: Therapies for skin cancer basing on ROS. There are many treatments for skin cancer in a ROS-targeted way, including
chemotherapy, radiotherapy, targeted therapy, and PDT. These therapies cause toxic-dose ROS production and then lead to redox
imbalance, further activating Bcl-2, Bax, and caspase-9 as well as other pathways to induce skin cancer cell death/apoptosis. On the other
hand, dietary antioxidants reduce the production of ROS by inhibiting signal pathways such as MAPK, PI3K-Akt, and NF-κB to prevent
and control skin cancer (melanoma, SCC, and BCC). In fact, the mechanism of the ROS-based treatment of skin cancer is often
interactive. (+) indicates activation and (-) indicates inactivation.
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4.2. Dietary Antioxidants for Skin Cancer Basing on ROS.
Dietary antioxidants are widely distributed in fruits, vegeta-
bles, grain, herbs, spices, and other foods, which are rich in
vitamins, minerals, polyphenols, and flavonoids. Dietary
antioxidants possess various antineoplastic activities: anti-
proliferation, anti-inflammation, immune regulation, antian-
giogenesis, and inhibition of metastasis [100, 101]. Dietary
intake of vitamins, including vitamin C, vitamin E, selenium,
and vitamin A, is inversely proportional to the risk of cancer
and prevents skin carcinogenesis as antioxidant micronutri-
ents [102]. When UV-induced ROS are beyond the antioxi-
dant defense, oxidative stress occurs; nevertheless, these
vitamins could effectively eliminate ROS and prevent oxida-
tive stress through strengthening the antioxidant defense,
ultimately protecting the skin against UV-induced cancer
[103]. Moreover, polyphenols are a group of natural sub-
stances with excellent biological properties and have become
potent dietary-preventive agents against cancer. The polypo-
dium leucotomos extract (PL), a strong antioxidant with a
high-content phenolic compound, is able to prevent and
control skin cancer mainly by inhibiting UV-induced ROS
production, suppressing NF-κB activation, and activating
the p53 protein [104]. Heo et al. found that the decrease of
Nrf2 expression and the antioxidant defense ability in
resveratrol-treated melanoma cells encouraged the genera-
tion of a large amount of ROS and endoplasmic reticulum
stress, then triggered the occurrence of oxidative stress; in
turn, the increased ROS and oxidative stress further inhibited
the growth and proliferation of melanoma cells by downreg-
ulating the Bcl-2 protein level and upregulating the Bcl-2-
related X protein expression [105]. As a member of the flavo-
noid family, quercetin is excellent in strengthening the anti-
oxidant defense via removing H2O2, O2

•-, and •OH and has
a powerful anticancer effect on skin cancer through regulat-
ing molecular mechanisms, e.g., inhibiting activation of
the MAPK, PI3K-Akt/PKB, and NF-κB signal pathways
[106]. Another natural flavonoid, caffeic acid n-butyl ester
(CAE), stimulates the accumulation of toxic ROS and the
decrease of MMP in A431 skin cancer cells to inhibit the
PI3K/AKT/mTOR signaling pathway and thus induce cancer
cell apoptosis [107]. Lee et al. meanwhile showed that the
flavonoid Cudraflavone C was a novel natural drug for the
treatment of melanoma; this drug could activate the phos-
phorylation of MAPKs (p38, ERK, and JNK) and increase
the expression of apoptosis proteins (Bax, cytochrome c, cas-
pase-9, and caspase-3/7) to induce the apoptosis of mela-
noma cells by increasing mitochondrial ROS production
[108]. Proanthocyanidins, a group of flavonoids derived from
grapes, apples, bilberry, cranberry, and other plants, have
potent abilities of deducing the proliferation and invasion
of tumor cells through the production of toxic-dose ROS
and inhibition of MMP-2/9 expression, eventually prevent-
ing skin carcinogenesis, especially SCC [109]. Other studies
also have demonstrated that proanthocyanidins, owing to
their strong antineoplastic and antiangiogenic properties in
cancers, could downregulate VEGF expression, suppress
endothelial cell migration, and lessen vascularization via
attenuating the phosphorylation of Akt, ERK, and p38
MAPK [110]. In addition, dietary antioxidants like some

Thai plants have protective effects against UV-induced skin
cancer [111]. Overall, dietary antioxidants have diverse ben-
eficial properties and provide a protection against skin cancer
through regulating some molecular mechanisms between
ROS and cancer.

Figure 3 summarizes these ROS-targeted treatments on
skin cancer.

5. Conclusion and Future Perspective

Taken together, there is convincing evidence to support the
critical role of ROS in cutaneous carcinogenesis and skin can-
cer progression. Increased ROS contribute to DNA damage
and epigenetic instability, metabolic adaptation, cancer cell
proliferation and migration, and cell death in some cases.
In recent years, it has become a research hot spot in the
tumor therapy field whether to focus on antioxidation or pro-
mote oxidation. In this review, a series of mechanisms in
ROS-mediated skin cancers have been discussed, including
protooncogene activation, tumor suppressor gene inactiva-
tion, genomic instability/mutations, and epigenetic modifica-
tions, as well as multiple related signaling pathways; several
therapeutic approaches targeting ROS, like PDT, radiother-
apy, and dietary therapy, are also introduced. Although the
relationship between ROS and skin carcinogenesis has been
largely elucidated, how they specifically regulate each other
needs further research. We look forward to finding the
balance between ROS and skin carcinogenesis in the near
future and searching a reliable and effective method for the
treatment of skin cancer.
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The aim of the study was to investigate the role of a microenvironment in the induction of epithelial-to-mesenchymal transition
(EMT) as a sign of early stages of carcinogenesis in human lung epithelial cell lines after protracted low-dose rate γ-radiation
exposures. BEAS-2B and HBEC-3KT lung cell lines were irradiated with low-dose rate γ-rays (137Cs, 1.4 or 14mGy/h) to 0.1 or
1Gy with or without adding TGF-β. TGF-β-treated samples were applied as positive EMT controls and tested in parallel to find
out if the radiation has a potentiating effect on the EMT induction. To evaluate the effect of the stromal component, the
epithelial cells were irradiated in cocultures with stromal MRC-9 lung fibroblasts. On day 3 post treatment, the EMT markers:
α-SMA, vimentin, fibronectin, and E-cadherin, were analyzed. The oxidative stress levels were evaluated by 8-oxo-dG analysis in
both epithelial and fibroblast cells. The protracted exposure to low Linear Energy Transfer (LET) radiation at the total absorbed
dose of 1Gy was able to induce changes suggestive of EMT. The results show that the presence of the stromal component and
its signaling (TGF-β) in the cocultures enhances the EMT. Radiation had a minor cumulative effect on the TGF-β-induced
EMT with both doses. The oxidative stress levels were higher than the background in both epithelial and stromal cells post
chronic irradiation (0.1 and 1Gy); as for the BEAS-2B cell line, the increase was statistically significant. We suggest that the
induction of EMT in bronchial epithelial cells by radiation requires more than single acute exposure and the presence of stromal
component might enhance the effect through free radical production and accumulation.

1. Introduction

Ionizing radiation has been pointed out as the second leading
cause for lung cancer after smoking [1]. However, there are
no detailed mechanistic models for the early stages of
radiation-induced lung carcinogenesis so far.

Over the last fifteen years, the important role of the tissue
microenvironment (stroma) for the early stages of carcino-
genesis and particularly the role of microenvironment in
radiation-induced breast cancer have been highlighted

[2–5]. The stroma of the tissue provides the “soil” for
the transformed cells to grow and invade distant from
their origin causing metastasis. It also produces specific
chemokines and signaling molecules such as transforming
growth factor beta (TGF-β), epidermal growth factor
(EGF), and hepatocyte growth factor (HGF) during
tumorigenesis [2, 3].

An important step during the modification of the micro-
environment is the induction of morphological and
functional changes of the normal stromal fibroblasts. These
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activated growth factor- and chemokine-secreting fibroblast
cells are very often associated with the tumor microenviron-
ment and are thus called cancer-associated fibroblasts
(CAFs) [6, 7]. They are considered to be able to induce tumor
growth and dissemination via secretion of different factors,
stimulate angiogenesis, and interact with the tumors’ growth
factor receptors. CAFs have a set of common characteristics
that allows for easy distinguishing from normal fibroblasts.
The majority of these CAF markers have been identified as
various tropic molecules and extracellular matrix remodeling
enzymes: alpha-smooth muscle actin (α-SMA), matrix
metalloproteinase-1 (MMP1), matrix metalloproteinase-3
(MMP3), and collagens [8, 9]. The expression of some myo-
fibroblast markers, such as α-SMA, can be used as predictive
markers for cancer recurrence and distant metastasis [7].

In the last decades, a process taking part in the epithe-
lial cells has been described—epithelial-to-mesenchymal
transition (EMT) [10–12]. It has a role not only in organo-
genesis and wound healing but also in disease pathogenesis
like fibrosis and cancer. During EMT under microenviron-
mental stimulation, the epithelial cells change their shape
and lose their polarity as well as expression of epithelial
markers. At the same time, they acquire a spindle-shaped
mesenchymal phenotype and gain expression of mesen-
chymal markers [13].

One of the important pathways shared by EMT and
tumorigenesis is the activation of the TGF-β signaling
pathway [11–14]. The TGF-β molecule affects the tumor
microenvironment as it decreases the levels of active
immune system cells, increases angiogenesis, and facilitates
invasion by enhancing the cellular protease activity and
the production of extracellular matrix components by the
tumor microenvironment cells. It is interesting from the
radiation point of view that the TGF-β pathway is induced
by oxidative stress, which is one of the main cell-damaging
conditions produced by low LET radiation [15] particu-
larly at a low-dose rate [16]. The connection between
oxidative stress, TGF-β signaling, and the role of the
microenvironment in radiation-induced cancer has been
studied in detail for breast models [4, 5, 17]. It was also
proven that low dose and low-dose rate gamma radiation
at mGy/h range induces oxidative stress by increasing
the endogenous production of reactive oxygen species in
primary human fibroblast cells (VH10), whole blood sam-
ples, and human lymphocytes [18]. Exposure to ionizing
radiation (IR) is regarded as a sensitizing factor for cells
to undergo TGF-β-induced EMT. Andarawewa et al. [19,
20] showed that a single exposure to IR sensitizes cells
to TGF-β-mediated EMT. Neither radiation nor a chronic
TGF-β secretion alone could induce EMT [19–22].
Radiation-induced secretion of TGF-β, not from the
epithelial cells themselves, but from the surrounding
stroma may increase the occurrence of EMT, which could
be one of the early stages in the radiation-activated
tumorigenic changes [23].

The latent TGF-β activation due to reactive oxygen
species (ROS) is so efficient that it can be used as a sensor
for the oxidative stress [17]. TGF-β is also upregulated in a
NSCLC (non-small-cell lung cancer) patient’s blood samples

during radiotherapy [24]. The high TGF-β levels have been
connected not only with severe late effects but also with
insufficient response to radiotherapy. The TGF-β signaling
pathway has been known for many years to be involved in
the tissue remodeling and induction of late effects of radio-
therapy in the lung, as it has been considered one of the main
mediators of tissue fibrosis in the organ [12, 25].

In this pilot project, we tested the hypothesis that
radiation modifies the lung stromal cells, thus creating an
environment that facilitates EMT and promotes tumorigene-
sis. Our aim was to investigate the role of the microenviron-
ment in the induction of EMT in human lung epithelial cells
after protracted low-dose rate γ-ray exposures, which so far
has not been explored. Such type of protracted radiation
exposures with low-dose rates could occur in real life for
example to workers at uraniummines or to individuals living
in near proximity of contaminated areas [26–28]. To our
knowledge, this is the first of its kind study of lung epithelial
cells and the questions we address need further and more
detailed investigation in the future to reveal the mechanisms
of radiation-induced lung carcinogenesis.

2. Materials and Methods

2.1. Cell Culture. The human bronchial epithelial cell line
BEAS-2B was purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained in
serum-free Bronchial Epithelial Cell Growth Medium
(BEGM) medium (Lonza, Walkersville, MD, USA),
supplemented with Bronchial Epithelial Cell Growth
Medium SingleQuots™ Supplements and Growth Factors
(Lonza). The HBEC-3KT bronchial epithelial cell line was
kindly provided by Professor Jerry Shay (UT Southwestern,
TX, USA). The cells were immortalized in the laboratory
of Prof. Shay and further cultured as described by
Ramirez et al. [29]. In brief, the cells were cultured in
KSF (Keratinocyte Serum-Free) media (Gibco, Carlsbad,
CA, USA) supplemented with epidermal growth factor
1-53 (EGF 1-53) and Bovine Pituitary Extract (BPE)
provided frozen from the manufacturer. The MRC-9 nor-
mal human lung fibroblasts were purchased from the
ATTC. The cells were expanded and maintained in
Eagle’s Minimum Essential Medium (Sigma-Aldrich, St.
Louise, MO, USA) supplemented with fetal bovine serum
and L-glutamine as instructed by the supplier.

The cells were stimulated with 0.1-0.2 ng/ml
recombinant human TGF-β1 (#240-B-002, R&D Systems,
Minneapolis, USA).

2.2. Coculturing of the Cells. For the coculture experiments,
1 × 104 BEAS-2B or HBEC-3KT cells were plated on
0.42 cm2 polycarbonate membrane inserts with a 0.4 μm
pore size (Nunc, Thermo Fisher Scientific, Waltham,
MA, USA) and placed into 35mm plastic petri dishes
(Corning, Tewksbury, MA, USA). For the coculturing,
1 × 105 MRC-9 normal human lung fibroblasts were
plated on the bottom of the 35mm plastic petri dishes, and
the standing inserts, containing BEAS-2B or HBEC-3KT
epithelial cells, were placed into the p35 dishes. The
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cocultures were maintained in ALI (Air-Liquid Interface)
media consisting of 1 : 1 KSF and DMEM supplemented
with 10% FCS and further modified as described in [30].
The incubation time before analysis was three days.

2.3. Irradiation. The chronic exposures (1.4 or 14mGy/h)
were implemented in a sterile cell culture incubator
(Sanyo, Japan) equipped with a 137Cs source at the Centre
for Radiation Protection Research, The Wenner-Gren
Institute, Stockholm University. The total doses applied
were 0.1Gy (1.4mGy/h) and 1Gy (14mGy/h) as both
took 72hrs. A separate Sanyo incubator was used for
nonexposed cells. Three biological replicates were collected
from each dose and treatment. The experiments were
repeated two or three times as noted in the figure legends.

2.4. Immunofluorescence Staining. The cells were plated on
membrane inserts on the starting day of the irradiation
and cultured for three days until the cumulated dose
reached 0.1 or 1Gy. The cells were fixed with 4% parafor-
maldehyde for 20min at room temperature (RT). The
blocking was done with 5% FCS (GIBCO) and 0.3%
Triton X-100 (Sigma-Aldrich) in PBS at RT for 30min.
The primary antibodies were added to the cells diluted
in 1% FCS in 0.3% Triton-X-100-PBS: anti-vimentin
(monoclonal mouse anti-human #V6630, Sigma-Aldrich)
1 : 200 for 1 h at RT; anti-E-cadherin 1 : 100 (monoclonal
rabbit anti-human #3195, Cell Signaling, Denver, MA,
USA) for overnight at 4°C; and anti-fibronectin 1 : 20
(polyclonal sheep anti-human #AF1918, R&D Systems,
Minneapolis, MN, USA), again overnight at 4°C. The incu-
bation with secondary Alexa-488-conjugated antibodies
(Invitrogen, Carlsbad, CA, USA) was performed for 1 h
at room temperature. The cells were mounted with propi-
dium iodide containing antifading media Vectashield
(Vector Laboratories, Burlingame, CA, USA). Imaging
was performed with a Zeiss AxioImager Z1 fluorescence
microscope using AxioVision image analysis software
(Carl Zeiss, Göttingen, Germany). The EMT status of the
immunofluorescence images was evaluated via blind
scoring from two independent researchers following clear
scoring criteria and TGF-β-treated samples as positive
controls. The criteria for EMT-positive were increase in
cell size and cell elongation, combined with (1) relocaliza-
tion of vimentin (BEAS-2B cells) or (2) loss of E-cadherin
(HBEC-3KT). The results from the blind scoring were
combined and reported. For the cell size measurements,
we used the manual cell analysis tool from the ImageJ
1.04 (National Institutes of Health, Bethesda, MD, USA,
http://imagej.nih.gov/ij/, 1997-2016) software. Briefly, the
cells were marked manually and included in the Region
Of Interest (ROI) tool. The measure function from the
ROI menu was used to create a table including the area
information of each cell. One hundred cells were analyzed
from each condition.

2.5. Western Blotting. On day 3 after the irradiation onset
when the planned dose (0.1 or 1Gy) has been cumulated,
the cells were lysed in buffer containing 8M Urea, 1M Thio-

urea, 30mM Tris, 4% Chaps buffer 1% protease inhibitor
cocktail (Roche, Mannheim, Germany), and 1% phosphatase
inhibitor mixture (Protein phosphatase inhibitor cocktail 2
and 3, Sigma-Aldrich). 10 μg of the protein solution was
loaded per lane on 4-12% Bis-Tris Amersham precast gels
(GE Healthcare Bio-Sciences, Uppsala, Sweden). The
separated proteins were transferred onto a PVDF membrane
(Bio-Rad Laboratories, Hertfordshire, UK). After incubating
with the blocking buffer (5% skimmed milk, 0.5% Tween-20
in PBS or 5% BSA in 0.75% PBS-Tween-20) for 1 h at RT, the
membranes were blotted with antibodies against fibronectin
(polyclonal sheep anti-human #AF1918, R&D Systems)
1 : 30 000; E-cadherin (monoclonal rabbit anti-human
#3195, Cell Signaling) 1 : 5 000; α-SMA 1 : 5 000 (monoclonal
mouse anti-human #A5228, Sigma-Aldrich); TGF-β1
1 : 5000 (polyclonal rabbit anti-human #NB100-91995,
Novus Biologicals, Littleton, CO, USA); and GAPDH 1 : 50
000 (monoclonal mouse anti-human #G8795, Sigma-
Aldrich) overnight at 4°C. The blots were incubated with
secondary HRP-conjugated antibodies (GE Healthcare) for
1 h at room temperature followed by treatment with Super-
Signal ECL (Thermo Fisher Scientific, Rockford, IL, USA)
and developed on an X-ray sensitive film (GE Healthcare,
Buckinghamshire, UK). Protein expression was quantified
using the semiquantitative gel analysis function of the
ImageJ 1.04 (National Institutes of Health, Bethesda,
MD, USA, http://imagej.nih.gov/ij/, 1997-2016) software.
The results of each individual protein were normalized to
the GAPDH expression.

2.6. 8-oxo-dG Analysis. For the 8-oxo-dG analysis, medium
was collected simultaneously with cell harvesting and kept
frozen at -20°C. The 8-oxo-dG was measured using a
modified ELISA assay as described previously [31, 32]. The
ELISA kit was provided by Health Biomarkers Sweden AB.
Briefly, 1ml medium was filtered once using a C18 solid
phase extraction column (Varian, CA) as described
previously [33]. This step is necessary to remove any prod-
ucts other than the 8-oxo-dG that could cross-react with
the monoclonal antibody that was used in ELISA. The
purified samples were freeze-dried and reconstituted in
PBS. 90 μl of the purified sample was mixed with 50 μl of a
primary antibody against 8-oxo-dG (Japan Institute for the
Control of Aging, Japan) and transferred to a 96-well ELISA
plate precoated with 8-oxo-dG. After overnight incubation at
4°C, the plates were washed three times with 250 μl of
washing solution. 140 μl of HRP-conjugated secondary
antibody (goat anti-mouse IgG-HRP, Scandinavian
Diagnostic Services, Sweden) was added to each well and
incubated for 2 hours at room temperature. The wells were
washed three times with 250 μl of washing solution and
finally with PBS (pH7.4). Then, 140 μl of tetramethylbenzi-
dine liquid substrate (ICN Biomedicals Inc., USA) was added
to each well, and the plate was incubated for 15min at room
temperature. The reaction was terminated by adding 70 μl of
2M H3PO4 (Merck, Germany). The absorbance was read at
450 nm using an automatic ELISA plate reader (UV-160A,
Shimadzu, Kyoto, Japan). Each sample was analyzed in
triplicate (variation = 2 5%), and the samples of each
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experiment were analyzed using the same 96-well ELISA
plate. A standard curve for 8-oxo-dG (0.05-10 ng/ml) was
established for each plate covering the range of 8-oxo-dG
in the samples. The validation of the modified ELISA
method was performed by HPLC-EC (r2: 0.87, p < 0 05)
as described previously [32]. The comparisons between
the ELISA and the HPLC-EC methods showed a linear
correlation at the concentration range found in the human
blood serum [32]. There was no correlation between the
ELISA and the HPLC-EC results when unfiltered samples
were used.

2.7. Statistical Analysis. Differences between groups were
analyzed using paired two-sample Student’s t-test, part of
Excel, MS Office 2003 package, with nonequal assumption
of variances or with one-way ANOVA, and Tukey’s posttest,
part of the statistical package of GraphPad Prism 4 (Graph-
Pad, La Jolla, USA) as noted in the text.

3. Results

3.1. Protracted γ-Radiation with a Dose Rate of 14mGy/h
(1Gy Total Dose) Induces Changes Connected with EMT in
BEAS-2B and HBEC-3KT Bronchial Epithelial Cell Lines. A
low-dose rate irradiation facility was used to perform a series
of protracted irradiation experiments with two bronchial
epithelial cell lines (BEAS-2B and HBEC-3KT). The cells
were plated on membrane inserts and exposed to either 1.4
or 14mGy/h up to 0.1 or 1Gy cumulated doses, respectively,
over a time period of three days as described in Materials and
Methods. The cell lines were immunostained for vimentin
(BEAS-2B) and E-cadherin (HBEC-3KT). These markers
were selected after the two lines were screened for sensitiv-
ity to EMT-inducing stimuli and EMT marker expression
levels [34]. BEAS-2B cells showed significant changes in
vimentin expression and HBEC-3KT in E-cadherin
expression, and these two markers were used in [34] and
further as the most sensitive.

After exposure to protracted irradiation, we observed
EMT-related changes (while vimentin levels increase and
extend throughout the cytoplasm relative to control, the E-
cadherin decreases at the plasma membrane relative to
control) in both cell lines after treatment with a dose rate of
14mGy/h and a total dose of 1Gy (Figure 1). No EMT and
change in the cell size were seen after treatment with
1.4mGy/h (0.1Gy total dose). With the higher applied dose
(1Gy), we observed both EMT and a statistically significant
increase in the cell size compared to the control. The results
show that the mesenchymal marker vimentin was relocalized
in BEAS-2B cells undergoing EMT (Figure 1(a)). In the
nontreated BEAS-2B cells, vimentin was forming a dense
spot in the cytoplasm, while in the cells that had undergone
EMT-consistent changes, vimentin was forming a fine
intermediate filament network. The BEAS-2B cells changed
from an epithelial cuboidal morphology to the elongated
form of mesenchymal cells. Interestingly, the cells were
exhibiting long cytoplasmic protrusions post irradiation
(Figure 1(a), blue arrows). The right panels in Figure 1(a)
visualise the changes in cell size and shape during the

EMT process in BEAS-2B cells. The inserts have the same
size; however, in EMT-positive fields 2, 3, and 4, they con-
tain fewer but larger cells with an elongated shape. We
have performed measurements of the elongation of the
cells (Suppl. Fig 1). The white arrows show the level of
cells which undergone EMT changes in each panel. The
areas were selected to represent EMT negative control,
positive control (TGF-β), irradiated only cells (EMT-posi-
tive), and irradiated plus TGF-β-treated cells (EMT-posi-
tive). When the cell area of the BEAS-2B cells was
measured, there was a statistically significant increase in
the size post 1Gy compared to the nontreated controls
(Figure 1(c), BEAS-2B graph).

In HBEC-3KT cells, the epithelial marker E-cadherin was
decreasing in the cell-to cell-contacts in some, but not all
cells. In addition, we observed changes in the cell size in the
HBEC-3KT cells as marked in the right side panels con-
taining again the same size insets (Figure 1(b), 1–4). At
confluence before the exposure, the cells were small with
cobblestone epithelial morphology (Figure 1(b), “No
EMT” panels), while after irradiations, they had grown to
large (Figure 1(b), “EMT” panels, white arrows) cells.
The enlarged areas help to compare the cell size and shape
changes between the control (Figure 1(b), 1) and 1Gy
irradiated cells (Figure 1(b), 4). We also performed the
measurement of the cell size for the HBEC-3KT cells
(Figure 1(c), HBEC-3KT graph). The results were similar
as for the BEAS-2B, there are no increase of the size at
0.1Gy and statistically significant increase at 1Gy,
compared to the control.

In addition to chronic irradiation, we treated the
cells with a minimal EMT-inducing concentration of
TGF-β (0.1-0.2 ng/ml) and the same protracted doses
of ionizing radiation at dose rates of 1.4 and 14mGy/h
(total dose 0.1 and 1Gy, respectively) (Figures 1(a) and
1(b), lower images). In this experimental setup, where we
investigated the potentiating effect of radiation on TGF-β-
induced EMT, a statistically significant additive effect was
observed only with 1Gy radiation for the BEAS-2B cells
(Figure 1(c)).

While the effect of irradiation on the expression and
relocalization of the EMT markers was clear when
detected by immunofluorescence, western blotting and
semiquantitative evaluation show significant changes to
the control only at 0.1Gy in BEAS-2B cells and 0.1Gy
+TGF-β treatments for the fibronectin marker (Figure 2)
for both cell lines. Vimentin is a good marker for immu-
nofluorescence studies but not expected to be quantitative
for western blots because the concentration of the vimen-
tin protein is not changed, rather distribution within the
cytoplasm is more diffused during EMT. That is why we
have compared only E-cadherin and fibronectin in the
western blots.

Although the analysis failed to show a statistical signif-
icance in the majority of the western blot analyses (except
BEAS-2B 0.1Gy and 0.1Gy+TGF-β and HBEC-3KT
0.1Gy+TGF-β for fibronectin), a trend characteristic for
EMT (increase of fibronectin and decrease of E-cadherin
levels) and also enhancement of the TGF-β-induced
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Figure 1: Immunofluorescence staining of EMTmarker expression in lung epithelial cell lines: (a) in BEAS-2B with vimentin staining and (b)
in HBEC-3KT with E-cadherin staining. The cells were exposed to 0.1 or 1Gy protracted radiation at a dose rate of 1.4 or 14mGy/h, upper
panels. Lower panels: positive TGF-β control and EMT enhancement after combined treatment of the cells with TGF-β and 0.1 or 1Gy of
protracted radiation. Vimentin and E-cadherin are stained in green. The nuclei are counterstained with propidium iodide (red). White
arrows indicate cells with changes consistent with EMT. Cytoplasmic protrusions are marked with blue arrows. The enlarged same size
areas on the right side of (a) for vimentin and (b) for E-cadherin. Numbers 1-4 are visualising the change in cell shape and size: (1)
control, (2) TGF-β, (3) TGF-β+0.1Gy, and (4) 1Gy. Scale bars: 20 μm. (c) ImageJ measurements of the cell size in the BEAS-2B and
HBEC-3KT cells from the image series (a, b). ∗p < 0 05 and ∗∗∗p < 0 001; one-way ANOVA and Tukey’s posttest (n = 3).
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Figure 2: Continued.
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Figure 2: Western blotting analyses of EMT marker expression (a, b) in BEAS-2B and (c, d) HBEC-3KT cells chronically irradiated to a total
dose of (a, c) 0.1 (at 1.4mGy/h) or (b, d) 1Gy (at 14mGy/h). Representative western blot analyses of fibronectin expression (a–d, left side
blots) and E-cadherin expression (a–d, right side blots). The graphs below are results of quantification of the protein expression as
described in Materials and Methods. Error bars—standard deviation, comparison to untreated control. ∗∗p < 0 01, one-way ANOVA and
Tukey’s posttest (n = 3).
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EMT in combination with the IR (Figure 2) were
observed in the HBEC-3KT cells. The other cell line
BEAS-2B responded with EMT characteristic changes
in the fibronectin and E-cadherin only to TGF-β±
irradiation.

3.2. Effect of the Microenvironment on EMT Characteristic
Changes in Fibroblast-Epithelial Cell Cocultures. The
microenvironment is involved in the TGF-β-induced EMT
process via secretion of signaling molecules from the stromal
cells [35, 36]. We observed that TGF-β induces higher
expression of α-SMA, an actin isoform involved in the
formation of stress fibers during myofibroblastic differentia-
tion in MRC-9 cells (Figure 3) [7, 11]. There is also a trend
in increased α-SMA with 1Gy ionizing radiation in the
MRC-9 cells.

As shown in Figure 3(a), a dose of 0.1Gy delivered at
1.4mGy/h was able to increase slightly the α-SMA expres-
sion. The 1Gy exposures induced a higher level of the stress
fiber protein in comparison to the 0.1Gy (Figure 3). The
combination of TGF-β treatment and 1Gy radiation
exposure had some cumulative effects on the α-SMA
expression compared to the TGF-β only. However, we
have to point that we could not show a statistically signif-
icant increase of the radiation and TGF-β effects in
comparison to the TGF-β treatments alone (Figure 3).

In coculturing experiments the epithelial (BEAS-2B or
HBEC-3KT) cells were plated in membrane inserts while
the stromal cells were plated in 35mm Petri dishes. The
cocultures were either sham irradiated or exposed to the
same cumulative doses of 0.1 and 1Gy at 1.4 or 14mGy/h,
respectively. To test if the coculture ALI medium that
contains 5% fetal calf serum (potentially containing minimal
quantities of TGF-β) induces the EMT changes in the epithe-
lial cells, we had a parallel negative control where the cells
were incubated in the ALI medium without a coculture with
the MRC-9 fibroblast. As shown in Suppl. Fig 2, the ALI
medium was not able to induce the EMT. At the same time,
the coculture and the same exposure time of 14mGy/h irra-
diation had a higher EMT-inducing effect than radiation only
(Figures 1 and 4).

In the BEAS-2B cells, enhanced EMT characteristic
changes were detected when the cells were cocultured with
fibroblasts and irradiated with a dose rate of 14mGy/h up
to a cumulative dose of 1Gy, in comparison to those irradi-
ated with a dose rate 1.4mGy/h to a dose of 0.1Gy over the
same time period (Figure 4(a)). With the HBEC-3KT cells,
coculturing with fibroblasts enhanced radiation and the
TGF-β-induced EMT-specific changes with a dose of 1Gy
(Figure 4(b)). Interestingly, the features of the cocultured
cells undergoing EMT-like transformation, for both BEAS-
2B and HBEC-3KT, are different than those of the
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Figure 3: Myofibroblastic marker α-SMA expression in MRC-9 fibroblasts post chronic low LET irradiation at dose rates of (a) 1.4mGy/h to
0.1Gy or (b) 14mGy/h to 1Gy with or without TGF-β. The graphs below are the results of the semiquantification of the protein expression as
described inMaterials andMethods. Error bars—standard deviation. ∗p < 0 05 and ∗∗p < 0 01; one-way ANOVA and Tukey’s posttest (n = 3).
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Figure 4: Immunofluorescence staining of EMT marker expression in lung epithelial cell lines cocultured with MRC-9 fibroblasts: (a)
vimentin in BEAS-2B and (b) E-cadherin in HBEC-3KT. The cocultures were exposed to 0.1 or 1Gy of protracted radiation at the dose
rates of 1.4 or 14mGy/h, upper panels. Lower panels: positive control TGF-β treatment and the EMT enhancement after the combined
treatment of the TGF-β+0.1 cells or 1Gy of protracted radiation. Vimentin and E-cadherin are stained in green. The nuclei are
counterstained with propidium iodide (red). White arrows indicate the cells with consistent changes. Scale bars: 20 μm. The enlarged
same size areas on the right side of (a) for vimentin and (b) for E-cadherin with numbers 1-4 are visualising the change in cell shape and
size: (1) control, (2) TGF-β, (3) 1 Gy, and (4) TGF-β+1Gy. (c) ImageJ measurements of the cell size in the BEAS-2B and HBEC-3KT cells
from the image series (a, b). ∗p < 0 05, ∗∗p < 0 01, and ∗∗∗p < 0 001; one-way ANOVA and Tukey’s posttest (n = 3).
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monocultures (Figure 4 and Suppl. Fig 3). As could be seen in
Figure 4 and the insets (Figures 4(a) and 4(b), 3 and 4), the
irradiated and TGF-β-treated cells are both larger than con-
trol and compared to the TGF-β only (Figure 4(c)), and for
the HBEC-3KT (Figure 4(b), 3 and 4), they are containing
more than one nucleus (Figure 4(b)).

3.3. 8-oxo-dG Production from MRC-9, BEAS-2B, and
HBEC-3KT Cells. Radiation-induced oxidative stress is
one of the main cell-damaging conditions induced by
low LET radiation such as X- or γ-rays. The reactive oxy-
gen species generated during the exposure to radiation in
aqueous solutions are able to damage biological mole-
cules, including DNA and cytoplasmic DNA precursors
(dNTP). One of the products from the oxidation of the
deoxyribonucleotides, 8-oxo-dG, has proved to accumu-
late after irradiation. Radiation-induced extracellular 8-
oxo-dG has been reported even after very low dose and

low-dose rate exposures [18, 31]. In our study, chronic
irradiation causes the increase of 8-oxo-dG from the
MRC-9 fibroblasts in comparison with the background
levels (Figure 5(a)). However, the induction was very
small and not statistically significant. On the other hand,
radiation-induced oxidative stress levels were increased in
the chronically irradiated epithelial cell lines as in one of
them, BEAS-2B we observed a statistically significant
dose-dependent increase (Figure 5(b)).

Also, the combination of TGF-β treatment and irradi-
ation had a slight cumulative effect on the 1Gy delivered
at 14mGy/h. The second cell line, HBEC-3KT, although
showing a statistically significant induction of 8-oxo-dG
in the TGF-β treated cells, failed to respond to radiation
or to a combination of radiation and TGF-β in the same
statistically significant manner (Figure 5(c)). This might
be explained with the differences in the genetic background
and antioxidant properties of the two cell lines [29].
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Figure 5: 8-oxo-dG secretion in chronically irradiated MRC-9 fibroblast cells (a), (b) BEAS-2B or (c) HBEC-3KT cells. The cells have been
exposed to a total of 0.1 (at 1.4mGy/h) or 1Gy (14mGy/h). Error bars—standard deviation. Statistical analysis—Student’s t-test (n = 2) (a). In
addition, the same cells were treated with the TGF-β in combination to radiation ((b) 0.1 or (c) 0.2 ng/ml) as described in Materials and
Methods. Error bars—standard deviation. ∗p < 0 05; one-way ANOVA and Tukey’s posttest (n = 2).

10 Oxidative Medicine and Cellular Longevity



4. Discussion

Based on the data for synergy between TGF-β signaling and
radiation exposure in a mouse mammary gland model [19,
37], we introduce a new mechanistic model for the lung in
which protracted exposure to low-dose radiation activates
the stromal TGF-β pathway and leads to the radiation-
induced EMT of the lung epithelial cells. We have previously
reported that low doses of gamma radiation induce oxidative
stress in a nonlinear manner [31, 32] with a peak already at
doses of about 5mGy. In our earlier studies, cells exposed
to low-dose chronic irradiation have constantly elevated oxi-
dative stress [16]. We have also shown that the main target
for radiation-induced oxidative stress is the intracellular
nucleotide pool, dNTP, where different types of modified
dNTP can be produced, e.g., 8-oxo-dGTP. 8-oxo-dGTP
release from cells such as 8-oxo-dG can be detected as a
measurement of oxidative stress [31, 32]. In this study, the
results suggest that the low-dose rate radiation might induce
oxidative stress and that this possibly activates TGF-β and
leads to EMT-connected cell transformation, even with low
cumulative dose exposure (0.1Gy delivered at 1.4mGy/h).
We detected an increased level of the oxidative markers (8-
oxo-dG) in the culture media of the irradiated and double
treated (radiation and TGF-β) lung epithelial cells. Oxidative
stress has been previously described to play a crucial role in
the TGF-β activation [7, 31, 38]. We hypothesize that the
elevated oxidative stress and the TGF-β signaling in lung
epithelium and microenvironment are co-operating and act-
ing synergistically leading to the observed enhanced EMT-
consistent changes particularly for a dose of 1Gy in the
BEAS-2B cell line. In further studies, there should also be
considered other important and more sensitive indicators
of the TGF-β signaling activation such as p-smad 2/3 or the
Pai-1 luciferase assay [10–12].

In our study, the additional treatment of the cells with a
low concentration of TGF-β had a potentiating effect on
the protracted low-dose radiation-induced EMT only when
the cumulative dose reached 1Gy for the BEAS-2B cell line.
Earlier publications by Ehrhart et al. [39] showed that TGF-
β is activated after low doses of low LET radiation in the
in vivo mouse mammary gland model. Although they found
a dose-dependent relationship for the activation of the fac-
tors, the observed effects were the strongest at the lowest dose
applied (0.1Gy). We observed a similar trend in our experi-
ments for oxidative stress induction in the epithelial cell line
(BEAS-2B) at 0.1Gy. Earlier, we detected an increase in the
TGF-β levels in the MRC-9 fibroblasts after acute exposure
to doses of 0.1-2Gy [34]. Other scientists have reported a sig-
nificant role of TGF-β in the activation of oxidative stress
response, especially in myofibroblastic cells during their
invasive transformation [40].

The activation of TGF-β signaling in the MRC-9 cells
post radiation is plausible as the molecule is one of the
main fibroblast activators responsible for their transition
into myofibroblasts or CAFs [36, 41]. As TGF-β is also
an important factor produced by stromal cells post irradi-
ation and involved in cancer progression, it has been
widely considered a potential therapeutic target for reduc-

ing metastases and formation of secondary cancers after
radiotherapy. Blocking its expression or application of
functional inhibitors could be a potential therapy for sec-
ondary cancer dissemination [42, 43].

We investigated the effects of low-dose protracted radia-
tion in two immortalized bronchial epithelial cell lines, which
are commonly used as a model of lung epithelium. An inter-
esting finding after the protracted low-dose rate irradiations
was the detection of various EMT features in the epithelial
cells that differed after irradiation compared to TGF-β
induction. For example, the analysis of the BEAS-2B cells
showed that the radiation-induced EMT was characterized
by an elongated shape with single cilium-like cytoplasmic
protrusions (Figure 1(a); 1Gy, blue arrows), while the typical
TGF-β-induced EMT phenotype was more spindle-shaped
with a well-defined vimentin network (Figure 1(a); TGF-β,
white arrows). The vimentin behavior could be connected
with its functionality—the dense perinuclearly concentrated
vimentin in the nontreated cells is nonactive, while the
well-spread intermediate filament network has a crucial role
for EMT and motility in many mesenchymal type cells [44].
The additive effect of radiation and TGF-βwas observed only
after the higher cumulated dose of 1Gy for both cell lines.
The role of the long protrusions in the irradiated cells is not
clear. It is possible that the cells are being transformed into
fibroblasts, which described a spindle shape and are express-
ing a high level of the mesenchymal marker fibronectin.
Accumulation of EMT-generated fibroblasts could accelerate
the radiation-induced lung fibrosis in agreement with
Guarino et al. [25] and Lee and Nelson [13]. This should be
studied further in more detail in a different setup that
involves in vivo experiments.

In the coculturing experiments (Figure 4), we show an
increase between TGF-β vs. 0.1Gy+TGF-β and TGF-β vs.
1Gy+TGF-β EMT-related changes only in BEAS-2B cells.
The 8-oxo-dG is increasing in response to chronic irradia-
tion or to TGF-β again only in the BEAS-2B cells
(Figure 5(b)). However, the two effects do not appear to
be additive except to small extent for the 1Gy+TGF-β in
the BEAS-2B cells.

In our prestudies with acute radiation exposures, some of
the classical features of the EMT were not affected, although
some of the markers or phenotypic features were changed.
For example, the ZO-1 and β-catenin expression were not
affected (data not shown), while the vimentin and E-
cadherin were, respectively, up- or downregulated [34]. In
the earlier study, we could not prove any clear EMT
induction with low or moderate doses of α-particles and γ-
rays. Also, no significant additive effect with radiation and
TGF-β was observed. However, the results from the current
study suggest that (1) radiation may induce partial EMT fea-
tures; (2) the radiation and particularly the protracted
radiation-induced EMT potentially have their own distin-
guishable features; (3) the combination of radiation and
TGF-β has an additive effect on the EMT, but this particular
feature very likely depends on the antioxidative properties of
the cell line; and finally (4) stromal/epithelial cell cocultures
enhance the induction of EMT in one of the two cell lines
studied (BEAS-2B) suggesting that chronic in vivo exposures
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can influence precarcinogenic changes in the normal epithe-
lium via signals from the microenvironment.

In the two epithelial cell lines that have been used,
there is a clear difference in the oxidative stress product
levels post irradiation (Figures 5(b) and 5(c)). The BEAS-
2A cells are more prone to accumulation of 8-oxo-dG
than the HBEC-3KT cells. This can be connected to the
viral oncoprotein (SV40 large T antigen) immortalization
of the BEAS-2B cells [45]. While the immortalized
HBEC-3KT cells are not carcinogenic, the BEAS-2B cells
are closer in their genetic properties to tumor cells and
can undergo malignant transformations after repetitive
passaging [29]. The BEAS-2B cells are reported also to
have lower antioxidant activities, e.g., for MnSOD [45].
This is compromising their defense against free radicals,
leads to elevated extracellular 8-oxo-dG, and explains the
dose response relation for radiation-induced extracellular
8-oxo-dG presented in Figure 5(b). For HBEC-3KT, no
clear dose response relation for radiation-induced extracel-
lular 8-oxo-dG was observed (Figure 5(c)). The response
of HBEC-3KT cells at the levels of radiation-induced 8-
oxo-dG in the medium suggests that HBEC-3KT cells
might have a problem to release 8-oxo-dGTP from the
cytoplasm to the medium as similar pattern of results were
previously observed in primary fibroblast knockdown in
the hMTH1 (Figure 5(c), [18]).

To our knowledge, there are no other studies describ-
ing how a chronic exposure to low doses and dose rates
ionizing radiation affects both the microenvironment and
the epithelial cells. We focused on the EMT process as
one of the potential precarcinogenic stages undergone by
the epithelial cells during malignant transformation. What
we found was a partial EMT, concerning only some of the
EMT features in the epithelial cells, when they were
exposed to radiation without the stromal component. Fur-
ther, some enhanced EMT-consistent changes were moni-
tored in the TGF-β-treated and cocultured irradiated
BEAS-2B epithelial cells. These observations suggest how
the cellular transformation after low-dose radiation expo-
sures depends on the cell-to-cell interactions.
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Supplementary Figure 1: elongation in lung epithelial cell
lines BEAS-2B (A) and HBEC-3KT (B) post chronic irra-
diation with or without MRC-9 fibroblasts. Elongation fac-
tor (cell length by cell diameter) was calculated manually
by ImageJ in 50 cells from each sample. Supplementary
Figure 2: immunofluorescence staining of vimentin expres-
sion in lung epithelial cell line BEAS-2B cocultured with
MRC-9 fibroblasts after protracted irradiation at 1.4 and
14mGy/h to 0.1 or 1Gy. Negative control without thefibro-
blast cells is shown on panel 0Gy/-MRC-9. Supplementary
Figure 3: comparison between the EMT markers’ expression
in monocultures of bronchial epithelial cells (A) BEAS-2B
and vimentin and (B)HBEC-3KandE-cadherin upper panels;
(A and B, lower panels) and cocultures of the same cells and
MRC-9 fibroblasts, after a protracted irradiation at 1.4 and
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in green. The nuclei are counterstainedwith propidium iodide
(red). White arrows indicate the EMT undergone cells. Scale
bars: 20 μm. (Supplementary Materials)
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The prognostic significance of the major redox regulator nuclear factor erythroid-2-related factor (NRF2) is recognized in many
cancers, but the role of NRF1 is not generally well understood in cancer. Our aim was to investigate these redox transcription
factors in conjunction with redox-related microRNAs in naevi and melanoma. We characterized the immunohistochemical
expression of NRF1 and NRF2 in 99 naevi, 88 primary skin melanomas, and 67 lymph node metastases. In addition, NRF1 and
NRF2 mRNA and miR-23B, miR-93, miR-144, miR-212, miR-340, miR-383, and miR-510 levels were analysed with real-time
qPCR from 54 paraffin-embedded naevi and melanoma samples. The immunohistochemical expression of nuclear NRF1
decreased from benign to dysplastic naevi (p < 0:001) and to primary melanoma (p < 0:001) and from primary melanoma to
metastatic lesions (p = 0:012). Also, NRF1 mRNA levels decreased from benign naevi to dysplastic naevi (p = 0:034). Similarly,
immunopositivity of NRF2 decreased from benign to dysplastic naevi (p = 0:02) and to primary lesions (p = 0:018). NRF2
mRNA decreased from benign to dysplastic naevi and primary melanomas (p = 0:012). Analysis from the Gene Expression
Omnibus datasets supported the mRNA findings. High nuclear immunohistochemical NRF1 expression in pigment cells
associated with a worse survival (p = 0:048) in patients with N0 disease at the time of diagnosis, and high nuclear NRF2
expression in pigment cells associated with a worse survival (p = 0:033) in patients with M0 disease at the time of diagnosis. In
multivariate analysis, neither of these variables exceeded the prognostic power of Breslow. The levels of miR-144 and miR-212
associated positively with ulceration (p = 0:012 and p = 0:027, respectively) while miR-510 levels associated positively with
lymph node metastases at the time of diagnosis (p = 0:004). Furthermore, the miRNAs correlated negatively with the
immunohistochemical expression of NRF1 and NRF2 but positively with their respective mRNA. Together, this data sheds new
light about NFE2L family factors in pigment tumors and suggests that these factors are worth for further explorations.

1. Introduction

Nuclear factor erythroid-2-related factor 2 (NRF2) is the
most studied member of the Cap ‘n’ collar basic leucine zip-

per (CNC-bZIP) family of transcription factors. It is a main
inductor of genes of antioxidant proteins and phase II detox-
ifying enzymes [1]. In addition, due to activating mutations,
growth signalling and epigenetic dysregulation NRF2 was
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also found be aberrantly activated in several cancers [2, 3].
From the same family of transcription factors, NRF1 is
generally far less studied and its role in carcinogenesis is
insufficiently explored. Similar to NRF2, it is responsive to
oxidative stress and activates antioxidant responsive ele-
ment- (ARE-) driven genes [4]. Both, NRF1 and NRF2 reside
outside of the nucleus under unstressed conditions: NRF1 in
the endoplasmic reticulum (ER) and NRF2 in the cytoplasm
[5]. Several events contribute to NRF1 and NRF2 activation,
among them the proteolytic cleavage of NRF1 from the ER
membrane and the phosphorylation of NRF2. As a conse-
quence, both factors are transported to the nucleus to induce
the expression of their target genes.

MicroRNAs (miRNAs) are small noncoding RNAs that
posttranscriptionally regulate gene expression by imperfect
matching of mRNA [6]. The so-called redoximiRs represent
an additional regulatory mechanism for redox homeostasis.
In particular, miR-23B, miR-93, miR-144, and miR-212 were
found to play a role as NRF2 inhibitors, while miR-340
appears to have a role as an NRF1 and MAPK inhibitor with
miR-383 and miR-510 having a less clear role in the regula-
tion of NRF1 and NRF2 levels [7]. Furthermore, it has been
shown that miRNAs have a substantial role in melanocyte
and melanoma biology [8] and that they affect, for instance,
melanoma cell proliferation, invasion, and migration [9]. A
total of 63 differentially expressed miRNAs have been previ-
ously linked to metastatic melanoma, many of which are
known to be associated with multiple different cancers [10].
Previous studies also show that miRNA expression differs
in healthy patients as compared to patients with melanoma
and that miRNA expression associates with patient survival
rate. All in all, miRNAs could be used as potential diagnostic,
prognostic, and predictive markers in the future [11].

We have previously described the expression and prog-
nostic role of the NRF2 immunohistochemical expression
in primary and metastatic melanoma [12, 13]. Here, we have
extended those studies and investigated the activated state of
both factors in an enlarged sample set of naevi andmelanoma.
To do this, we explored active NRF2 with a phosphorylation-
specific antibody [14] andNRF1 with two different antibodies
targeting its N- and C-terminal domains to reflect its inactive
and active location and activation, respectively [5]. In
addition, NRF1 and NRF2 mRNAs and the redox-related
miRNAs miR-23B, miR-93, miR-144, miR-212, miR-340,
miR-383, and miR-510 were analysed from the same material
and three Gene Expression Omnibus (GEO) datasets, and the
results were correlated to the clinical and histopatholog-
ical factors.

2. Materials and Methods

The study included 172 patients and 255 patient samples
(Table 1) collected from the paraffin block archives stored
in the Department of Pathology at Oulu University Hospital
between 2001 and 2016 and in the Department of Pathology
at Lapland Central Hospital between 2010 and 2016. All sam-
ples were fixed in neutral buffered formalin and embedded in
paraffin. Cases were randomly collected based on the diagno-
sis and the adequacy of the samples for RNA extraction. The

series consisted of 53 benign naevi (25 compositus, 28 intra-
dermal), 46 dysplastic naevi, 48 nodular melanomas, 32
superficially spreading melanomas, and 9 acral melanomas.
Out of all malignant samples, 59 were metastatic melanomas
with, respectively, 67 lymph node metastases available (one
or several per case). All samples were used for immunohisto-
chemical analysis, but for RNA isolation and qPCR analysis,
only selected cases were included based on the estimated suf-
ficiency of the tumorous tissue (n = 54, Table 1). Diagnoses
were according to the current WHO classification. Clinical
data and pathologists’ reports of the cases were collected
retrospectively from the patient records of Oulu University
Hospital and Lapland Central Hospital. We also collected
data on adjuvant therapy or treatment at a possible meta-
static stage, but only a few patients received oncological
treatments, and therefore, no statistical analyses on the pre-
dictive power of the markers were able to be used.

2.1. NRF1 and NRF2 Immunohistochemistry. Sections of
3-4 μm thickness were cut from samples routinely fixed in
formalin and embedded in paraffin. Tissue sections were
deparaffinised in xylene (2min, 4 times) and rehydrated
through graded ethanol. Antigen retrieval was performed
according to Table 2 by boiling with microwaves at 95°C
for either 12 minutes (sodium citrate buffer) or 20 minutes
(TrisEDTA). After boiling, the sections were allowed to cool
at room temperature (RT) and washed using PBS 3 times.
The sections were incubated in 3% hydrogen peroxide for 5
minutes to inactivate endogenous peroxidases. After washing
repeatedly by PBS for 5 minutes, sections were incubated
with the primary antibody (Table 2), then washed repeatedly
by PBS for 5 minutes and incubated with a secondary antigen
retrieval system at RT (Table 2). After washing repeatedly by
PBS, the labelled secondary antibody was visualised according
to the manufacturer’s instructions. Sections were then coun-
terstained with haematoxylin, dehydrated, and mounted. To
evaluate the immunohistochemical data, the staining
intensity was evaluated from the tumorous cells as one
of the following expressions: negative, weak positive, or
strong positive. The quantity of each intensity level was
recorded (0-100%). Subsequently, a modified Histoscore
was used with the following algorithm: 0 × negative
expression percentage + 1 × weak expression percentage + 3 ×
strong expression percentage (range 0-300).

2.2. RNA Isolation and qPCR Analysis. Tumorous tissue was
macrodissected from 2 to 6 sections of 10 μm thickness.
Samples were estimated to represent melanocytic prolifera-
tion for >80% of the volume. Macrodissected samples were
collected into Eppendorf tubes and deparaffinised using
deparaffinisation solution (Qiagen, Hilden, Germany), and
total RNA was extracted from paraffin samples using the
miRNeasy FFPE Kit (Qiagen). cDNA synthesis was done
using the miScript II Reverse Transcription Kit (Qiagen).
The miScript SYBR Green PCR Kit (Qiagen) was used for
cDNA amplification by the Rotor-Gene Q real-time quanti-
tative PCR equipment (Qiagen). Amplicon length was
checked by gel electrophoresis.
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For mRNA and miRNA quantification, both specially
designed (Sigma) and commercial miScript Primer Assays
(Qiagen) were used for amplification, respectively (Table 3).
GAPDHmRNA and miScript Primer Assay for RNU6B were
used for normalization of qPCR results. Cycling was carried
out as recommended in the PCR Kit with annealing temper-
atures of 60–68°C or 55°C for mRNA and miRNA,
respectively. Fluorescence signals were measured continu-
ously during repetitive cycles to detect Ct values for target
RNA and reference (GAPDH or RNU6B) in the samples.
Relative expression levels of mRNA or miRNA targets
were calculated using the 2−ΔΔCt method [15], where
ΔΔCt = ðCttarget RNA‐CtGAPDHor RNU6BÞsample‐ðCttarget RNA‐CtGAPDHor

RNU6BÞreference sample. Representative cell culture samples
were run and analysed in parallel with the patient samples
(Figure 1(b)). RNA from melanocytes was used as a refer-
ence sample (with a given value of 1) in relative expres-
sion level calculations.

2.3. GEO Datasets. The three microarray datasets GSE8401,
GSE46517, and GSE53223 first described in original articles
[16–18] were downloaded in .CEL-file format from the Gene
Expression Omnibus (National Center for Biotechnology
Information). Data was analysed using Chipster v3.14 soft-
ware [19]. Datasets were first normalized individually and
then, when combining the datasets, the batch effect was cor-
rected using ComBat. The differential mRNA expression
levels of NFE2L1 and NFE2L2 (NRF1 and NRF2) were deter-
mined and tested with the empirical Bayes T-test between the

diagnostical groups. The combined data contained normal
skin samples (n = 13), benign and dysplastic naevi (n = 21),
primary melanoma lesions (n = 62), and metastatic mela-
noma lesions (n = 104). The respective results were plotted
with GraphPad Prism 7.05.

2.4. Cell Lines. Cell lines representing human primary mela-
noma IPC-298 (ACC 251), metastatic melanoma SK-MEL-
30 (ACC 151), and adult primary epidermal melanocytes
(PCS-200-013) were ordered from Leibniz-Institut, DSMZ
(Braunschweig, Germany) and ATCC (LGC Standards
GmbH, Germany). Melanoma cells were cultured in RPMI-
1640 with 10% foetal bovine serum and 100 IU/ml penicillin
and streptomycin (Pen-Strep solution HyClone laboratories
Inc., UT, USA). Melanocytes were cultured in a Dermal Cell
Basal Medium supplemented with an Adult Melanocyte
Growth Kit (PCS-200-030 and PCS-200-042 from ATCC).
Cells were cultured in 37°C 5% CO2.

2.5. Western Blot Analysis. The fractionated lysates were
prepared by using the Subcellular Protein Fractionation
Kit for Cultured Cells (Thermo Scientific, IL, USA). Protein
concentrations were measured using the Bio-Rad Protein
Assay (Bio-Rad; CA, USA), and the concentration in individ-
ual samples was equalized before adding 4x Laemmli
buffer to a final concentration of 1x. Equal amounts of pro-
tein were run on 7.5% SDS-PAGE gels, transferred to PVDF
membranes, probed with the antibodies (Table 2), and
diluted with 5% bovine serum albumin in tris-buffered saline
with 0.1% Tween 20. Primary antibodies were incubated

Table 1: Patient cohort.

IHC analysis RNA analysis

Total number of patients 172 54

Age median (years) 60 67

Samples per diagnosis Compound naevus 25 5

Intradermal naevus 28 4

Dysplastic naevus 46 4

Nodular melanoma 48 15

Superficially spreading melanoma 32 5

Acral melanoma 9 1

Metastasis 67 20

Number of patients with
malignant melanoma

68 21

Median age (years) 70 71

Males 53 14

Females 15 7

Ulceration 19 11

No ulceration or not defined 49 10

Breslow ≤1mm 11 1

1–1.9mm 20 0

2–3.9mm 13 3

>4mm 24 17

Breslow mean 3.6mm 9.2mm

Breslow median 2.5mm 6.0mm
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overnight, and appropriate HRP-conjugated secondary anti-
bodies were incubated at RT for one hour (Table 2). Blots
were detected with the ECL chemiluminescence system
(Pierce ECL Western Blotting Substrate, Thermo Scientific,
IL, USA) on radiographic films, which were then scanned
to an electronic format.

2.6. Statistical Analyses. Statistical analyses were performed
by using IBM SPSS Statistics software, v. 25.0.0.0 (IBM Cor-
poration, Armonk, NY, USA). The significance of associa-
tions was defined by using the Mann–Whitney U test and
Spearman’s rho test with a correlation coefficient. The
Kaplan-Meier curves with the log-rank test were applied in
survival analyses, along with Cox regression to perform mul-
tivariate analysis. In determining a two-classed variable for
survival analysis, a Histoscore cut-off value (32.5) was chosen
using a Receiver Operating Characteristic Curve (ROC) anal-
ysis for NRF1, the highest Histoscore quartal for NRF2, and
the median for mRNA and miRNA levels. Disease-specific
survival (DSS) was calculated from the time of diagnosis to
the time of confirmed melanoma-related death. Values of
p of less than 0.05 were considered significant.

2.7. Ethical Approval. The study was approved by Valvira, the
Finnish National Supervisory Authority for Welfare and
Health, and the Local Ethics Committee of the Northern
Ostrobothnia Hospital District. During data collection and

management, the principles of the Helsinki Declaration were
followed. The authors declare that they have no competing
interests and that funding sources had no involvement in
the study.

3. Results

3.1. Immunohistochemical and mRNA Expression of NRF1
and NRF2 in Naevi, Primary Melanomas, and Melanoma
Metastases and Their Association with Histopathological
and Clinical Parameters. First, we tested whether the anti-
bodies against the N-terminal domain of NRF1 and the C-
terminus of NRF1 as well as against phosphorylated NRF2
detect the respective localization and activity status of the
proteins. To do this, we performed western blot analyses
where we detected the proteins in respective subcellular
fractions of primary melanomas. According to expectations,
the antibody detecting the N-terminal domain of NRF1, i.e.,
the inactive ER localized protein, displayed NRF1 in the
membranous fraction, whereas the antibody against the C-
terminus primarily detecting the active protein showed
positive staining in the nuclear fraction. Active NRF2 (p40-
NRF2) was detected in all fractions, in line with the fact
that its activation by phosphorylation can occur outside
the nucleus (Figure 2). Thus, these data indicate that the
antibodies are suitable to detect NRF1 and NRF2 by immu-
nohistochemistry in patient samples.

Table 3: Primers used in qPCR.

RNA target
Product
company

Primer sequences
Amplicon length

(base pairs)
Function related to oxidative stress

(references)

mRNA NRF2 Sigma

Forward:
5′-CAATGAGGTTTCTTCGGCTACG-3′

Reverse:
5′-AAGACTGGGCTCTCGATGTG-3′

72 Major redox response regulator [1]

mRNA NRF1 Sigma

Forward:
5′-ATGGAAATGCAGGCCATGGAAG-3′

Reverse:
5′-GAGGGGCACTGTACAGGATTT-3′

61 Redox response regulator [5]

GAPDH Sigma

Forward:
5-TGGAAGGACTCATGACCACA-3′

Reverse:
5-CCATCACGCCACAGTTT-3′

—

miR-23B-3p Qiagen 5′AUCACAUUGCCAGGGAUUACC Predicted NRF2 inhibition [40]

miR-93-5p Qiagen 5′CAAAGUGCUGUUCGUGCAGGUAG Predicted NRF2 inhibition [40]

miR-144-3p Qiagen 5′UACAGUAUAGAUGAUGUACU Predicted NRF2 inhibition [8, 40, 52]

miR-212-3p Qiagen 5′UAACAGUCUCCAGUCACGGCC NRF1 and NRF2 inhibition,
interaction with Mn-SOD

miR-340-3p Qiagen 5′UCCGUCUCAGUUACUUUAUAGC MAPK signalling, predicted NRF1
inhibition [40]

miR-383-5p Qiagen 5′AGAUCAGAAGGUGAUUGUGGCU No predicted inhibition of
NRF1/NRF2

miR-510-5p Qiagen 5′UACUCAGGAGAGUGGCAAUCAC No predicted inhibition of
NRF1/NRF2

RNU-6B Qiagen
(Not reported, product no. 218300 cat.

no. MS00014000)
—

5Oxidative Medicine and Cellular Longevity
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Figure 1: Continued.
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The immunohistochemistry revealed that, in line with
western blots and according to the activity status, the anti-
body against the N-terminal domain of NRF1 detected the
protein in the cytoplasm around the nucleus and never in
the nuclei. The antibody against the C-terminal domain
detected the protein mostly in the nuclei and rarely in the
cytoplasm. The expression of both NRF1 antibodies showed
a significant NRF1 decrease from benign to dysplastic naevi
(p < 0:001 and p = 0:034, Supplementary Table 1, Figures 1(a)
and 3) and from naevi to primary melanoma, as well as to
metastatic lesions (p < 0:001, Figures 1(a) and 3) [20]. Nuclear
NRF1 further decreased from primary to metastatic lesions
(p = 0:012, Figures 1(a) and 3). Similarly, NRF1 mRNA

levels were decreased from benign to dysplastic naevi
(p < 0:001 and p = 0:034, Supplementary Table 1 and
Figure 1(a)) but not from primary to metastatic lesions.

Immunopositivity of p40-NRF2 was detected mainly in
the nuclei, and its expression decreased from benign to dys-
plastic naevi (p = 0:02) and then further to primary lesions
(p = 0:018, Figures 1(a) and 3). The p40-NRF2 expression
had a notable intersample variation in primary melanomas.
The levels of NRF2 mRNA decreased from its highest levels
in benign naevi to intermediate levels in dysplastic naevi,
and its lowest levels occurred in primary melanomas
(p = 0:012). The decrease of p40-NRF2 immunopositivity
and NRF2 mRNA levels from primary to metastatic lesions
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Figure 1: Immunohistochemical and mRNA expression of NRF1 and NRF2. (a) Boxplots representing the Histoscore of the
immunohistochemical expression of NRF1 and p40-NRF2 and relative mRNA levels of NRF1 and NRF2 from paraffin-embedded patient
samples, (b) expression levels of NRF1 and NRF2 mRNA from representative cell culture samples, and (c) Pooled GEO data from three
different cDNA microarray studies including the expression levels of NFE2L1 and NFE2L2 (NRF1 and NRF2). Outliers of the figures
are reported.
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was not considered significant. In addition, the decline in
NRF1 and NRF2 mRNA levels from benign naevi to melano-
mas could be reproduced when comparing the NRF1 and
NRF2 mRNA levels in cell culture lysates in the qPCR, show-
ing a decrease of relative mRNA levels between benign mela-
nocyte and malignant melanoma cells (Figure 1(b)).

The immunohistochemical expressions of NRF1 and
p40-NRF2 did not associate with the melanoma patients’ age,
gender, lesion location, Breslow’s thickness, ulceration, mitotic
activity, or pigmentation. However, NRF1 and NRF2 mRNA
correlated with melanoma patients’ gender (higher mRNA
levels in males, p = 0:037 and p = 0:017, n = 20 and n = 19,
respectively), and NRF1 mRNA also correlated positively with
the presence of ulceration (p = 0:016, n = 18).

3.2. Correlations of Immunohistochemical and mRNA
Expression of NRF1 and NRF2. Nuclear and cytoplasmic
NRF1 correlated positively in the complete series of samples
(p = 4:7 × 10−13, 219 samples, Figure 4). Nuclear and cyto-
plasmic NRF1 and p40-NRF2 had a positive correlation in
the complete series of samples (p = 0:0020 and p = 0:018,
n = 204 and n = 203, respectively). Also, nuclear NRF1
and p40-NRF2 correlated positively in malignant samples
(p = 0:032, n = 103, Figure 4). p40-NRF2 associated posi-
tively with our previously described NRF2 expression in
the melanoma cohort with a different antibody (p = 0:021,
n = 49) [12, 13]. The immunostainings did not correlate with
mRNA expression levels. However, NRF1 and NRF2 mRNA
expression correlated both in the complete cohort and sepa-
rately in malignant samples (p = 0:010 and p = 0:037, n = 49
and n = 36, respectively, Figure 4).

3.3. miRNA Expression in Naevi, Primary Melanomas, and
Melanoma Metastases and Association with Histopathological
and Clinical Parameters. Significant miRNA expression alter-
ations (Supplementary Table 1) were not detected between
benign and dysplastic naevi. However, the levels of miR-93

and miR-340 increased significantly from all naevi to primary
melanomas and to metastases (p = 0:023 and p = 0:045,
respectively, Figure 5). In contrast, the levels of miR-383 and
miR-510 showed a decreasing trend between the three groups
(p = 0:024, p = 0:002, respectively, n = 31, Figure 5).
Moreover, significant changes in miRNA levels could not be
detected between primary and metastatic melanoma lesions.

The miRNA levels did not associate with melanoma
patients’ gender, lesion location, or Breslow’s thickness. The
miR-510 levels associated positively with melanoma patients’
age (p = 0:025, n = 19) and nodal disease at the time of diagno-
sis (p = 0:004, n = 19). In addition, the levels of miR-212 and
miR-340 associated positively with pigmentation (p = 0:024
and p = 0:012, n = 11, respectively). Furthermore, miR-144
and miR-212 levels were found to associate positively with
ulceration (p = 0:012 and p = 0:027, n = 18, respectively).

3.4. Respective Correlations of Immunohistochemical and
mRNA Expression of NRF1 and NRF2 and miRNAs. There
was an ample amount of significant correlation between pro-
tein and mRNA expression with different miRNAs, and this
data is thoroughly presented in Supplementary Table 1 in
all cases and separately in malignant samples including
primary and metastatic melanoma lesions. Significant
correlations between protein expression and miRNAs were
always negative, except for the cytoplasmic NRF1 and miR-
510, whereas correlations between mRNA and miRNAs
were always positive.

3.5. GEO Data. Levels of NRF1 and NRF2 mRNA decreased
from normal skin samples to pooled benign and dysplastic
naevi (p = 0:001). There was no significant difference in levels
between naevi and primary melanomas. Although the level of
NRF1 mRNA decreased nearly significantly between primary
melanomas and metastases (p = 0:053), the difference in
NRF2 mRNA levels was not significant between primary
melanomas and metastases (Figure 1(c)).

3.6. Survival and Cox Regression Analysis. A high nuclear
NRF1 immunohistochemical expression in pigment cells cor-
related with a worse survival (p = 0:048) in patients without
nodal metastases at the time of diagnosis (n = 45,
Figure 6(a)). When N1-3 cases were considered, nuclear
NRF1 had no prognostic significance (p = 0:72, Figure 6(b)).
When analysing the NRF2 expression in patients withM0 dis-
ease at the time of diagnosis (n = 71, Figure 6(c)), we found
that the highest quartile of the nuclear NRF2 expression in
pigment cells correlated with a significantly worse survival rate
(p = 0:033). mRNAs or miRNAs had no prognostic signifi-
cance. In multivariate analysis, neither of these variables
exceeded the prognostic power of Breslow thickness.

4. Discussion

In this work, we studied for the first time the protein level of
the redox-sensitive transcription factor NRF1 together with
NRF2. Very early on in melanoma carcinogenesis, both
NRF1 and NRF2 were found to be downregulated at the pro-
tein level as well as at the mRNA level. The results of the
mRNA expression from our own patient cohort are further

NRF1 (N-terminal antibody)130 kDa

NRF1 (C-terminal antibody)55 kDa

IPC-298
Primary melanoma

p40-NRF2

�훽-Actin
PCNA

110 kDa

42 kDa
37 kDa

Ch
ro

m
at

in
bo

un
d

So
lu

bl
e n

uc
le

ar

M
em

br
an

ou
s

Cy
to

pl
as

m
ic

Figure 2: Protein expression of NRF1 and p40-NRF2 in western
blot, fractionated cell lysates from IPC-298 melanoma cells, β-actin,
and PCNA (proliferating cell nuclear antigen) serve as loading and
fractioning controls. NRF1 detected with an antibody targeting
N-terminal domain is expressed in membranous fraction, and
NRF1 detected with an antibody targeting C-terminal domain is
expressed mostly in the nuclear fraction. p40-NRF2 is expressed in
the cytoplasmic, membranous, and nuclear fractions.
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Figure 3: Immunohistochemical expression in patient samples. (a-d) NRF1 C-terminal antibody, benign naevus, dysplastic naevus, primary
melanoma, and metastatic melanoma from a lymph node, respectively, diaminobenzidine and haematoxylin, (e-h) NRF1 N-terminal
antibody, benign naevus, dysplastic naevus, primary melanoma, and metastatic melanoma from a lymph node, respectively, Fast Red and
haematoxylin, and (i-l) p40-NRF2, benign naevus, dysplastic naevus, primary melanoma, and metastatic melanoma from a lymph node,
respectively, diaminobenzidine and haematoxylin.
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supported by analyses from three independent melanoma
patient sample sets from the GEO database [16–18]. We also
studied the expression of some redoximiRNAs from the same
sample set and described some new data on their expression
level changes in melanoma carcinogenesis and correlation
with immunohistochemical and mRNA expression levels of
NRF1 and NRF2.

4.1. NRF1 and NRF2 in Melanoma. We carefully examined
the expression of NRF1 with two different antibodies target-
ing the N-terminal and C-terminal sites of the protein. As
NRF1 binds the ER membrane with its N-terminal domain

and is cleaved upon activation [21], it is logical that the anti-
body targeting the N-terminus showed a perinuclear staining
pattern under light microscopy and a strong expression in
the membranous fraction in the immunoblot. By contrast,
the antibody recognizing the C-terminus showed predomi-
nantly a nuclear staining pattern and a strong expression
in the nuclear fraction in the immunoblot resembling active
NRF1. In immunohistochemistry, the protein level of NRF1
had a decreasing trend during melanoma carcinogenesis.
We also observed that the NRF1 mRNA level decreased
from benign naevi to dysplastic naevi and to melanomas
and that their levels associate with ulceration. There is
human sample set data showing that NRF1 mRNA levels
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Figure 5: Expression levels of miR-93, miR-340, miR-383, and miR-510 in paraffin-embedded patient samples. Outliers of the figures are
reported.
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are also downregulated in prostate carcinoma [22] but they
are upregulated in oesophageal squamous cell carcinoma
[23]. Conditions such as oxidative stress, proteasomal inhibi-
tion, ER stress, and hypoxia activate NRF1 to function as a
transcription factor [4]. An early increase of ER stress in mel-
anomas and adaptation to it as a driver of malignancy was
discussed a decade ago [24]. Therefore, the dysregulated
NRF1might be a mere surrogate marker for more robust bio-
logical processes behind the pigment cell malignancy, but it
can also play a significant role in carcinogenesis, as its defi-
ciency can lead to genomic instability [25]. Indeed, there is
some experimental evidence from a study using keratinocyte
cell culture, mouse model, and patient samples that NRF1
functions as a tumor suppressor in the skin by activating
DNA damage repair after ultraviolet (UV) B irradiation
and is downregulated in human squamous cell carcinoma
compared to normal skin [26]. Nuclear NRF1 expression,
which predicted exceptionally poor melanoma-specific out-
come in those patients without nodal metastases at the time
of diagnosis, might benefit the carcinogenetic process by alle-
viating oxidative and ER stress accumulated in the aggressive
disease [24]. To the best of our knowledge, there is no further

published data on the prognostic role of NRF1 in cancers yet,
except for our recent report pointing out that low nuclear and
high cytoplasmic NRF1 is associated with poor overall sur-
vival in diffuse large B-cell lymphoma [27].

An elevated protein expression level of NRF2 has been
noted in solid cancers as a prognostic feature, as has been
summarized in a previous meta-analysis [28]. Alterations of
NRF2 mRNA in different cancers have been reported, for
example, its decrease in breast and oesophageal squamous
cell carcinoma compared to normal tissue [23, 29]. We have
described the prognostic role of NRF2 in a melanoma sample
set recently [12, 13] and reported that the NRF2 expression
increased from benign to dysplastic naevi to primary and
metastatic melanomas. While those studies were rather ham-
pered by the unspecific antibody against NRF2 (clone C-20),
as also discussed in detail in another study [30], here, we used
an antibody against NRF2 that is phosphorylation-specific.
Phosphorylation of the amino acid serine in position 40 by
protein kinase C in response to oxidative stress dissociates
NRF2 from its inhibitor Keap1, promoting its translocation
into the nucleus [14]. Thus, the signal detected with this
antibody represents an active transcription factor and is
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Figure 6: (a) High nuclear NRF1 expression (cut-off 32.5 based on ROC analysis) associated with worse melanoma-specific survival in those
patients without nodal metastases at the time of diagnosis. (b) NRF1 did not separate the groups in cases with nodal metastases at the time of
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mainly seen in the nuclei with a decreasing trend of expres-
sion in melanoma compared to nonmalignant lesions. The
differences in the expression trends seen between the previ-
ous and the current report could be explained by the speci-
ficity of these two antibodies. Despite the contradictory
result in the expression trends, current p40-NRF2 results
support our previous observation, namely, that the NRF2
expression favours worse disease-specific survival, and the
role of NRF2 in melanoma carcinogenesis seems to be rather
consistent with NRF1.

4.2. MicroRNAs in Melanoma. We described the expression
of seven different miRNAs in our naevi and melanoma sam-
ple set which was selected based on their NFE2L family and
redox association. Expression levels of miR-93 and miR-340
increased significantly from all naevi to primary melano-
mas and metastases. Apart from NRF2, miR-93 associates
with lung cancer proliferation, migration, and invasion
in vitro and is upregulated in multiple cancers [31, 32]; our
data complements this background. The miR-340 is also
described to regulate the master regulator of melanocyte
development and melanoma progression, microphthalmia-
associated transcription factor (MITF) [33], and MAPK-
signalling by modulating the expression of multiple compo-
nents of this pathway in vitro. Our data is in line with these
findings, since miR-340 expression levels were significantly
elevated in several tested melanoma cell lines compared to
normal human epidermal melanocytes [34].

Based on the available literature, miR-510 may have
either cancer promoting or suppressing properties, depend-
ing on the cancer type. Overexpression of miR-510 can
increase cell growth and migration as well as invasion and
colony formation of breast cancer in vitro [35], while the
effect is just the opposite in renal cell carcinoma [36]. In
ovarian cancer, high miR-510 expression associates with
early stage and predicts prolonged survival [37, 38]. In our
material, miR-510 expression strongly correlated with the
presence of lymph node metastases at the time of diagnosis
and, on the other hand, showed a decreasing expression from
all naevi to primary melanomas and further to metastases.
Similarly, primary gastric cancers were found to have higher
miR-510 expression than lymph node metastases [39].

4.3. Correlation of miRNAs with NRF1 and NRF2. The post-
transcriptional regulation of gene expression by imperfect
matching of miRNA leads to the inhibition of mRNA trans-
lation and eventually to mRNA degradation [6], and there-
fore, the effect of miRNA would be generally negative when
seen typically on a protein level. Thus, it is logical that
miRNA levels correlate negatively with protein levels rather
than mRNA levels. From the studied miRNAs, miR-23b-3p,
miR-93-5p, and miR-144-3p are predicted inhibitors of
NRF2 mRNA, miR-212-3p of both NRF1 and NRF2 mRNA,
and miR-340 of NRF1 mRNA, based on the miRmap data-
base [40]. The miR-383 and miR-510 were not predicted to
bind NRF1 or NRF2 mRNA. In our material, only miR-
23b-3p correlated positively with NRF2 mRNA in the whole
material and significantly with NRF2 immunohistochemical
expression in malignant cases. Interestingly, according to this

database, miR23b-5p, the complementary sequence of the
same miRNA hairpin structure, would be an inhibitor to
NRF1. miR-340 negatively correlated with both nuclear
NRF1 and p40-NRF2 protein expression. Additionally,
miR-510 correlated negatively with the expression of nuclear
NRF1 in malignant samples. Although miR-93-5p, miR-144,
and miR-212 had a predicted relation with NRF1 and NRF2,
apparently, this is not the case in melanoma and the lack of
correlation may reflect the general discoordination within a
cancer cell.

4.4. miRNAs in respect to Clinical Variates. miR-144 and
miR-212 associated positively with melanoma ulceration, a
highly important prognostic and predictive factor of mela-
noma. Previously, let-7b-5p, miR-16, miR-106b, and miR-
137 were described to be associated with melanoma ulcera-
tion that can be linked to anchorage-independent growth,
aggressive disease, and progression [41–44]. Also, miR-212
and miR-340 associated with pigmentation. The association
of miR-340 to pigmentation could be explained by the rela-
tion to melanocyte differentiation regulator MITF [33].
Other pigmentation-related miRNAs reported are miR-16,
miR-125b, miR-155, miR-203, miR-204, and miR-211 [45–
49]. In univariate analysis, mRNAs or miRNAs had no prog-
nostic significance, possibly due to the small amount of tested
primary melanomas (n = 17‐20).

Although the current study addresses for the first time
the association of NRF1 in melanoma, its retrospective
nature causes also some weaknesses. In particular, despite
the material was sufficient to produce the current results,
the size of effect may have been different with the larger sam-
ple size. Moreover, we did not have data on ethnicity, UV
exposure, skin type, or the number of blistering sunburns
available, which is a confounding factor in the study.

5. Conclusions

This data suggests that there is a loss of NRF1 and NRF2
mRNA and protein levels during different stages of mela-
noma carcinogenesis. This early change can be seen between
the groups of benign and dysplastic proliferative naevi that
are known to harbour oncogenic mutations [50]. High
nuclear NRF1 and NRF2 protein expression may also predict
a dismal outcome in patients before nodal or distant metas-
tases occur, respectively. Thus, it is plausible that even if
these redox-regulating and stress-sensing transcription fac-
tors have a protective role against melanoma carcinogenesis,
they can be exploited as tumor-progressing factors in the
malignant phase, as suggested earlier in other tumor types
[51]. Additionally, redoxmiRs miR-144, miR-212, and miR-
510 appear to associate with aggressive melanoma features,
and their possible prognostic value should be evaluated in
larger cohorts.

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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Studies suggest that nitric oxide (NO) may have a possible role in lung carcinogenesis. This study is aimed to evaluate the
association of the NO metabolites, namely, nitrite and nitrate, with lung cancer incidence. We conducted a matched case-
control study (n = 245 incident lung cancer cases and n = 735 controls) based on the German ESTHER cohort (n = 9,940).
Controls were matched to cases on age, sex, smoking status (never/former/current smoking), and pack-years of smoking. The
sum of nitrite and nitrate was measured in urine samples using a colorimetric assay and was standardized for renal function by
urinary creatinine. Conditional logistic regression models, adjusted for lifestyle factors, asthma prevalence, and family history of
lung cancer, were used to estimate odds ratios (ORs) and 95% confidence intervals (95% CI). Among incident lung cancer cases,
high nitrite/nitrate levels were statistically significantly associated with current smoking, a low BMI, and the oxidative stress
biomarker 8-isoprostane levels. Nitrite/nitrate levels in the top quintile were statistically significantly associated with lung cancer
incidence: the OR (95% CI) was 1.37 (1.04-1.82) for comparison with the bottom quintile. This association was unaltered after
additional adjustment for 8-isoprostane levels and C-reactive protein (CRP). In conclusion, this large cohort study suggested
that subjects with high urinary nitrite/nitrate concentrations had an increased risk of lung cancer and this association was
independent of smoking, CRP, 8-isoprostane levels, and other established lung cancer risk factors. Further studies are needed to
validate these findings and to confirm the hypothesis that pathologically high levels of NO are involved in lung cancer development.

1. Introduction

Lung cancer is one of the most common causes of cancer
death worldwide with a poor prognosis [1, 2]. Oxidative stress
is suggested to mediate chronic inflammation-induced lung
cancer development [3]. Inflammatory cells are recruited to
the site of inflammation leading to respiratory burst, during
which the inflammatory cells produce more reactive oxygen
species (ROS). The sustained oxidative environment results
in the transformation of normal cells to cancer cells [4, 5].
In addition, smokers have a much higher risk of developing
lung cancer than nonsmokers [6]. It has been shown that cig-

arette smoking leads to oxidative stress and inflammation in
an acute cigarette smoking model [7]. Therefore, oxidative
stress and inflammation might partially mediate the effect
of smoking on lung cancer development.

Endogenous nitric oxide (NO) is a multifunctional
inflammatory molecule and promotes inflammation under
physiological condition [8]. It is synthesized by 3 isoforms
of NO synthase (NOS). The neuronal NOS and endothelial
NOS constitutively catalyze the formation of NO, while the
inducible NOS (iNOS) is being induced by inflammatory
cytokines and produces larger, toxic amounts of NO [9].
NO is also a free radical. It has one unpaired electron, which
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makes it susceptible for reactions with other radical species
[10]. For instance, the reaction of NO with the superoxide
anion (O2

-) leads to peroxynitrite (ONOO−) formation
[11]. Thus, excessive formation of NO results in elevated gen-
eration of reactive oxygen/nitrogen species, which may
induce oxidative stress.

NO plays a pivotal role in cancer development. On the
one hand, excessive NO is toxic and can prevent tumor
growth by increasing the apoptosis rate of cells. While on
the other hand, NO is a mediator of signaling pathways,
which promote cancer progression and metastasis [9]. In
summary, NO plays an important role in the complex inter-
relationships of ROS, inflammation, and cancer development
and growth [12].

However, it is difficult to detect NO in tissues and biolog-
ical fluids directly due to its highly reactive nature and low
concentration. The end-products of NO metabolism, nitrite
and nitrate, are much more stable and can be used to reflect
the systemic NO production [11]. To our knowledge, no
previous study has investigated the association between
nitrite/nitrate levels and lung cancer development in a pro-
spective, population-based study. We addressed this research
question by performing a matched case-control study nested
in a large, prospective cohort study from Germany.

2. Materials and Methods

2.1. Study Population. This investigation was based on the
ESTHER cohort study (Epidemiologische Studie zu Chan-
cen der Verhütung, Früherkennung und optimierten Ther-
apie chronischer Erkrankungen in der älteren Bevölkerung
[German]), which is a population-based, longitudinal study,
with repeated investigation of inhabitants in the German fed-
eral state Saarland. The details of the ESTHER cohort study
have been reported elsewhere [13]. In brief, 9940 individuals,
aged 50-75 years, were invited to participate during a routine
health checkup between 2000 and 2002. So far, those partic-
ipants were recontacted 5 times: 2, 5, 8, 11, and 14 years after
baseline. Information on sociodemographic characteristics,
lifestyle, smoking habits, and diet was investigated by using
a comprehensive questionnaire at baseline as well as at
follow-ups. The ESTHER study was approved by the ethics
committees of the University of Heidelberg and the state
medical board of Saarland, Germany. Written informed con-
sent was issued by all participants.

2.2. Cancer Follow-Up. Information on lung cancer was pro-
vided by the Saarland Cancer Registry up to the end of the
year 2014. Linkage of ESTHER participants with data of the
Saarland Cancer Registry was possible for 99.7% of the
cohort’s participants. Lung cancer cases were ascertained
according to the 10th revision of the International Statistical
Classification of Diseases (ICD-10) code C34.

2.3. Selection of Case and Control Subjects. From 252 incident
lung cancer cases, during a mean follow-up time of 13.4
years, 245 could be included in the present analysis because
they donated a blood sample and a urine sample at baseline
of the ESTHER cohort. Each of the lung cancer cases was

matched with three controls from the same cohort on
sex, age (±5 years), smoking status (never/former/current
smoker), and pack-years of smoking (±10 years).

2.4. Laboratory Analyses. At baseline, a blood sample and a
spontaneous spot urine sample were collected by general
practitioners (GPs) during the health checkup and then
shipped to the study center and maintained at -80°C until
further processing. Urinary concentrations of nitrite/nitrate
were determined using the nitrite/nitrate Colorimetric
Assay Kit of Cayman Chemical (Ann Arbor, Michigan,
USA). This method detects the sum of nitrate and nitrite.
Urine samples were used directly after dilution to a proper
concentration (1 : 5, 1 : 25, or 1 : 50 depending on the levels
of nitrite/nitrate in the urine sample). For renal function
adjustment of the spot urine samples, urinary creatinine
was determined by the kinetic Jaffe method. In addition,
the acute-phase inflammatory protein C-reactive protein
(CRP) was measured in serum samples by immunoturbi-
dimetry with the wrCRP antibody (Bayer, Leverkusen,
Germany) on the ADVIA 2400. Furthermore, the levels of
an established oxidative stress marker, urinary 8-isoprostane,
were determined by the 8iso1 ELISA kit from Detroit R&D
(Detroit, Michigan, USA).

2.5. Covariates. Information on sociodemographic charac-
teristics, including age, sex, smoking status, pack-years of
smoking, education, physical activity, vegetable consump-
tion, meat consumption, family history of lung cancer,
and individual history of asthma, was collected by a stan-
dardized self-administered questionnaire. To calculate body
mass index (BMI), height and weight were measured by the
GPs during the health checkup and documented on a stan-
dardized form.

2.6. Statistical Analyses. Baseline characteristics of cases and
controls were expressed as medians (interquartile ranges)
or proportions. Differences between the two groups were
determined by the Wilcoxon tests for continuous variables
and by the chi-square tests for categorical variables. To assess
the determinants of nitrite/nitrate concentrations, distribu-
tions of nitrite/nitrate concentrations across categories of
baseline characteristics were compared using the Wilcoxon-
Mann-Whitney tests.

To evaluate the association of nitrite/nitrate levels and
lung cancer incidence, conditional logistic regression was
used to compute odds ratios (ORs) and 95% confidence
intervals (CIs). The main model was adjusted for body
mass index (BMI), education, family history of lung cancer,
asthma prevalence, physical activity, and vegetable and
meat consumption. In sensitivity models, the inflammatory
marker CRP and the oxidative stress marker 8-isoprostane
were additionally added to the main model. In order to
address possible reverse causality, a sensitivity analysis was
conducted, in which cancer cases that occurred in the first 5
years of follow-up were excluded. A dose-response analysis
was conducted using restricted cubic spline (RCS) functions
with five knots at the 10th, 30th, 50th, 70th, and 90th percentiles
of the nitrite/nitrate distribution.
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Multiple imputation was applied to impute covariates
with missing values [14]. All covariates had less than 3.7%
missing values in study population. Briefly, five data sets were
imputed with the SAS procedure PROC MI. The conditional
logistic regression models were performed in the five
imputed data sets, and the results were combined by the
SAS procedure PROCMIANALYZE. Restricted cubic splines
were produced from one of the five imputed data sets.

All statistical tests were two-sided using a significant level
of 0.05. All analyses were performed with the Statistical Anal-
ysis System (SAS) version 9.4 (SAS Institute Inc., Cary, NC).

3. Results

Table 1 presents the sociodemographic and lifestyle charac-
teristics of the 245 lung cancer patients and the 735 controls
at baseline. Age, sex, smoking status, and pack-years of
smoking were almost identically distributed among cases
and controls due to the matching. In addition, there was no
statistically significant difference between cases and con-
trols in school education, physical activity, vegetable and
meat consumption frequency, asthma prevalence, family
history of lung cancer, and CRP and 8-isoprostane levels.
This is likely also a result of the matching by age, sex,
and smoking. The only statistically significantly difference
between cases and controls was observed for BMI. Study
participants who developed lung cancer during follow-up
were more frequently lean (BMI < 25 kg/m2) and less fre-
quently obese (BMI > 30 kg/m2) compared to matched con-
trol subjects. Nitrite/nitrate levels were higher in study
participants who were diagnosed with lung cancer during
follow-up (median IQR = 122 80‐206 ) than among con-
trols (median IQR = 114 75‐170 ), but the median differ-
ence was not statistically significant.

Table 2 shows median (IQR) nitrite/nitrate levels
across the categories of baseline characteristics. High nitri-
te/nitrate levels were statistically significantly associated
with current smoking and high 8-isoprostane concentrations
among cases and controls. Among cases, they were addi-
tionally statistically significantly associated with a low BMI.
Among controls, nitrite/nitrate levels were statistically signif-
icantly higher among subjects aged < 65 years compared to
older subjects.

Table 3 presents the association between nitrite/nitrate
levels and lung cancer incidence. The top quintile of nitri-
te/nitrate levels (≥192.8 μmol/mmol creatinine) was statis-
tically significantly associated with lung cancer incidence,
when compared to the bottom quintile (<66.9μmol/mmol
creatinine): the OR (95% CI) was 1.37 (1.04-1.82) in the main
model. Additional adjustments for CRP and 8-isoprostane
levels did not change this finding. Furthermore, the strength
of the observed association remained similar after exclud-
ing lung cancer cases within the first 5 years of follow-up
(Table 4).

The dose-response relationship between nitrite/nitrate
concentrations and lung cancer incidence is presented in
Figure 1. It shows that the association is not linear and that
a statistically significant association is only present at high
nitrite/nitrate concentrations (approx. >200 μmol/mmol

creatinine). This is in agreement with the findings from
the logistic models, in which only an increased lung cancer
risk was found in the highest nitrite/nitrate quintile
(≥192.8μmol/mmol creatinine).

4. Discussion

In this prospective matched case-control study from
Germany, we investigated the determinants of urinary
nitrite/nitrate levels and the association between nitrite/-
nitrate levels and lung cancer incidence. We observed
that high nitrite/nitrate levels were associated with lower
age in controls and a lower BMI among cases. Current
smoking and high 8-isoprostane levels were associated with
high nitrite/nitrate levels in both groups. Furthermore, the
association of nitrite/nitrate levels was not linear, and only
participants with nitrite/nitrate levels greater than approxi-
mately 200 μmol/mmol creatinine had an increased lung
cancer risk.

Previous studies have demonstrated that NO is a media-
tor and regulator in inflammatory responses. Whereas low
NO is anti-inflammatory, excessively elevated NO promotes
inflammation and oxidative stress under pathological condi-
tions [15, 16]. This could explain why we only observed an
association of nitrite/nitrate levels and lung cancer incidence
at high nitrite/nitrate concentrations. Interestingly, this asso-
ciation was independent from CRP and 8-isoprostane levels,
which suggests that the pathway from NO to lung cancer is
independent from the inflammatory and oxidative stress pro-
cesses that are reflected by these biomarkers.

Figure 2 illustrates the observed associations of nitrite/ni-
trate, 8-isoprostane, and CRP levels with each other and with
lung cancer incidence and puts them into context with reac-
tive oxygen species (ROS) and NO. Previous studies have
shown urinary 8-isoprostane levels and CRP to be associated
with lung cancer risk [17, 18]. Nitrite/nitrate levels were asso-
ciated with 8-isoprostane levels in our study but not with
CRP. However, we showed in a previous analysis of the
ESTHER study that 8-isoprostane levels and CRP are associ-
ated with each other. In the context of these close associa-
tions of these oxidative stress and inflammatory biomarkers,
the observed independent association of nitrite/nitrate levels
with lung cancer incidence was surprising. However, adjust-
ment for other biomarkers of oxidative stress or inflam-
mation (e.g., interleukin-6) might have led to stronger
attenuations of the strength of the association and should
be investigated in future studies.

The following mechanisms could explain the observed
association of nitrite/nitrate concentrations in urine with
lung cancer incidence. NO can react with other reactive oxy-
gen species (ROS) which is converted to reactive nitrogen
species (RNS), which are subsequently metabolized to nitrite
and nitrate [3]. NO can be oxidized to nitrite in the presence
of oxygen. Nitrate is produced by the reaction of NO and
singlet oxygen, in which peroxynitrite (ONOO–) is gener-
ated as a midproduct. Peroxynitrite is a strong oxidant and
may exert negative effects on DNA, proteins, and lipids initi-
ating cancer cell transition [14, 19]. In addition, RNS/ROS-
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sensitive pathways may be activated to promote cell growth/-
proliferation, differentiation, and angiogenesis in cancer [9].

To the best of our knowledge, the associations of NO
metabolites and the risk of lung or any other cancer site have
not been investigated by prospective, population-based stud-
ies before. However, a case-control study nested in a prostate
cancer cohort from Sweden observed that high compared to
low/negative iNOS immunoreactivity in prostate tumor epi-

thelial cells was associated with a strongly increased 10-year
prostate cancer mortality (OR (95% CI), 3.80 (1.45-9.97))
[20]. These findings for prostate cancer suggest that elevated
NO production may also be a useful prognostic marker in
cancer research, which deserves attention in future studies.

In addition to 8-isoprostane levels, nitrite/nitrate levels
were associated with current smoking and a low BMI among
cases. This might be explained by the long latency period of

Table 1: Baseline characteristics of the incident lung cancer cases and matched controls, the ESTHER study (2000-2014).

Characteristics
Incident lung cancer cases Controls

Pdifferencen (cases) % Median (IQR) n (controls) % Median (IQR)

Age (years) 245 — 62 (59-68) 735 — 63 (59-68) 0.885

Sex

Female 75 30.6 226 30.7 —

Male 170 69.4 509 69.3 —

Smoking status 0.937

Never smoker 29 12.1 93 13.0 —

Former smoker 87 36.2 260 36.2 —

Current smoker 124 51.7 365 50.8 —

Pack-years of smoking 221 — 34.8 (19.3-48.0) 624 — 33.8 (14.0-47.4) 0.423

School education (years) 0.077

≤9 198 83.2 — 551 77.0 —

10-11 19 8.0 — 82 11.4 —

≥12 21 8.8 — 83 11.6 —

Physical activity 0.182

Inactive 67 27.6 — 165 22.5 —

Sedentary 110 45.3 — 351 48.0 —

Vigorously active 66 27.1 — 216 29.5 —

BMI (kg/m2) 0.037

<25 83 33.9 — 202 27.0 —

25 - <30 103 42.0 — 330 44.2 —

≥30 59 24.1 — 215 28.8 —

Meat consumption 0.711

<once/week 81 36.0 — 259 37.4 —

Once/week 133 54.2 — 369 53.3 —

>once/week 22 9.8 — 65 9.4 —

Vegetable consumption 0.338

<once/week 25 10.6 — 110 15.6 —

Once/week 160 68.1 — 442 62.5 —

>once/week 50 21.3 — 155 21.9 —

Asthma 0.292

Yes 21 8.9 — 49 6.8 —

No 216 91.1 — 671 93.2 —

Family history of lung cancer 0.709

Yes 27 11.4 — 76 10.5 —

No 210 88.6 — 646 89.5 —

CRP (mg/L) 243 — 2.6 (1.3-5.8) 729 — 2.2 (1.1-5.1) 0.164

8-Isoprostane (nmol/mmol creatinine) 240 0.25 (0.18-0.33) 729 0.23 (0.17-0.31) 0.059

Nitrite/nitrate (μmol/mmol creatinine) 245 — 122 (80-206) 733 — 114 (75-170) 0.081

Abbreviation: BMI: body mass index; CRP: C-reactive protein. Note: lung cancer cases and controls were 1 : 3 matched for age, sex, smoking status, and pack-
years of smoking.
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Table 2: Median (IQR) of a nitrite/nitrate concentration according to population characteristics in cases and controls, the ESTHER study
(2000-2014).

Characteristics
Cases Controls

n (cases)
Nitrite/nitrate

(μmol/mmol creatinine)
n (controls)

Nitrite/nitrate
(μmol/mmol creatinine)

Age (year)

50-60 79 122.1 (85.2-202.1) 245 122.0 (88.0-182.9)

60-64 62 130.3 (79.4-256.5) 184 120.9 (80.4-187.2)

65-69 60 103.2 (69.7-160.6) 176 98.9 (64.9-158.8)

70-75 44 136.2 (88.7-237.5) 130 97.1 (62.7-147.0)

P value 0.323 <0.001
Sex

Female 75 121.5 (67.8-227.0) 226 117.6 (78.8-184.0)

Male 170 120.8 (81.4-181.7) 509 111.2 (71.9-164.3)

P value 0.595 0.199

Smoking status

Never smoker 29 104.7 (60.4-125.5) 93 108.9 (74.7-146.3)

Former smoker 87 112.6 (70.0-172.7) 260 102.2 (64.8-151.4)

Current smoker 124 139.3 (92.8-231.1) 365 127.2 (87.0-188.7)

P value 0.009 <0.001
Pack-years of smoking

≤15.0 73 107.1 (60.4-167.1) 274 106.9 (71.8-158.1)

15.0 - ≤34.0 59 117.7 (69.4-204.8) 160 114.5 (74.6-162.5)

34.0 - ≤47.5 56 141.7 (89.5-198.6) 148 114.6 (75.9-171.7)

>47.5 57 136.5 (94.5-248.1) 153 122.0 (79.4-197.1)

P value 0.071 0.105

Education levels (years)

≤9 198 122.0 (78.7-195.8) 551 113.7 (74.1-168.6)

10-11 19 112.6 (79.9-235.3) 82 112.7 (67.7-163.5)

≥12 21 145.7 (93.4-250.4) 83 122.7 (92.6-211.9)

P value 0.788 0.103

Physical activity

Inactive 67 121.6 (77.9-193.6) 165 118.6 (76.7-183.5)

Sedentary 110 123.7 (78.7-227.2) 351 110.8 (72.5-170.6)

Vigorously active 66 121.2 (94.1-216.0) 216 118.3 (74.6-167.7)

P value 0.846 0.510

BMI (kg/m2)

<25 83 135.8 (85.9-222.0) 199 118.4 (83.2-168.8)

25 - <30 103 134.4 (86.4-229.2) 325 114.3 (72.1-173.8)

≥30 59 98.7 (58.6-170.7) 211 105.0 (70.4-162.5)

P value 0.022 0.337

Meat intake frequency

<once/week 81 125.5 (85.0-191.6) 259 114.3 (75.2-177.2)

Once/week 122 112.9 (79.4-207.5) 369 113.8 (74.3-165.7)

>once/week 22 121.8 (64.6-195.8) 65 120.5 (76.2-170.0)

P value 0.933 0.877

Vegetable consumption frequency

<once/week 25 108.5 (71.3-181.7) 108 111.6 (75.7-152.3)

Once/week 160 125.4 (86.1-202.0) 435 113.8 (72.5-163.8)

>once/week 50 105.8 (67.0-188.3) 152 134.6 (80.8-227.3)

P value 0.240 0.134
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lung cancer, and some lung cancer cases diagnosed during
follow-up may have already been subclinical at the baseline
examination. Lung cancer patients often experience loss
of appetite and weight for a long period of time before
they are diagnosed [21]. The association of a nitrite/nitrate
concentration with current smoking was expected because
cigarette smoke itself contains NO, which can cross the
alveolar-capillary membrane. NO may also dilate the con-
stricted respiratory tract, making more smoke get into the
lung [15]. A previous study demonstrated that smoking
led to increased nitrite/nitrate levels in exhaled breath con-
densate of subjects [21].

Furthermore, we observed that nitrite/nitrate levels were
inversely associated with age in the control group, which
confirms previous observations in healthy individuals [22].
This inverse association could be explained by the increased
plasma concentrations of the NO synthase inhibitor, asym-
metric dimethylarginine (ADMA), in older subjects [23].
However, the mechanism for these findings is not clear so far.

It has been shown that NO has pathophysiological effects
on asthma and COPD. Elevated NO can lead to nitrosative
stress in the airway epithelium, which may be responsible
for steroid resistance or ineffectiveness in inflammatory pul-
monary diseases [24]. Furthermore, cancer-cell-derived NO

Table 2: Continued.

Characteristics
Cases Controls

n (cases)
Nitrite/nitrate

(μmol/mmol creatinine)
n (controls)

Nitrite/nitrate
(μmol/mmol creatinine)

Asthma prevalence

No 216 121.5 (79.4-200.6) 671 114.0 (74.7-170.0)

Yes 21 107.2 (80.7-229.7) 49 112.7 (78.9-147.0)

P value 0.520 0.921

Family history of lung cancer

No 210 121.2 (79.9-217.7) 646 113.9 (74.7-168.7)

Yes 27 132.3 (71.3-191.6) 76 111.3 (72.0-186.0)

P value 0.870 0.907

CRP (mg/L)

≤1.175 52 114.3 (63.5-236.5) 191 118.0 (78.1-178.3)

1.175 - ≤2.325 59 148.9 (85.9-229.7) 184 108.9 (70.8-162.2)

2.325 - ≤5.140 67 113.0 (89.4-207.5) 177 111.2 (78.2-165.7)

>5.140 65 118.1 (76.0-171.5) 177 114.8 (70.3-174.6)

P value 0.520 0.739

8-Isoprostane (nmol/mmol creatinine)

≤0.175 54 108.3 (69.4-158.0) 189 105.0 (70.5-155.7)

0.174 - ≤0.231 54 112.6 (79.5-193.6) 188 108.4 (73.4-162.5)

0.231 - ≤0.308 59 107.9 (67.1-176.9) 182 114.1 (75.7-175.5)

>0.308 73 167.0 (112.0-267.3) 170 138.9 (88.3-195.9)

P value 0.001 0.026

Abbreviations: BMI: body mass index; CRP: C-reactive protein.

Table 3: Associations of nitrite/nitrate concentration quintiles with lung cancer incidence, the ESTHER study (2000-2014).

Nitrite/nitrate levels
(μmol/mmol creatinine)

ncase/ncontrol
Main modela

OR (95% CI)
Sensitivity model 1b

OR (95% CI)
Sensitivity model 2c

OR (95% CI)

Quintile 1 <66.9 48/147 Ref. Ref. Ref.

Quintile 2 66.9 - <97.2 39/147 0.81 (0.59-1.12) 0.81 (0.59-1.12) 0.82 (0.60-1.12)

Quintile 3 97.2 - <134.1 43/147 0.88 (0.65-1.20) 0.89 (0.65-1.21) 0.88 (0.65-1.20)

Quintile 4 134.1 - <192.8 48/147 1.00 (0.74-1.36) 1.01 (0.75-1.37) 1.01 (0.74-1.36)

Quintile 5 ≥192.8 67/147 1.37 (1.04-1.82) 1.38 (1.04-1.82) 1.36 (1.03-1.80)
aAdjusted for body mass index (BMI), education, family history of lung cancer, asthma, physical activity, and vegetable and meat consumption frequency. In
addition, potential confounding by the following factors was controlled by matching age, sex, smoking status, and pack-years of smoking. bAdjusted for
variables of the main model+C-reactive protein. In addition, potential confounding by the following factors was controlled by matching age, sex, smoking
status, and pack-years of smoking. cAdjusted for variables of the main model+8-isoprostane. In addition, potential confounding by the following factors was
controlled by matching age, sex, smoking status, and pack-years of smoking. Note: numbers in bold: statistically significant estimates compared to the
quintile 1 (P < 0 05).
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may promote cancer-cell invasion, proliferation, and angio-
genesis [25]. Therefore, the link between NO and lung cancer
suggests that inhibiting NO production might be a potential
preventive and/or therapeutic strategy for lung cancer. The
major approach to NO inhibition is suppressing NOS activ-
ity. A randomized preclinical trial reported that L-NMMA,
a competitive NOS inhibitor, decreased lung tumor growth
in a mouse model [26]. There is also evidence showing that
inhaled steroid treatment reduces exhaled NO as well as the
risk of lung cancer [27, 28]. However, the NOS inhibition
approaches should be used with caution. Potential side
effects, such as endothelial dysfunction, may be caused by
inhibiting the NOS [29].

Our study has several strengths. First, a prospective
matched case-control study design was used, and subjects

with a history of lung cancer before baseline were excluded
from the analyses to avoid reverse causality. In addition, can-
cer cases diagnosed within the first 5 years of follow-up were
excluded in a sensitivity analysis to address the lag time of
lung cancer development, and the results were consistent
with the main results. Second, linkage to cancer registries
ensured high certainty regarding lung cancer diagnoses and
minimized attrition bias, which often affects cohort studies
with long-term follow-up. Third, in order to control for con-
founding, cases were matched to controls for age, sex, smok-
ing status, and pack-years of smoking, and models were
comprehensively adjusted for other potential confounders,
including 8-isoprostane levels and CRP. Nevertheless, sev-
eral limitations in our study need to be considered when
interpreting the results. First, the sampling of controls
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Figure 1: Dose-response relationship of a nitrite/nitrate concentration and lung cancer incidence, the ESTHER study (2000-2014). Notes:
results of a logistic regression model adjusted for BMI, education, family history of lung cancer, asthma, physical activity, and vegetable
and meat consumption frequency. In addition, potential confounding by the following factors was controlled by matching age, sex,
smoking status, and pack-years of smoking. Knots: 10th, 30th, 50th, 70th, and 90th percentile. Solid red line: estimation for the odds ratio.
Dashed grey lines: 95% confidence interval bands. Dashed green line: odds ratio = 1 as reference.

Table 4: Associations of a nitrite/nitrate concentration with lung cancer incidence in a sensitivity analyses excluding lung cancer cases which
occurred in the first 5 years of follow-up, the ESTHER study (2000-2014).

Nitrite/nitrate levels
(μmol/mmol creatinine)

ncase/ncontrol
Main modela

OR (95% CI)
Sensitivity model 1b

OR (95% CI)
Sensitivity model 2c

OR (95% CI)

Quintile 1 <67.7 37/101 Ref. Ref. Ref.

Quintile 2 67.7 - <97.4 29/101 0.88 (0.60-1.29) 0.88 (0.602-1.29) 0.88 (0.60-1.29)

Quintile 3 97.4 - <133.7 31/101 0.95 (0.65-1.38) 0.95 (0.66-1.39) 0.95 (0.66-1.39)

Quintile 4 133.7 - <188.8 26/101 0.81 (0.55-1.18) 0.80 (0.55-1.18) 0.81 (0.55-1.19)

Quintile 5 ≥188.77 45/100 1.36 (0.97-1.92) 1.36 (0.97-1.92) 1.34 (0.95-1.90)
aAdjusted for body mass index (BMI), education, family history of lung cancer, asthma, physical activity, and vegetable and meat consumption frequency. In
addition, potential confounding by the following factors was controlled by matching age, sex, smoking status, and pack-years of smoking. bAdjusted for
variables of the main model+C-reactive protein (CRP). In addition, potential confounding by the following factors was controlled by matching age, sex,
smoking status, and pack-years of smoking. cAdjusted for variables of the main model+8-isoprostane. In addition, potential confounding by the following
factors was controlled by matching age, sex, smoking status, and pack-years of smoking.

7Oxidative Medicine and Cellular Longevity



reduces precision and power compared to a cohort design.
Second, residual confounding can generally not be excluded
in an observational study. Third, the number of cases in
each quintile was relatively small and led to a rather low
statistical power for quintile comparisons. Fourth, urinary
nitrite/nitrate concentrations may also be influenced by a
nitrate-rich diet [30, 31]. Although the logistic regression
models were adjusted for vegetable consumption and meat
consumption frequency, we cannot exclude residual con-
founding by diet in our analyses because no detailed food
frequency questionnaire asking for specific nitrate-rich vege-
tables was used in our study. Lastly, urine samples were col-
lected only once at baseline. Further studies with repeated
measurements are needed because urinary nitrite/nitrate
levels might vary during follow-up.

In conclusion, the current study observed that high
urinary nitrite/nitrate levels were associated with high lung
cancer incidence although the comparison between cases
and controls was matched for age, sex, and smoking and
controlled for other biomarkers of oxidative stress and
inflammation. This suggests an independent mechanism
that links pathologically high levels of NO to lung cancer
development.
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Cancer resistance to chemotherapy is closely related to tumor heterogeneity, i.e., the existence of distinct subpopulations of cancer
cells in a tumor mass. An important role is assigned to cancer stem cells (CSCs), a small subset of cancer cells with high tumorigenic
potential and capacity of self-renewal and differentiation. These properties of CSCs are sustained by the ability of those cells to
maintain a low intracellular reactive oxygen species (ROS) levels, via upregulation of ROS scavenging systems. However, the
accumulation of ROS over a critical threshold disturbs CSCs—redox homeostasis causing severe cytotoxic consequences. In the
present study, we investigated the capacity of celastrol, a natural pentacyclic triterpenoid, to induce the formation of ROS and,
consequently, cell death of the colon cancer cells with acquired resistant to cytotoxic drugs (LOVO/DX cell line). LOVO/DX
cells express several important stem-like cell features, including a higher frequency of side population (SP) cells, higher
expression of multidrug resistant proteins, overexpression of CSC-specific cell surface marker (CD44), increased expression of
DNA repair gene (PARP1), and low intracellular ROS level. We found that celastrol, at higher concentrations (above 1 μM),
significantly increased ROS amount in LOVO/DX cells at both cytoplasmic and mitochondrial levels. This prooxidant activity
was associated with the induction of DNA double-strand breaks (DSBs) and apoptotic/necrotic cell death, as well as with
inhibition of cell proliferation by S phase cell cycle arrest. Coincubation with NAC, a ROS scavenger, completely reversed the
above effects. In summary, our results provide evidence that celastrol exhibits effective cytotoxic effects via ROS-dependent
mechanisms on drug-resistant colon cancer cells. These findings strongly suggest the potential of celastrol to effectively kill
cancer stem-like cells, and thus, it is a promising agent to treat severe, resistant to conventional therapy, colon cancers.

1. Introduction

Reactive oxygen species (ROS) are highly reactive, oxygen-
containing, chemical molecules produced intracellularly
through multiple mechanisms. The major endogenous
sources of ROS are NADPH oxidase (NOX) complex in the
cell membrane, mitochondria, peroxisomes, and endoplas-
mic reticulum. At low and moderate levels, cellular and mito-
chondrial ROS are implicated in various important cellular
processes such as proliferation, differentiation, and survival.
Excessive ROS levels interfere with redox homeostasis lead-
ing to a significant modification of the structure and function
of cellular macromolecules that determine the fate of the cell.
Importantly, chronically increased endogenous ROS is linked

to the adaptive changes in cells that lead to cellular transfor-
mation and tumorigenesis [1–5]. Compared to normal cells,
cancer cells display higher levels of ROS as a result of higher
energy metabolism rate, oncogene activation, and loss of
tumor suppressors [2, 6]. For instance, Haklar et al. have
reported significantly increased levels of all ROS, especially
hypochlorite, NO, and peroxynitrite in cancerous colon tis-
sues [7]. Despite elevated intracellular ROS levels, cancer
cells are sensitive to oxidative stress and ROS amplification
over a critical threshold selectively kill tumor cells [8]. Most
cytotoxic effects of chemotherapy are associated with the
induction of cellular ROS generation. However, chronical
exposure of cancer cells to ROS induced by chemothera-
peutics, such as doxorubicin, daunorubicin, epirubicin, or
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camptothecin, leads to the development of drug-resistant
phenotype which is associated with the overexpression of
ATP-dependent transmembrane efflux pumps and reduced
ROS level [9, 10].

Resistance to chemotherapy is closely related to tumor
heterogeneity, i.e., the existence of distinct subpopulations
of cancer cells in a tumor mass. An important role is assigned
to cancer stem cells (CSCs), a small subset of cancer cells with
high tumorigenic potential and capacity of self-renewal and
differentiation. Compared to differentiated cancer cells, CSCs
are quiescent and present lower energy metabolism rate that
consequently results in a significantly lower level of basal
ROS [4]. This is also achieved by upregulation of ROS scav-
enging systems such as glutathione (GSH) [11]. In gastroin-
testinal CSCs, increased intracellular GHS synthesis is
maintained by CD44v, a cellular adhesion molecule. CD44v
is overexpressed in CSC and is a critical regulator of cancer
stemness, including self-renewal, tumor initiation, and
metastasis [12, 13]. A growing amount of evidence indicates
that CSCs and non-CSCs can be bidirectionally converged,
i.e., non-CSCs can be reprogrammed into CSCs and con-
versely CSCs into non-CSCs phenotypes [8, 12]. In view
of these abilities of cancer cells, anticancer therapy strategies
should target both bulk differentiated cells and CSCs. The
treatment that impairs ROS defense and/or induces ROS
generation provides a potential approach for killing CSCs.

Celastrol (tripterine) is a natural polyphenolic compound;
one of the most biologically active product isolated from the
Celastraceae family plants. Celastrol has been shown to exhibit
important antioxidant and anti-inflammatory activities. It
also inhibits the secretion of proinflammatory cytokines. In
the past decade, it has also been found to inhibit tumor pro-
liferation and growth in various cancer models as well as
tumor capacity to metastasis. Anticancer properties of
celastrol arise from its pleiotropic activities on multiple
cellular signal pathways, including multidrug resistance
mechanisms [14–18]. It has been reported that celastrol
synergistically enhances the cytotoxicity of radiotherapy
and chemotherapeutic agents [19]. We have also demon-
strated that celastrol was able to enhance the sensitivity
of the doxorubicin-resistant colon cancer cells via direct
binding to P-glycoprotein1 (P-gp), a multidrug resistance
protein belonging to ATP-dependent transporters. Interest-
ingly, a few recent reports have indicated that celastrol
has the potential to induce intracellular ROS generation in
lung, osteosarcoma, melanoma, and ovarian cancer cells
[20–23]. This prooxidative activity of celastrol was associ-
ated with the induction of cytotoxic effects in these tumors.
In addition, Seo et al. showed that celastrol augmented ROS
production induced by ionizing radiation in lung cancer as
a result of celastrol-induced thiol reactivity of antioxidant
enzymes [24].

In this work, for the first time, the effect of celastrol
on ROS amounts in colon cancer cells displaying a high
level of resistance to cytotoxic drugs (LOVO/DX cell line)
was investigated.

These cells express several important features of CSCs,
such as increased frequency of side population (SP) cells,
high efflux capacity through ATP-dependent transporters

(mainly P-gp glycoprotein), overexpression of CD44 and
PARP1, a DNA repair gene, and significantly lower intracel-
lular ROS level. We demonstrated that celastrol was able to
generate oxidative stress in LOVO/DX cells at both cytoplas-
mic and mitochondrial levels. This prooxidant activity was
associated with the induction of ROS-dependent DNA
double-strand breaks (DSBs), the strongly deleterious and
harmful DNA damages. The high level of phosphorylated
H2A.X histone (γ-H2A.X), a biomarker of DSBs, was related
to inhibition of cell proliferation by S phase cell cycle arrest
and induction of apoptotic cell death in these cancer cells.
Coincubation with N-Acetyl-L-cysteine (NAC), a ROS
scavenger, completely reversed above effects. These results
provide evidence that celastrol exhibits effective cytotoxic
effects via ROS-dependent mechanisms on drug-resistant
colon cancer cells.

2. Materials and Methods

2.1. Materials. DMEM F12 (Dulbecco’s Modified Eagle’s
Medium: Nutrient Mixture F-12), HBSS (Hank’s Balanced
Salt Solution), FBS (fetal bovine serum), ultraglutamine 1,
and gentamicin sulfate were purchased from Lonza (Basel,
Switzerland). Accutase™ Cell Detachment and FITC Annexin
VApoptosis Detection Kit were obtained fromBDBiosciences
(Franklin Lakes, New Jersey, USA). TrypLE™ Express was
from Gibco (Waltham, MA, USA). MitoPy1 [4-[4-[3-Oxo-6′
-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)spiro [isoben-
zofuran-1(3H), 9′-[9H]xanthen]-3′-yl]-1-piperazinyl]butyl]-
triphenyl-phosphonium iodide) was from Tocris Bioscience
(Bristol, United Kingdom). Bovine serum albumin (BSA),
DCF-DA (2,7-dichlorofluorescin diacetate), NAC (N-Acetyl-
L-cysteine), DMSO (Dimethyl Sulfoxide), paraformaldehyde
(PFA), propidium iodide, and DAPI (4′,6-Diamidino-2-phe-
nylindole dihydrochloride) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Ethanol 96% was from Chem-
pur. Celastrol, with purity more than 98%, was purchased
from Cayman Chemical Company (Ann Arbor, MI, USA).
Phospho-histone H2A.X (Ser139) monoclonal antibody
(CR55T33) Alexa Fluor 488 eBioscience™ was obtained from
Invitrogen (Carlsbad, CA, USA).

2.2. Methods

2.2.1. Cell Line and Culture Conditions. The doxorubicin-
resistant colon cell line (LOVO/DX) was derived from
LOVO cell line (ATCC collection) by 3-month cultivation
in the presence of a low concentration of doxorubicin. LOVO
cell line originates from the metastatic site of colon adenocar-
cinoma. The LOVO/DX cells were cultured in DMEM F12
medium supplemented with 10% FBS, 2mM L-glutamine,
and 25 μg/ml of gentamicin at 37°C in a humidified atmo-
sphere with 5% CO2. The cells were subcultured twice a week
using TrypLE™ Express.

2.3. Drug Solution. Celastrol was dissolved in DMSO as
10mM stock solution and stored at -20°C. The working
solution was freshly prepared before each experiment by
10x dilution of stock solution in a culture medium. The
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final DMSO concentration in the cell culture did not
exceed 0.02%.

2.4. Detection of Intracellular ROS. The DCF-DA assay was
carried out with flow cytometry according to the protocol
previously described [25, 26]. The working DCF-DA solution
was freshly prepared before each experiment by dissolving in
100% ethanol and further 10x dilution in HBSS. The final
DCF-DA concentration in cell culture was 20 μM.

The LOVO/DX cells were removed from the culture flask
using TrypLE™ Express solution, spun down, and pelleted.
Cells (1 × 106/ml) were then resuspended in 1ml of freshly
prepared DCF-DA/HBSS solution in plastic Falcon tubes,
and celastrol was immediately added to the samples to
the final concentrations of 0.1-20μM. The samples were
incubated for 1 h at 37°C in a CO2 incubator. Following
incubation time, the cells were washed in HBSS and stained
with propidium iodide (PI) for dead cell exclusion from the
analysis. Afterwards, all samples were placed on ice and
immediately analyzed for intracellular content of DCF using
flow cytometer.

2.5. Detection of Mitochondrial H2O2. The mitochondria per-
oxy yellow 1 (MitoPY1), a fluorescent probe that selectively
tracks to the mitochondria, was used to measure mitochon-
drial hydrogen peroxide (H2O2) [27]. MitoPY1 was dissolved
in DMSO as 5mM stock solution and aliquoted into PCR
tubes. The aliquots (20 μl) were placed in a desiccator under
weak vacuum until the solvent was removed and then stored
at -20°C. Working solution (10μM) was freshly prepared
before each experiment by dissolving the aliquot in 20 μl of
DMSO and then by adding 10ml of HBSS.

The LOVO/DX cells were removed from the culture flask
using TrypLE™ Express solution, spun down, and pelleted.
Then, the cell pellets (1 × 106 cells/sample) were resuspended
in 1ml of freshly prepared MitoPY1 solution in plastic
Falcon tubes. Afterwards, celastrol solution was immediately
added to the cells to the final concentrations of 0.1-20μM.
The samples were incubated for 1 h at 37°C in a CO2 incu-
bator and then washed in HBSS. For dead cell exclusion
from analysis, the cells were costained with propidium
iodide (PI). The cell-associated fluorescence was measured
by flow cytometry.

2.6. Apoptosis and Necrosis Assay. Apoptosis and necrosis
were detected with flow cytometry after staining of the cells
with fluorochrome mixture: Annexin V-FITC and PI, using
the FITC Annexin V Apoptosis Detection Kit. The staining
allows to discriminate between early and late apoptotic cells
and necrotic cells. LOVO/DX cells (7 5 × 105/ml) were
seeded in a 12-well plate and incubated with various celastrol
concentrations in the absence or presence of 5mM NAC
(N-Acetyl-L-cysteine) (37°C, 5% CO2). Following 4 hours
incubation, the cells were detached with Accutase™ Cell
Detachment and washed with HBSS. The cells were resus-
pended in 100μl of ice-cold 1x binding buffer and stained
with 5μl of Annexin V-FITC and 5μl of PI for 15 minutes
in the dark at room temperature. Samples were immediately
analyzed with the flow cytometer.

2.7. Cell Cycle Analysis. The flow cytometric analysis of cell
cycle was done by the means of propidium iodide (PI) stain-
ing according to the protocol described in the literature [28].
The PI staining solution was freshly prepared before each
experiment and contained PI 0.1% (v/v) Triton X-100,
50 μg/ml PI (Molecular Probes Inc.), and 50μg/ml DNase-
free RNase A in PBS.

LOVO/DX cells (1 × 106/ml) were seeded in a 6-well
plate and incubated with various celastrol concentrations
(37°C, 5% CO2). Following 18 hours of incubation, the
cells were removed from wells using TrypLE™ Express
solution and washed with cold HBSS. The cells were then
fixed with ice-cold 70% ethanol and kept on ice for 1 hour.
After two washing steps with cold HBSS, the cells were resus-
pended in 0.5ml of PI staining solution and incubated for
30 minutes in the dark. Samples were then analyzed with
the flow cytometer.

2.8. Detection of γ-H2A.X. Detection and quantification of γ-
H2A.X+ positive cells were done using phospho-histone
H2A.X (Ser139) monoclonal antibody (CR55T33) Alexa
Fluor 488, based on the protocol previously described by
Kataoka et al. [29].

LOVO/DX cells (1 × 106/ml) were seeded in a 6-well
plate and incubated for 4 hours with various celastrol con-
centrations (37°C, 5% CO2). Then, the cells were removed
with TrypLE™ Express solution, placed into plastic Falcon
tubes, and washed twice with cold HBSS. The cells were fixed
using 2% paraformaldehyde (PFA) for 10 minutes on ice.
After two washing steps with cold HBSS containing 1%
bovine-serum albumin (1% BSA-HBSS), the cells were
permeabilized with ice-cold 70% ethanol (prepared in 1%
BSA-HBSS). The samples were kept in this solution for 5-7
days at 4°C. Before staining with antibody, the cells were
washed twice using 1% BSA-HBSS. The cell pellets were
resuspended in 100 μl of 1% BSA-HBSS containing 2μl of
phospho-histone H2A.X (Ser139) monoclonal antibody
(CR55T33) Alexa Fluor 488 and incubated for 30 minutes
in the dark. Then, the cells were washed with 1% BSA-
HBSS and counterstained with DAPI (1μg/ml) for cell cycle
analysis. Stained cells were analyzed by flow cytometry.

2.9. Flow Cytometric Analysis. In all assays, the cells were
acquired on CyFlow® SPACE flow cytometer (Sysmex, Kobe,
Prefektura Hyōgo, Japan). The laser excitation 488nm
(50mW) and the filter 536/40 (BP) were used for fluores-
cence measurement of DCF, MitoPY1, FITC, and Alexa
Fluor 488. Propidium iodide fluorescence was measured
using laser excitation 488nm (50mW) and 675/20 (BP) filter
and DAPI fluorescence with 375nm (16mW) laser excitation
and 455/50 (BP) filter. The results were analyzed using Flow-
Max (Sysmex, Kobe, Prefektura Hyōgo, Japan) or FCS
express 4 flow software (De Novo Software, Glendale, CA,
USA). The MultiCycle™ DNA analysis model was used for
cell cycle analysis.

2.10. Statistical Analysis. Statistical significance of the
results was calculated using GraphPad Prism Version 6.05
(GraphPad Software, La Jolla, CA, USA).
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3. Results

3.1. Intracellular ROS Level in LOVO/DX Cells. Several
reports indicate that drug-resistant cancer cells and CSCs
present a reduced amount of ROS than drug-sensitive can-
cer cells. Therefore, we first evaluated the basal ROS level
in LOVO/DX cells exhibiting high resistance to doxorubi-
cin compared to sensitive cells (LOVO cells). Intracellular
ROS amount was assessed by flow cytometry using DCF-
DA assay. As shown in Figure 1, the endogenous ROS
level in LOVO/DX cells is significantly lower (>50%) than
in LOVO cells.

3.2. Effect of Celastrol on ROS Level in LOVO/DX Cells. To
investigate whether celastrol is able to induce an increase in
the amount of endogenous ROS in drug-resistant cells, the
LOVO/DX cells were treated with various concentrations of
celastrol. Since mitochondria are the major intracellular
source of ROS, mitochondrial H2O2 content (MitoPY1 assay)
was evaluated in addition to cytosol ROS amount (DCF-DA

test). The influence of celastrol on ROS and H2O2 generation
is shown in Figures 2(a) and 2(b), respectively. The results
indicate that ROS levels did not change or slightly decreased
following cell incubation with lower celastrol concentrations
(0.1-1 μM). However, at higher concentrations (5-20μM), it
induces significant ROS accumulation at both cytosol and
mitochondrial levels. This increase is dose-dependent and
reaches up to 80% (DCF-DA) and 60% (MitoPY1) above
the control level, at the highest concentration of 20μM.

3.3. Cytotoxic Effect of Celastrol on LOVO/DX Cells. It is well
known that excessive ROS production can affect the viability
of cancer cells. Therefore, we investigated whether celastrol
prooxidative activity could lead to cytotoxic effects in
LOVO/DX cells. The celastrol-induced cytotoxicity was
determined after 2 and 4 hours of the treatment by means
of PI staining. In shorter incubation time, celastrol had no
impact on LOVO/DX cell viability at the tested concentra-
tion range. Extending the incubation time to 4 hours led to
the appearance of necrotic cells in a very small percentage
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Figure 1: Intracellular ROS level (DCF-DA assay) in LOVO/DX cells compared to LOVO cells. (a) Representative histograms of flow
cytometric evaluation of the cell-associated DCF fluorescence. (b) The basal level of intracellular ROS in LOVO/DX cells compared to
LOVO cells. Results are expressed as E/E0 × 100% (mean ± SD, n = 5, ∗∗∗p ≤ 0 0001), where the MFI (mean fluorescent intensity) of DCF
in LOVO/DX cells (E) was compared to the MFI in LOVO cells (E0).
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Figure 2: Impact of celastrol on the intracellular ROS level (DCF-DA assay) (a) and the mitochondrial H2O2 level (MitoPY assay) (b) in
LOVO/DX cell cultures. The results obtained in the presence of celastrol (E) were compared to the relevant control (E0), i.e., cells
incubated in the presence of the solvent (DMSO). The values are expressed as the mean ± SD, n = 6, ∗∗p ≤ 0 01, ∗∗∗p ≤ 0 001.
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(1.2–2%) at lower concentrations. At the higher concentra-
tions, 10 and 20 μM, the percentage of necrotic cells increases
up to 14% (Figure 3(a)). This effect is completely abolished in
cell culture incubated with celastrol in the presence of ROS
scavenger: N-acetylcysteine (NAC, 5mM) (Figure 3(b)).

3.4. Effects of Celastrol on Apoptotic Cell Death of LOVO/DX
Cells. ROS and mitochondria play an important role in apo-
ptosis induction. We evaluated whether the prooxidant activ-
ity of celastrol is associated with apoptosis induction in
LOVO/DX cells. Proapoptotic effects of celastrol were stud-
ied after 2 and 4 hours of incubation with LOVO/DX cells
using double staining with Annexin V-FITC and PI dye.
The results are presented as a percentage of early apoptotic
cells (Annexin V-FITC+ and PI-) and late apoptotic cells
(Annexin V-FITC+ and PI+). As shown in Figures 4(a) and
4(b), the frequency of cells with early and late apoptotic fea-
tures does not change after 2 hours of incubation regardless
of the celastrol concentration. However, longer incubation
time leads to a significant increase in the percentage of late
apoptotic cells up to 41% at 5–20 μM concentrations of celas-
trol (Figure 4(b)). Moreover, there is a clear disproportion
between the number of cells in early and late stages of apo-
ptosis, i.e., the decrease of early apoptotic cells along with
the increase of late apoptotic cells is observed (Figure 4(c)).
The addition of NAC (5mM) to the cell cultures entirely
abolishes these effects of celastrol (Figures 5 and 6).

3.5. Impact of Celastrol on Cell Cycle and DNA Damage. In
addition to apoptosis induction, ROS, at higher levels, cause
oxidative DNA damage and subsequent cell cycle arrest.
We thus investigated whether celastrol-induced apoptosis
was associated with inhibition of cell cycle and induction of
double-strand breaks in LOVO/DX cells. The cell cycle was
evaluated by PI staining. Figure 7(a) depicts the distribution
of LOVO/DX cells through the cell cycle after treatment with

celastrol for 18 hours. The results reveal that celastrol causes
cell cycle arrest by the accumulation of cells in the S phase
together with a marked reduction in the number of cells in
the G2/M phase (Figure 7(b)). Moreover, at 2.5 and 5 μM
of celastrol, a marked increase in the generation of double-
strand breaks was observed, as assessed by γ-H2AX
(Table 1, Figure 8(a)). γ-H2A.X+ positive cells were observed
in all phases of the cell cycle; however, S phase cells revealed a
lower frequency of γ-H2A.X+ cells compared to G2/M phase
cells (Table 2, Figure 8(b)). The addition of NAC (5mM) to
the cell culture incubated with celastrol results in the com-
plete abolishment of γ-H2AX formation (Tables 1 and 2).

4. Discussion

Reactive oxygen species (ROS) play an important role in the
anticancer activity of several agents used for the treatment of
colon and other cancers. Amplification of the intracellular
ROS level in tumor cells induces apoptosis and, in some
cases, other types of cell death, i.e., autophagy or necrosis
by damaging cellular components such as DNA and protein
and lipid membranes. Recently, some naturally occurring
polyphenols have been reported to act as selective cytotoxic
agents against cancer cells by generation of toxic levels of
ROS [30]. Celastrol is a plant triterpenoid that strongly
inhibits the growth and development of cancer in various
cancer cell models. Some molecular mechanisms responsible
for its anticancer activity have been proposed. The celastrol
structure holds a highly redox-active para-quinone methide
moiety that can induce oxidative stress by forming ROS, such
as superoxide or hydrogen peroxide [31, 32]. Some recent
reports have indicated that celastrol induces antitumor
effects by increasing the intracellular accumulation of ROS
in lung, osteosarcoma, melanoma, and ovarian cancer cells
[20–24]. However, the effect of celastrol on drug-resistant,
stem-like colon cancer cells is still unexplored.
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Figure 3: The frequency of necrotic cells in LOVO/DX cell cultures incubated with celastrol (a) and coincubated with celastrol and NAC (b).
The cells were double stained with Annexin V-FITC and propidium iodide (PI) fluorescent dyes (FITC Annexin V Apoptosis Detection Kit)
and analyzed by flow cytometry. Control: LOVO/DX cells incubated without celastrol (gray), LOVO/DX cells incubated without celastrol and
NAC (black). The results are presented as a percentage of PI+ cells (Annexin V-FITC- and PI+ dead cells); mean ± SD, n = 4, ∗p < 0 05, ∗∗∗
p ≤ 0 001.
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Figure 4: The effects of 2 and 4 hours of incubation of celastrol with LOVO/DX cells on the frequency of early and late apoptosis. The cells
were double stained with Annexin V-FITC and PI fluorescent dyes (FITC Annexin V Apoptosis Detection Kit) and analyzed by flow
cytometry. The results are presented as a percentage of early apoptotic cells (Annexin V-FITC+ and PI-) and late apoptotic cells (Annexin
V-FITC+ and PI+); mean ± SD, n = 4.
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Figure 5: The frequency of early and late apoptotic cells in LOVO/DX cell cultures incubated with celastrol (a) and coincubated with celastrol
and NAC (b). The cells were double stained with Annexin V-FITC and PI fluorescent dyes (FITC Annexin V Apoptosis Detection Kit) and
analyzed by flow cytometry. Control: LOVO/DX cells incubated without celastrol (gray), LOVO/DX cells incubated without celastrol and
NAC (black). The results are presented as a percentage of early apoptotic cells (Annexin V-FITC+ and PI-) and late apoptotic cells
(Annexin V-FITC+ and PI+); mean ± SD, n = 4, ∗p < 0 05, ∗∗p ≤ 0 01, and ∗∗∗p ≤ 0 001.
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In the present study, we aimed to determine whether
celastrol is able to induce the formation of ROS and conse-
quently cell death in colon cancer cells with acquired resis-
tant to cytotoxic drugs. For this purpose, we used human
colon adenocarcinoma cell line (LOVO/DX) which shows
cross-resistance to doxorubicin and other anthracyclines
such as vinca alkaloids, epipodophyllotoxin derivatives, 4′-
(9-acridinylamino-methanesulfon-m-aniside), and actino-
mycin D [33]. We compared the endogenous redox status
of those cells with their sensitive counterpart (LOVO) and
we found that LOVO/DX cells have a significantly lower
level of cytoplasmic ROS. Maiti has reported that ovarian
cancer cells resistant to chlorambucil (A2780/100) present
reduced amount of ROS compared to sensitive cells and that
decreased ROS level is one of the main reasons for developing
and maintaining the resistance of those cells. In addition, the
elevation of the cellular ROS by exogenous ROS generation
increases the A2780/100 sensitivity [10]. In our previous
paper, we have shown that celastrol exhibits significant che-
mopreventive and chemosensitizing activities on LOVO/DX

cells, in part by inhibition of P-gp, a multidrug-resistant pro-
tein [34]. Although we demonstrated that celastrol has the
ability to bind directly to P-gp, we hypothesized that ROS
generation might be an additional mechanism by which
celastrol exerts its anticancer effects in those cells. Indeed,
celastrol was able to generate a significant amount of intracel-
lular ROS at both cytoplasmic and mitochondrial level. The
prooxidant activity of celastrol was limited to higher concen-
trations—above 1 μM. This is in agreement with literature
data indicating that phenolic compounds can act as a proox-
idant only under certain conditions, i.e., at elevated doses. In
addition, celastrol-induced generation of ROS was signifi-
cantly decreased by ROS scavenger, N-acetylcysteine (NAC)
(Figure S1, supplementary data).

Cellular ROS, and particularly mitochondrial H2O2, have
been identified as critical intermediates in the activation of
the apoptotic process via the mitochondria-dependent and
mitochondria-independent pathways [35]. Chen et al.
demonstrated that in lung cancer cells (H1299 cell line)
celastrol induced ROS generation by inhibiting the activity
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of complex I MRC and not by inhibiting the expression of
antioxidant proteins. Thus, ROS accumulation in H1299
cells was associated with apoptotic and necrotic cell death
by downstream activation of JNK and downregulating client
proteins HSP90 [20]. In our study, celastrol was also able
to induce apoptotic and, in a smaller extent, necrotic cell
death in doxorubicin-resistant colon cancer cells. Those
effects were only observed at prooxidative concentrations
and appeared after 4 hours of incubation. In addition,

hydrogen peroxide (H2O2), one of the most important ROS,
induces apoptosis of LOVO/DX cells, in a dose-dependent
manner (Figure S2, supplementary data). Moreover, the
coincubation with NAC significantly decreased celastrol- and
hydrogen peroxide-induced cell death. These observations
point that the generation of ROS plays an important role in
the apoptotic/necrotic activity of this phenolic compound.

ROS, at higher levels, are known to induce oxidative
DNA damage and subsequent cell cycle arrest [1, 36]. Previ-
ously, it has been shown that celastrol was able to induce cell
cycle arrest at the G2/M phase in ovarian cancer cells and at
the G0/G1 phase in monocytic leukemia cells [23, 37]. In
our study, we demonstrated that celastrol exerts growth-
inhibitory effects via arresting the cell cycle at the S phase
in doxorubicin-resistant cancer cells. The S phase is a crucial
stage in the cell cycle progression as it allows for proper rep-
lication of DNA. Some anticancer drugs inhibit cell prolifer-
ation by inducing DNA double-strand breaks that result in
cell cycle arrest at the S phase [36]. Increased level of intracel-
lular free radicals, reacting with DNA and thereby modifying
its structure and function, is one of the main causes of DNA
damage [38]. Here, we showed that celastrol (at 2.5 and
5 μM) significantly increases the quantity of γ-H2AX, a
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Figure 7: Impact of celastrol on cell cycle distribution in LOVO/DX cells. (a) Representative histograms of flow cytometric analysis of cell
cycle. (b) Bar graph showing the percentage of LOVO/DX cells in each cell cycle phase after incubation with solvent (DMSO) or celastrol.
The results are presented as mean ± SD, n = 4, ∗p < 0 05, ∗∗p ≤ 0 01, and ∗∗∗p ≤ 0 001.

Table 1: Effect of celastrol on the percentage of γ-H2AX+ cells in
LOVO/DX cell culture.

γ-H2AX+ cells (%)

Control 1 18 ± 0 39
CEL 1 μM 3 37 ± 2 14
CEL 2.5 μM 18 78 ± 6 65

CEL 5μM 26 93 ± 1 99

CEL 20μM 2 17 ± 1 39
NAC 1 54 ± 0 11
CEL 5μM+NAC 1 70 ± 0 62
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well-knownmarker of DNA damage, in LOVO/DX cells. The
γ-H2AX formation showed no cell cycle-phase specificity
and was completely abolished in the presence of NAC. More-
over, coincubation of celastrol (5μM) with NAC restored
normal diploid distribution of LOVO/DX cells in the rele-
vant cell cycle phases. These observations confirm the role
of celastrol-induced ROS in the S phase cell cycle arrest and
DNA damage. Interestingly, the increase in the γ-H2AX level
was not observed at 20μM concentration of celastrol. Huang
et al. have demonstrated that the drug-induced γ-H2AX
appears very early during treatment, prior to caspase 3 acti-

vation, and decreases importantly at late stages of apoptosis
which is characterized by increased levels of chromatin con-
densation [39]. In our study, celastrol at higher concentra-
tions (10 and 20μM) caused a significant increase in the
number of cells with late apoptotic features together with a
decrease in the cell number bearing early apoptotic charac-
teristics. Thus, γ-H2AX could not be detected in LOVO/DX
cells after cell treatment with these doses.

Our data show that celastrol possesses a significant anti-
cancer potential against drug-resistant colon cancer cells.
This activity is related to the induction of DNA double-
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Figure 8: Representative histograms of flow cytometric analysis of DNA damages (γ-H2AX+ cells) and cell cycle phases in LOVO/DX cells
after treatment with celastrol. (a) Detection of γ-H2AX+ cells using phospho-histone H2A.X (Ser139) monoclonal antibody (CR55T33) Alexa
Fluor 488. SSC = side light scatter. (b) Bivariant cell cycle/DAPI-combined γ-H2AX analysis.

9Oxidative Medicine and Cellular Longevity



strand breaks, S phase cell cycle arrest, and triggering apopto-
sis. The increase in intracellular production of ROS induced
by celastrol appears to be an important mechanism of its
cytotoxic activity. ROS are highly reactive and react with
DNA and proteins inducing cancer cell death. It should be
emphasized that celastrol was able to cause anticancer effects
only at higher concentrations in which it acts as a prooxidant.
In addition, these doses do not change the viability of nor-
mal human cells, suggesting its specificity for tumor cells
(Figure S3, supplementary data). It seems also that the
mechanisms of celastrol cytotoxicity might differ in drug-
sensitive and drug-resistant cancer since we found that
in LOVO cells, celastrol mainly induces necrosis and has
only a small proapoptotic effect (Figure S4, supplemented
data). However, both this issue and the impact of celastrol
on normal epithelial cells of the colon mucosa require
further investigation.

In summary, we demonstrated that ROS play an impor-
tant role in the cytotoxic activity of celastrol in resistant colon
cancer cells. The resistance of colon cancer to chemotherapy
is linked to the content of the cancer stem cells (CSCs) [34,
40]. Our previous study indicated that LOVO/DX cells con-
tain an almost 7-fold greater number of CSC (measured by
the size of the SP cell subpopulation) than the LOVO cells,
ordinarily sensitive to cytostatics [34]. Moreover, celastrol-
induced inhibition of P-gp function significantly lowered
the SP fraction. The high efflux capacity through ATP-
depending transporters is one of the most important CSC
features that prevents the accumulation of cytostatic drug
within the cells [11]. Interestingly, the LOVO/DX cells carry
other stem-cell characteristics such as higher expression of
CD44, a CSC-specific cell surface marker, and PARP1, a
DNA repair gene (data not shown). Also, significantly lower
ROS content was found in LOVO/DX cells compared to sen-
sitive cells, as was mentioned above. In CSCs, the low amount
of ROS sustains their self-renew potential and improves the
abilities of invasion and resistance against therapy. CSCs
maintain lower intracellular ROS level in part as a conse-
quence of the modulation of the redox systems. For instance,
in gastrointestinal CSCs, increased CD44v variant isoform
expression contributes to ROS defense through GSH-
dependent antioxidant mechanism [41]. Interestingly, Peng
et al. have shown that celastrol has the ability to directly react
with a thiol such as NAC and GSH (when coincubated)
which results in reversing G0/G1 cell cycle arrest in U937
cells [37]. This finding strongly suggests that celastrol might

induce cytotoxic effects not only by the direct increase of
the ROS level but also via GSH depletion. Evidence to date
has shown that despite the low ROS level and elevated anti-
oxidant defense mechanisms in CSCs, accumulating ROS
over a critical threshold that alters redox-homeostasis selec-
tively kills these cells [8]. Taken together, it may be
assumed that celastrol plays an important role in CSC
clearance in drug-resistant colon cancer cells via a ROS-
dependent mechanism.

5. Conclusions

Drug-resistant colon cancer cells possess a large number of
CSC-specific features. We found that celastrol demon-
strates prooxidative activity on those cells and causes
ROS-dependent DNA DSBs which results in the expres-
sion of γ-H2A.X+. The ROS-induced DNA damage leads to
inhibition of cell proliferation by S phase cell cycle arrest
and induction of apoptotic cell death. These findings strongly
suggest the potential of celastrol to effectively kill cancer
stem-like cells, and thus, it is a promising agent to treat
severe, resistant to conventional therapy, colon cancers. Fur-
ther studies should be performed to confirm these results in
in vivo models of colon cancer.
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Supplementary Materials

Figure S1: impact of celastrol and celastrol coincubation with
NAC on the intracellular ROS level (DCF-DA assay) in
LOVO/DX cells. Representative histograms of flow cytomet-
ric evaluation of the cell-associated DCF fluorescence. Figure
S2: flow cytometric analysis of early and late apoptosis in
LOVO/DX cell cultures incubated with H2O2 and coincu-
bated with H2O2 and NAC. The cells were incubated with
H2O2 for 4 hours (37°C, 5% CO2) and then double stained
with Annexin V-FITC and PI fluorescent dyes (FITC
Annexin V Apoptosis Detection Kit). Representative cyto-
grams are shown. FSC= forward light scatter, SSC= side light
scatter, FL1=Annexin V-FITC, FL3=PI, Q1=necrotic cells
(Annexin V-FITC and PI+), Q2= late apoptotic cells
(Annexin V-FITC+ and PI+), Q3= live cells (Annexin V-
FITC and PI-), Q4= early apoptotic cells (Annexin V-FITC+

and PI-). Figure S3: effect of celastrol on the viability of
NHDF cells (normal human dermal fibroblast) (A) and

Table 2: Effect of celastrol on the number of γ-H2AX+ cells in
different phases of cell cycle in LOVO/DX cell culture.

γ-H2AX+ cells in cell cycle phases (%)
G1 S G2/M

CEL 1μM 0.29 0.18 0.32

CEL 2.5 μM 3.85 4.95 7.48

CEL 5μM 8.69 6.97 9.73

CEL 20μM 0.11 0.12 0.13

NAC 0.37 0.36 0.38

CEL 5μM+NAC 0.58 0.53 0.57
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PBMC cells (B). (A) The cells were incubated with celastrol
for 4 hours (37°C, 5% CO2). The cell viability was measured
by the means of XTT proliferation assay. The mean optical
density (OD, absorbance (A)) was used to calculate the per-
centage of viable cell viability as follows: percentage of
viable cells = ACelastrol / Acontrol × 100%; mean ± SD, n = 5
(B). PBMC was activated with LPS and incubated with celas-
trol for 24 hours (37°C, 5% CO2). The viability of cells was
assessed with the Guava PCA-96 Nexin Kit by flow cytome-
try; mean ± SD, n = 3 (data from PhD thesis: “Study of the
Molecular Mechanisms TNF-α Secretion, a Key Cytokine in
Chronic Inflammation” by Helena Tabaka-Moreira, Univer-
sité de Strasbourg, France). Figure S4: the frequency of apo-
ptotic and necrotic cells in LOVO cell cultures incubated
with celastrol. The cells were incubated with celastrol for 4
hours (37°C, 5% CO2) and then double stained with Annexin
V-FITC and PI fluorescent dyes (FITC Annexin V Apoptosis
Detection Kit) and analyzed by flow cytometry. The results
are presented as a percentage of early apoptotic cells
(Annexin V-FITC+ and PI-), late apoptotic cells (Annexin
V-FITC+ and PI+), and necrotic cells (Annexin V-FITC and
PI+); mean ± SD, n = 5. (Supplementary Materials)
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Hypoxia-inducible factors (HIFs) are transcription factors that activate the transcription of genes necessary to circumvent to
hypoxic (low oxygen level) environments. In carcinogenesis, HIFs play a critical role. Indeed, HIF-1α has been validated as a
promising target for novel cancer therapeutics, even as clinical investigations have linked increased levels of HIF-1α with
aggressive cancer progression as well as poor patient prognosis. More so, inhibiting HIF-1 activity restricted cancer progression.
Therefore, HIF-1 is a viable target for cancer therapy. This may be expected considering the fact that cancer cells are
known to be hypoxic. In order to survive the hypoxic microenvironment, cancer cells activate several biochemical
pathways via the HIF-1α. Additionally, cellular and molecular insights have proved prospects of the HIF-1α pathway for
the development of novel anticancer treatment strategies. The biochemical importance of hypoxia-inducible factors (HIFs)
cannot be overemphasized as carcinogenesis, cancer progression, and HIFs are intricately linked. Therefore, this review
highlights the significance of these linkages and also the prospects of HIFs as an alternative source of cancer therapies.

1. Introduction

The function and survival of living organisms are dependent
on the adequate supply of oxygen available to the cells.
Animals catabolize the sugar from plant using glycolysis,
citric acids, and oxidative phosphorylation in an aerobic
state. During these processes, oxygen is used as an electron
acceptor. Inefficient transfer of electron results in a risk of
oxygen species generation. Electron escape can lead to
generation of superoxide anion and/or hydroxyl radicals,
all of which are examples of reactive oxygen species
(ROS) [1]. ROS have the potential to destroy the configura-
tion of biomolecules, which could result in cellular damage
or cell death [2]. Increased ROS production is associated with
deviations from physiological oxygen pressure (PO2) in the
electron transport chain. Therefore, tight regulation of cellu-
lar oxygen concentration through homeostatic mechanisms
is very essential. When the supply of oxygen fails to meet
the demand from tissues and cells, it is called hypoxia. All

solid tumors are characterized by hypoxia, as proliferation
of the tumor cells results in deprivation of oxygen due to
insufficient blood flow from abnormal tumor microvascula-
ture. Hypoxia induces stress in organisms either through
pathological or through nonpathological conditions [3].

The consequences of deregulation of hypoxia in cells
include breakage of DNA strand, oxidative DNA damage,
and gene aberration which hinder cell growth and eventual
cellular death. It also affects the development of diseases such
as chronic lung disease, cancer, diabetes, ischemic heart
diseases, stroke, and advanced atherosclerosis [4]. Hypoxia
signaling adaptation in a cell is facilitated by the transcrip-
tional regulation family called hypoxia-inducible factor
(HIF). HIF is an oxygen-labile DNA-binding transcriptional
activator [5]. HIF controls multiple gene expression involved
in a process of cancer cell adaptation and progression [6].
Therefore, a better understanding of the molecular mecha-
nism of hypoxia in cancer cells could afford the development
of more effective therapy for solid tumors [7]. Additionally,
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the available cancer therapies have not been desirably effec-
tive [8], thus making research efforts aimed at identifying
and developing newer cancer treatment strategies imperative.
In light of this, the current review is aimed at discussing
the prospects of hypoxia-inducible factors as alternative
treatment strategy for cancer.

2. Cellular Response to Hypoxia

Hypoxia can simply be defined as a state of decreased oxy-
gen level in the cell or tissue when the oxygen provided
for use in the tissue is far less than what is actually
needed. A cell can be said to be hypoxia when the overall
oxygen pressure in the cell is less than 40mmHg [9]. Oxy-
gen is extremely important, especially in the cells and tis-
sues of mammals, mostly because of its importance in
respiration; it is extremely necessary in the final step of
the electron transport chain, as the final electron acceptor
in oxidative phosphorylation. Its presence increases the
chances of reactive oxygen species (ROS) generation,
which react with other biological molecules, resulting in
the alteration of the biochemical and physical properties
of the cell, causing either an upset of the delicate functions
or cell death [1]. Therefore, it can be seen that hypoxia is
a potentially lethal condition, for both the cell and the tis-
sue at large, if it is allowed to persist long enough. It
causes the oxygen-dependent process of respiration to
either slow down or cease completely, particularly the oxi-
dative phosphorylation process, which transfers the chem-
ical energy stored in C-H bonds into the high-energy
inorganic phosphate bonds found in ATP [10].

The stoppage of oxidative phosphorylation causes a
decrease in ATP, ultimately leading to the stoppage of the
ATP-dependent sodium potassium pump. This leads to an
imbalance of ions, creating an unbalanced cell environment;
the stoppage of the sodium potassium pump forces the cell
into employing anaerobic respiration as a means of sur-
vival, as its oxygen is cut off. This causes a buildup of lac-
tic acid in the cell, and the pH level drops, as the cell
becomes increasingly acidic. The acidity of the cell causes
it to swell, as it absorbs water from the environment in
an attempt to stabilize its pH. When the cell swells, the
permeability of the plasma membrane increases, allowing
the leaking of soluble enzymes and coenzymes. If hypoxia
persists, the continuing depletion of ATP leads to more
serious and pronounced structural anomalies. The com-
prehensive cellular structure is upset, resulting in loss of
the extracellular characteristics such as microvilli, and
irregular bulges are formed in the plasma membrane of
the cell and eventual cellular death.

Mammals have different mechanisms for surviving the
events of hypoxia. The human response to a condition of
hypoxia involves physiological changes in respiratory, hema-
topoietic, and cardiovascular systems. The intake of oxygen is
maximized by increasing the functions of the cardiac sys-
tems, while the rate of oxygen distribution to individual cells
is improved by the acceleration of erythropoiesis. At the
cellular level, however, there are intricate factors that under-
lie these physiological changes in response to hypoxia. These

factors seek to restore the oxygenation, minimizing hypoxic
environment. These intricate factors are known as hypoxia-
inducible factors (HIFs) [11, 12].

3. Hypoxia-Inducible Factors (HIFs)

Hypoxia-inducible factor 1 is the heterodimer protein of two
subunits: HIF-1α and HIF-1β transcriptional factor [13, 14].
Each contains helix-loop- (HLS-) PER-ARNT-SIM (HLS-
PAS) domains that facilitate DNA binding and heterodimer-
ization. The beta subunit can also be referred to as the aryl
hydrocarbon receptor nuclear translocator (ARNT). The
alpha subunit is sensitive to oxygen, while the β subunit
(HIF-1β) is oxygen dependent [4]. HIF transcription factor
is the master regulator of the translational response, and it
is produced as a result of oxygen deficiency in the cell [1,
6]. HIF-α consists of different alpha subunits: HIF-1α, HIF-
2α, and HIF-3α. The α subunit of HIF is tightly regulated
by HIF prolyl hydroxylases (PHDs). PHDs hydroxylate spe-
cific prolyl residues at the HIF-α subunits. von Hippel-
Lindau (VHL) tumor suppressors E3 ligase recognize
hydroxylated HIF-α subunit for degradation [4, 15]. In
addition, there is reduced transcriptional activities when
the factor inhibiting HIF (FIH) hydrolyses HIFs.
Decreased activities of PHD and FIH stabilize HIF-α dur-
ing hypoxia, leading to its translocation to the nucleus,
where it subsequently binds with HIF-β to form a com-
plex. This complex then binds target genes containing
the hypoxia responsive element and transactivates the gene
expression for different signaling pathways [4]. Essentially,
HIF-1 can be referred to as a messenger which migrates
towards the nucleus to activate transcription responses to
hypoxia. HIF-1 has been involved in gene regulation
involving metastasis, growth, tumorigenesis, angiogenesis,
and invasion.

The vascular endothelial growth factor (VEGF) is an
example of the HIF-1 target gene in which its expression
is induced by hypoxia. Meanwhile, HIF-1 alone does not
determine the specific gene expression by individual cells,
as this is relatively determined by the functional interac-
tion of HIF-1 with other transcriptional factors that
control the activation of a selected subgroup of HIF-1 in
hypoxic cells [13].

4. General Functions of Hypoxia-Inducible
Factors (HIFs)

HIFs perform very essential roles, in a vast number of
mammalian conditions and reactions (Figure 1), and any
form of impairment of their functions can result in dire
consequences. Briefly, few studies that highlight the roles of
the HIFs are described in the following.

4.1. Metabolism

(a) HIF-1α has been shown to cause a transition from
oxidative to glycolytic metabolism by inducing the
transcription of genes which support glycolytic
metabolism, PDK-1, coding for pyruvate
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dehydrogenase kinase-1, which inactivates pyruvate
dehydrogenase, inhibiting the reaction converting
pyruvate dehydrogenase, inhibiting the reaction
converting pyruvate to acetyl-CoA, preventing subse-
quent continuation into the Krebs cycle [16, 17],
LDHA, which encodes for lactate dehydrogenase,
that catalyzes the reaction converting pyruvate to lac-
tate [18], BNIP3 and BNIP3L, which mediate mito-
chondrial autophagy [19, 20]

(b) HIF-1 also mediates a change in the proteinous con-
figuration of the enzyme cytochrome c oxidase, facil-
itating improvement in the transfer of electrons in
situations of hypoxia [21]

4.2. Embryonic Development. Most of the discoveries made
concerning the role of HIFs in embryonic development
were obtained from experiments conducted on mice by
quite a number of scientists. From these experiments, it
was discovered that

(a) the circulatory system depends on HIFs for normal
development. For example, mouse embryos defective
in the gene coding for the HIF (HIF-1α precisely)
died on their 11th day due to impaired erythropoiesis
and defective vascular system [22]

(b) mouse embryos which died on the 13th day due to
bradycardia or vascular defects are usually defective
in the genes coding for HIF-2α [23, 24]

(c) neonate mice may also die at birth due to pro-
longed lung maturation or at a few months after
birth, due to reactive oxygen species- (ROS-) medi-
ated organ failure, showing a role of HIFs in organ
development [25]

(d) increased HIF concentration in fetuses due to a
reduced blood flow, which brings about a state of
prolonged hypoxia, could cause congenital
malfunctions

4.3. Diseases and Wound Healing. HIFs mediate protective
responses activated by the immune system response to dis-
ease or injury.

(a) In coronary heart disease, adenosine is extremely
important as it mediates preconditioning, an initial
immune response to hypoxia, where exposure of the
heart to short periods of hypoxia is followed by reper-
fusion, protecting the heart against subsequent, long
episodes of hypoxia. HIFs activate the transcription
of the genes that code for adenosine, which offshoots
the aforementioned process [26]

(b) In the process of healing wounds, HIFs regulate the
release of regulatory protein of the immune system
from the wound which facilitates the mobilization
and direction of bone marrow-derived angiogenic
cells (BMDACs) to the site of the wound. BMDACs
then stimulate vasculogenesis or angiogenesis,
enabling the wound to heal [27]

(c) The effect of HIFs in wound healing was found to be
impaired in mice with a high level of blood glucose. It
can be said that diabetes inhibits the action of HIFs
[28, 29]

(d) In peripheral heart disease (PAD) of which limb
ischaemia is a complication, HIFs mediate the
activation of various target genes which encode for
multiple angiogenic growth factors, including the
vascular endothelial growth factor (VEGF), stromal-
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derived factor-1 (SDF-1), placental growth factor
(PGF-1), and stem cell factor. HIFs also oversee the
recruitment of BMDACs and recover tissue
perfusion

(e) HIFs also contribute to pathogenesis in some diseases
like hereditary erythrocytosis [22], cancer [30],
traumatic shock, pulmonary arterial hypertension,
and obstructive sleep apnea [27]

5. Regulation of HIFs

The expression of HIFs in the cellular environment is a
closely regulated process, where a lot of factors and reactions
are involved (Figure 2). Since HIFs have mainly to do with
oxygen levels in tissues, their system of regulation can be
considered under conditions of normal oxygen pressure
(normoxia) and conditions of abnormal oxygen pressure
(hypoxia).

In normoxic conditions, the HIF expression is constitu-
tive or rather inhibited, as they are not required. HIFs are
regulated in normoxic conditions by special oxygen sensitive
enzymes called prolyl hydroxylase domain enzyme (PHDs).
These enzymes regulate HIFs by hydroxylating the proline
residues found in the oxygen-dependent degradation
(ODD) domain of HIFs [31, 32]. The hydroxylation is carried
out by inserting an oxygen molecule into proline and another
into α-ketoglutarate, splitting it into succinate and carbon
dioxide. Since the PHDs use oxygen as a substrate, if oxygen
is not available, the process cannot take place [33]. The
hydroxylation process is a precursor to another very impor-
tant step, which is the ubiquitylation of the HIF by von
Hippel-Lindau (VHL) protein. The β subunit of the VHL
protein recognizes and binds the newly hydroxylated HIF.
The α subunit of the pVHL then assembles the pVHL ubiqui-
tin ligase, which marks the HIF for cleavage by the 26S pro-
teasome [34].

HIFs are also regulated by factors inhibiting HIFs
(FIHs) in normoxic conditions. They function by repres-
sing the transactivation of the HIF-α subunit. They do this
by hydroxylating asparagine residues in the C-terminal

transactivation domain of the HIFs using oxygen and α-
ketoglutarate as reactions, thus preventing the interaction
of the hypoxia-inducible factor with the p300 coactivator
protein [35, 36].

In hypoxic conditions, however, most of the above
processes are reversed. The PHDs, for instance, require
oxygen in order to hydroxylate the protein residues.
The hydroxylation of the HIF is thus stopped under
conditions of hypoxia, making it impossible for it to be
recognized and marked for degradation by the pVHL
ubiquitin ligase complex. As a result, HIFs are accumu-
lated in the nucleus.

The FIH-mediated hydroxylation is also reduced in the
conditions of hypoxia, allowing the HIFs react with the
transcriptional coactivators p300/CREB-binding protein
[37]. This transcriptional complex that is activated leads
to the transcription of a particular set of genes, as a part
of the cellular response to hypoxia, which includes, but
is not limited to, SLC2A1 (glycolysis) and VEGFA (angio-
genesis) [38].

HIFs may also be regulated in some other ways as follows:

(a) Muscle A-kinase anchoring protein (mAKAP):
AKAPs are scaffolding proteins that mediate the
assembly of multiprotein complexes. The mAKAPs
arrange the E3 ubiquitin ligase complex, affecting
the stability and positioning of HIF in the active
site of the enzyme. A decrease in the availability
of the mAKAP would alter the stability of the
HIF complex

(b) Dimethyloxalylglycine (DMOG) is a well-known
opponent of α-ketoglutarate, which, if inhibited,
would abrogate the function of the hydroxylase,
thereby supporting HIF transcription [39]

(c) HIF is also stimulated by chelating agents of iron,
desferrioxamine and cobalt chloride (Adeyemi
et al., 2017). These chelators inhibit the hydroxylases
by displacing the iron ions present in their catalytic
centers
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Figure 2: The regulation of HIFs by various cellular factors—cell proliferation and survival, invasion and metastasis, epithelial-mesenchymal
transition, metabolic programming, and angiogenesis.

4 Oxidative Medicine and Cellular Longevity



(d) Doxorubicin (adriamycin) is a chemotherapeutic
drug used for cancer treatment. HIF-1 transcrip-
tional activity was inhibited by doxorubicin by pre-
venting the binding of HIF-1 to DNA [40, 41]

6. HIF Regulation and Mitochondria
Function in Cancer

The tricarboxylic acid (TCA) cycle catalyzes enzymatic reac-
tions that provide electrons in the form of the reducing
equivalents NADH and FADH2 to the electron transport
chain (ETC) in the mitochondrial matrix. Different interme-
diates enter the cycle at a different point from other pathways
but under hypoxia; glucose and fatty acid-derived carbons
are diverted from being broken down to acetyl-CoA, while
glutamine-derived carbons are diverted from being catabo-
lized to succinyl-CoA by the HIF-regulated genes.

Decreased oxidative phosphorylation could induce HIF
to upregulate lactate dehydrogenase (LDHA), thus regenerat-
ing NAD to maintain ATP production from glycolysis, and
thereby, divert pyruvate from breakdown into acetyl-CoA
which adversely suppress both TCA and ETC activities [17].

Cells adapt their metabolic programme under hypoxia
to maintain the reactions that rely on ATP produced by
oxidative phosphorylation. Generally, HIF-1 signaling sup-
ports the production of ATP anaerobic and downregula-
tion of oxidative phosphorylation, thereby reducing the
cell’s reliance on oxygen-dependent energy production
[17]. In relation to mitochondrial function, it has been
noted that the coexpression of HIF-1α and HIF-2α has
some opposing roles; however, they both in a similar
manner decrease a cell’s dependence on mitochondrial
oxidative phosphorylation [42].

Stress signaling pathways in the cell-like hypoxic
response [43], redox signaling [44], and unfolded protein
response [45] are activated in the mitochondria. As evident
in previous studies using mitochondrial DNA- (mtDNA-)
deficient ρ0 cells in mouse xenograft models, it was observed
that the growth of the tumor is accelerated by the mitochon-
dria (Tan, et al., 2015; Yan et al., 2015). Cancer prognosis has
been linked clinically to single nucleotide variants in mtDNA
[46, 47]. However, mtDNA mutations or reduced mitochon-
drial content has caused decreased or low mitochondrial
function noticeable in many cancer types, including pancre-
atic, kidney, thyroid, and colon cancer [48–50]. This suggests
that there are some adaptive mechanisms during tumor
development in which mitochondrial activity is decreased.

7. MicroRNAs and Cancer

MicroRNAs also called miRNAs or miRs are small noncod-
ing RNAs which regulate gene expression at the posttran-
scriptional level. miRNAs repress mRNA translation and
degrades RNA targets [51]. miRNAs give a new insight into
cancer studies. miRNA genes are an important factor in the
pathogenesis of human cancer as they form central nodal
points in cancer development [52]. Understanding the mech-
anistic role of miRNAs in cancers still presents a challenge.
Reports have shown that molecular pathways of cancer are

regulated by miRNAs by targeting oncogenes and tumor sup-
pressor genes, involving the cancer-stem-cell development
pathway, angiogenesis, and drug resistance [53].

8. HIF-1 Responses in Tumor and Prospects for
Targeted Therapies

Tumors are noticeably characterized by a low oxygen level
of the tumor microenvironment. A partial pressure (PO2)
of less than 10mm is exhibited in solid tumors compared
to 45-65mm in normal tissues. There is inadequate blood
perfusion in acute or transient hypoxia, but chronic hyp-
oxia limits diffusion of oxygen in enlarged tumors. This
leads to the activation of both HIF-1 and HIF-2 with over-
expression of HIF-1α which is linked to metastasis and
mortality [4].

Cancer cells in humans have overexpression of HIF-1α,
but this is dependent on the type of cancer. The overex-
pressed HIF-1α has resulted into high mortality rate in
patient experiencing cancers of the breast, ovary, uterus,
cervix, brain, and oropharynx, while overexpression of
HIF-1α has been associated with decreased death rate with
head and neck cancer patients [54]. Although studies have
indicated that HIF-1α facilitates resistance to radiation and
chemotherapy, the inhibition of HIF-1α activation may be
useful in hindering cancer progression, thereby starving
the growing tumor cell of oxygen and the required nutrient
supply [54].

9. HIFs in Cancer Progression

The significances of HIFs in different stages in cancer cell for-
mation cannot be overemphasized (Figure 3). The different
stages include angiogenesis, metastasis, metabolic repro-
gramme, invasion, epithelial-mesenchymal transition, and
cell proliferation and survival. With different clinical and
experimental research establishing HIF as a cancer therapy
target, HIF-1α and HIF-2α levels are associated with metasta-
sis, vascularization, and tumor growth in both animal-based
and clinical-based studies. Several HIF-regulated genes that
are identified as important in cancer development are as
follows [1].

(a) Increase proliferation and survival of cell: a major
distinction between tumor cell and normal cell which
is initiated by autocrine signaling increased cell
proliferation and reduced cell death. The level of
ATP is an important determinant of cell apoptosis
as abundant glycolytic ATP leads to apoptosis during
hypoxic. Besides, deprivation of oxygen leads to the
inhibition of or decreased electron transport chain
processes, thus reducing the mitochondrial mem-
brane potential [55]. This results in the activation of
survival/growth factors which are expressed by
HIF-regulated genes such as insulin-like growth
factor-2 (IGF2), erythropoietin (EPO), vascular
endothelial growth factor (VEGF), Endothelin 1
(EDN1), transforming growth factor-α (TGFA),
and adrenomedullin [1]. These genes are the

5Oxidative Medicine and Cellular Longevity



controlling hub of tumor pathways such as invasion,
proliferation, angiogenesis, and colonization of far-
off sites [5]

(b) Metabolic reprogramming: in order to meet cell
energy demands, glucose uptake is highly upregu-
lated in cancer cells compared to a normal cell. It
is the basis to detect metastases by imaging using
18-F-fluorodeoxyglucose-positron emission tomog-
raphy (FDG-PET). HIF-1 also moderate the
tumor-related metabolic switch through the War-
burg effect which is responsible for greater glucose
oxidation in anaerobic condition than in oxidative
phosphorylation. Critical effects of this shift are
tumor microenvironment acidosis. The acidic envi-
ronment and the metabolic switch are responsible
for abundant metabolic intermediates that stimu-
lates tumor progression and aggressiveness [55].
HIF-1 facilitates the gene expression encoding glu-
cose transporter 1 and 3 and enzymes involved in
glucose conversion to lactose different from those
found in normal cells such as hexokinase 1 and 2
(HK1, HK2), aldolase A and C (ALD-A, ALD-C),
phosphofructokinase L (PFKL), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), enolase A,
phosphoglycerate kinase 1 (PGK1), lactate dehy-
drogenase A (LDHA), and pyruvate kinase M2
(PKM2). HIF-1 increases the pyruvate dehydroge-
nase kinase-1 (PDK1) expression which inhibits
pyruvate dehydrogenase responsible for converting
pyruvate to acetyl-CoA before TCA cycle can
occur, thereby suppressing mitochondria function
and oxygen utilization [1]. Hexokinase and lactate
dehydrogenase A are oncogenic transcription fac-
tors for MYC targets. Under physiological condi-
tion, c-MYC activities are inhibited by HIF-1α,
but both c-MYC and HIF-1α work hand in hand

to induce the pyruvate dehydrogenase kinase-1
(PDK1) and hexokinase expression which result
in aerobic glycolysis and angiogenesis. Addition-
ally, HIF-1α influences cytochrome c oxidase sub-
unit 4 (COX4) switch under hypoxic condition to
give a homeostatic response which improves respi-
ration efficacy at different oxygen concentrations
[5]. Semenza [27] also revealed that HIF-1 may
also mediate the transketolase enzyme expression
in the hexose monophosphate pathway required
for nonoxidative production of ribose, a precursor
for nucleic acid [5, 27]

(c) Angiogenesis: new capillaries formed from already
existing vessels in response to low oxygen especially
in cancerous cell to deliver oxygen to the cells and
thereby encourage tumor growth [56]. The angio-
genic switch regulated by HIF-1 in hypoxic tumor
microenvironment may be connected with
increased oxygen consumption, while reducing oxy-
gen diffusion distance. Angiogenesis is an intricate,
well-ordered process which is essential for neo-
plasm formation. The mechanism comprises of
many genes, regulators, and pathways. Induction
of angiogenesis results in enlarged vascular density
and reduced oxygen diffusion distance [5]. Further-
more, HIF-1 also regulates the encoding genes for
angiogenic growth factor expressions. These include
angiopoietin 1 and 2, vascular endothelial growth
factor (VEGF), stromal-derived factor-1 (SDF-1),
platelet-derived growth factor B (PDGFB), and pla-
centa growth factor (PGF) [27]. A critical link
between hypoxia and angiogenesis is the discovery
of vascular endothelial growth factor (VEGF)

(d) Epithelial-mesenchymal transition: HIF-1 triggers
activation of repressor genes that inhibit proteins
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Figure 3: HIFs in cancer progression.

6 Oxidative Medicine and Cellular Longevity



responsible for cell to cell contact and rigid cytoskel-
eton. Examples of such repressor genes include tran-
scription factor 3 (TCF3), zinc finger E-box-binding
homeobox 1 and 2 (ZEB1, ZEB2), and inhibitor of
differentiation 2 (ID2). HIF-1 also facilitates a gene
expression that stimulates flexible cytoskeleton like
TGFA and vimentin (VIM) [1]

(e) Invasion and metastasis: invasion and metastasis of
tumor cells are regulated by hypoxia. Metastasis is a
series of well-defined events which is the basic reason
of cancer-related mortality. These events include the
local spread of tumor cells, intravasation, survival of
circulating tumor cells, and extravasation followed
by proliferation that leads to colonization. Activation
of genes regulated by HIF may improve metastasis in
multiple tumors. HIF-1 stimulates genetic transcrip-
tion such as proteases that degrade cathepsin C
(CTSC), matrix metalloproteinase 2, 9, and 14, and
the urokinase plasminogen activator receptor or
remodel lysyl oxidase (LOX); the extracellular matri-
ces within are of metastasis [5]

10. Inhibitors of HIF-1 in Cancer Therapy

Different chemical compounds or drugs have been
revealed to block the activity of HIF through different
molecular mechanisms (Table 1), including a reduced
synthesis of HIF-1α protein (mTOR inhibitors, cardiac
glycosides, topoisomerase inhibitor, and synthetic oligonu-
cleotides), decreased HIF-1α mRNA levels (aminoflavone
component of prodrug AFP-464), increased HIF-1α break-
down (HSP90 inhibitors, antioxidants, and Se-methylsele-
nocysteine), reduced heterodimerization of HIF subunit
(acriflavine), decreased DNA binding to the HIF (anthra-
cyclines and echinomycin), and reduced transcriptional
activity [1].

(a) Inhibitors of the HIF-1 mRNA expression: HIF-1
increase is regulated predominantly at the degrada-
tion or translation of protein, and these pathways
are the targets of most HIF-1 inhibitors. However,
under hypoxic conditions, HIF-1 mRNA levels can
act as a limiting factor thereby affecting protein
translation [57]. Aminoflavone (AF) is an agent that
affects the HIF-1 mRNA expression. It acts as a
ligand of aryl-hydrocarbon receptor (AhR) and pres-

ently being used in clinical trials in metastatic cancer
patients [57]

(b) Inhibitors of HIF-1 protein translation: numerous
agents may affect the HIF-1 protein synthesis rate,
including tyrosine kinase inhibitor, topoisomerase I
and II inhibitor, cyclin-dependent kinase inhibitor,
oncogenic pathway inhibitor, and thioredoxin
reductase inhibitor. One of the earlier agents used
for HIF-1 protein translation is topotecan, a sec-
ond line chemotherapy for lung cancer or ovarian
cancer. Topotecan is a camptothecin analogue
which in the presence of DNA replication generate
double strand DNA breaks and cytotoxicity,
thereby poisons topoisomerase I by inducing the
formation of stable Top1-DNA cleavage complexes
[57]. Another class of agents that affect HIF-1 pro-
tein translation is cardiac glycosides. Digoxin in
particular has been identified as a HIF-1 potent
inhibitor. Digoxin inhibits HIF-1 translation using
mTOR-independent mechanism and also exhibits
antitumor activity [55]. PX-478 is another HIF-1
inhibitor presently in phase I clinical trials in
advanced metastatic cancer patients. It showed
antitumor activity in tumor xenograft models,
which correlate with the HIF-1 expression [57]

EZN-2968 is a RNA modulator composed of synthetic
antisense oligonucleotide that binds and inhibits specifically
the HIF-1α mRNA expression [6, 58]. There is a dose-
dependent downregulation of HIF-1α mRNA after it binds
to EZN-2968 leading to inhibition in both normoxia and
hypoxia [58]. In mice implanted with DU-145 human pros-
tate cancer cells, EZN-2968 treatment showed tumor reduc-
tion. Clinically, evaluation of EZN-2968 treatment of 4 out
of 6 patients with paired tumor biopsies showed reduced
HIF-1α mRNA in posttreatment biopsies while two patients
had a reduced level of mRNA and HIF-1α protein of target
genes in biopsies [59]. This revealed a pilot proof of HIF-1α
mRNA and protein expression modulation in response to
EZN-2968 thereby indicating inhibition of HIF-1α mRNA
has potential as a target for cancer therapy [60].

11. Conclusion

The mechanism for cellular oxygen homeostasis and its
response to a low oxygen state is basically facilitated by the

Table 1: Some HIF inhibitors and targets.

Agents Inhibitory mechanisms Targeting HIF-1 Targeting HIF-2 Reference no.

EZN-2968 HIF-1 mRNA expression √ — Jeong, et al., [60]

EZN-2208 HIF-1 mRNA expression √ — Coltella, et al., [61]

Topotecan HIF-1 mRNA translation √ — Rapisarda, et al., [62]

HIF-1α inhibitor HIF-α transcriptional activity √ √ Cui, et al., [63]

PX-12 HIF-α transcriptional activity √ — Raninga, et al., [64]

Acriflavine HIF transcriptional activity √ √ Lee, et al., [40, 41]

Echinomycin HIF DNA binding √ — Yu, et al., [65]
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HIF pathway. Additionally, the regulation or dysregulation
of the HIF pathway is a major determinant in cancer metas-
tasis, and this correlates with a poor cancer prognosis.
Because of the roles that it plays in cancer progression, HIF
has become an attractive target for chemotherapy against
cancerous cells. Perhaps, the combined usage of conventional
treatment and HIF inhibitors may prove to be useful
clinically.
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Breast cancer is the leading cause of cancer-associated death among women worldwide. Its high mortality rate is related to
resistance towards chemotherapies, which is one of the major challenges of breast cancer research. In this study, we used label-
free mass spectrometry- (MS-) based proteomics to investigate the differences between circulating proteins in the plasma of
patients with chemoresponsive and chemoresistant luminal A breast cancer. MS analysis revealed 205 differentially expressed
proteins. Furthermore, we used in silico tools to build protein-protein interaction networks. Most of the upregulated proteins in
the chemoresistant group were closely related and tightly linked. The predominant networks were related to oxidative stress, the
inflammatory response, and the complement cascade. Through this analysis, we identified inflammation and oxidative stress as
central processes of breast cancer chemoresistance. Furthermore, we confirmed our hypothesis by evaluating oxidative stress
and performing cytokine profiling in our cohort. The connections among oxidative stress, inflammation, and the complement
system described in our study seem to indicate a pivotal axis in breast cancer chemoresistance. Hence, these findings will have
significant clinical implications for improving therapies to bypass breast cancer chemoresistance in the future.

1. Introduction

Breast cancer (BC) is the leading cause of cancer-associated
death among women worldwide. In the U.S., approximately
270,000 new cases of female BC and more than 40,000 deaths
are expected in 2019 [1]. More than 70% of all diagnosed BC
cases are estrogen- and/or progesterone receptor-positive
(ER+ and PR+, respectively), which is defined as the luminal
subtype [2]. Over the past two decades, the investigation of
BC biology has increased our understanding of BC at the
molecular level. However, relevant issues remain to be

addressed. In this context, resistance to treatment is consid-
ered the main critical challenge in BC research since resis-
tance is responsible for treatment failure, especially in cases
of metastatic disease [3].

Cytotoxic chemotherapy for BC treatment is based on a
protocol that includes taxanes and anthracyclines, such as
the combined paclitaxel/doxorubicin treatment. Paclitaxel
belongs to the taxane family and acts by stabilizing microtu-
bules, altering cell division and, consequently, causing cell
death [4]. An additional mechanism of this drug is the gener-
ation of oxidative stress and inflammatory mediators [5].
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Studies have shown that paclitaxel promotes cytotoxicity by
reactive oxygen and nitrogen species (ROS and RNS, respec-
tively) [6]. Doxorubicin is the most commonly used anthra-
cycline in BC treatment. It disrupts DNA replication by
binding to topoisomerase II and generating free radicals,
resulting in DNA damage [7]. In both cases, oxidative stress
is generated when there is an imbalance between the produc-
tion of antioxidant substances by cancer cells and the pro-
duction of ROS by chemotherapeutics. Approximately 50%
of patients treated with cytotoxic chemotherapy develop
resistance to treatment within a 6-month interval [8–11].
Chemoresistance is defined as tumor resistance intrinsic or
extrinsic to the chemotherapeutic treatment leading to recur-
rence of the disease or its progression to metastasis [12].
Thus, chemoresistance poses one of the major challenges in
BC research [13].

The early detection of chemoresistance has a significant
effect on reducing mortality. Proteomics is a powerful high-
throughput tool for screening circulating proteins and evalu-
ating the response to treatment or disease recurrence [14, 15];
however, chemoresistance in BC has not been sufficiently
explored. Many chemoresistance studies are cell line-based,
which does not replicate the complexity of the human body.
Hence, discovering proteomic signatures associated with
chemoresistance is critical to differentiate chemoresistant
and treatment-sensitive patients.

Our group recently suggested markers of BC progression
through plasma proteomic profile analyses [16]. In the pres-
ent study, resistance to combined paclitaxel/doxorubicin
treatment in luminal A breast cancer patients was investi-
gated using a label-free proteomic approach to acquire a
comprehensive analysis of the crucial factors related to this
phenomenon. Our findings revealed that most of the upreg-
ulated proteins in the chemoresistant group are closely
related and tightly linked. Although our results showed a
strong interplay between inflammation and oxidative stress
in the chemoresistant condition, the complement system
might be responsible for their connection, which has been
well demonstrated in age-related macular degeneration [17],
but not for breast cancer yet. Through this analysis, we iden-
tified inflammation and oxidative stress as central signaling
pathways and possible markers associated with BC chemore-
sistance. In addition, to the best of our knowledge, this is the
first in-depth proteomic study of the differentially circulating
proteins in patients with BC chemoresistance. These findings
will have critical implications for the development of more
effective therapies for BC.

2. Materials and Methods

2.1. Design of the Study and Patient Characteristics. Two hun-
dred women diagnosed with invasive breast carcinoma who
attended a public Oncology Center in Brazil were enrolled
in this study. This was a prospective study that started in
2014 with follow-up until 2018. Figure 1 displays a schematic
design of this study, which was approved by the Research
Ethics Committee of the Institution and the National Ethics
Research Council (CAAE 23753014.3.0000.5231). All partic-
ipants signed informed consent forms.

Patients were included in the study from the time of diag-
nosis. They were administered 5-6 cycles of combined pacli-
taxel (175mg/m2) and doxorubicin (60mg/m2) every 21
weeks. Samples were collected at diagnosis before starting
treatment and posteriorly categorized according to the pat-
tern of each patient’s chemotherapy response in the first year
of treatment. Thereafter, patients were categorized into the
following groups according to the treatment response criteria
established by the Response Evaluation Criteria in Solid
Tumors (RECIST) guidelines [18]: (1) patients responsive
to chemotherapy and (2) patients resistant to chemotherapy.
All patients were subjected to the same treatment schedule,
which included anthracyclines and taxanes, and were evalu-
ated at the end of the first-choice treatment module (5-6
months). The following parameters in the cohort were
considered for clinicopathological characterization: age at
diagnosis, weight, height, comorbidities, International Union
Against Cancer (UICC) tumor, node, metastasis (TNM)
stage, hormonal status of the tumors, and chemotherapy pro-
tocol. Patients bearing tumors exhibiting amplification of the
receptor of epidermal growth factor 2 (HER2) were excluded
from this study due to the use of other treatment protocols
(monoclonal anti-HER2 antibodies). Other exclusion criteria
were a history of previous chemotherapy, smoking, hepatic,
renal or cardiac dysfunction, diabetes, and other chronic
conditions that could interfere in the analysis of the results.
Clinicopathological data were obtained frommedical records
and are presented in Table 1.

2.2. Plasma Collection and In-Solution Tryptic Digestion.
Whole blood samples (20mL) were obtained by peripheral
venipuncture and collected in sodium EDTA tubes. The
tubes were centrifuged for 5min at 1400 × g at 4°C, and the
nondepleted plasma was then collected, supplemented with
a 1 : 1000 (μL) protease inhibitor cocktail (GE Healthcare,
USA), and stored at −80°C. Nondepleted plasma samples
were used to prevent loss of information during the removal
of the high-abundance proteins. Protein concentration was
determined using the Bradford assay. Proteomic analysis
was performed using pooled plasma samples (500 μL from
each individual sample) for each group (responsive and che-
moresistant patients), and 1mg of nondepleted plasma sam-
ples were concentrated 39-fold and exchanged into 50mM
ammonium bicarbonate (NH4HCO3) using a 3kDa ultrafil-
tration device (Millipore, USA). Then, 200 μg of protein was
denatured (0.1% RapiGEST SF at 60°C for 15min) (Waters,
USA), reduced with 10mM DTT (60°C for 30min), alkylated
with 10mM iodoacetamide (30min at room temperature in
the dark), and, after that, enzymatically digested with trypsin
at a 1 : 50 w/w enzyme/protein ratio (Promega, USA), accord-
ing to the method described by Panis et al. [19]. Digestion was
stopped by adding 10 μL of 5% TFA, and yeast alcohol dehy-
drogenase (ADH; P00330, Waters) was added to the digests at
a final concentration of 10 fmol/μL as an internal standard for
absolute quantification [20].

2.3. Label-Free Protein Quantitation via Mass Spectrometry.
For qualitative and quantitative experiments, the nanoUPLC
tandem nanoESI-HDMSE proteomic approach was applied in
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this study. A nanoACQUITY UPLC system (Waters, UK) was
used according to the method described by Panis et al. [16].

For the first dimension, a strong cation exchange (SCX)
column was used. The samples were eluted from the SCX col-
umn using nine salt gradient fractions that were followed by a
reversed-phase (RP) gradient. The released peptides were

captured by a downstream RP trap column. After all the pep-
tides had been captured, the trap column was placed online
with a different RP analytical column, and an RP gradient
of 5–40% acetonitrile (containing 0.1% v/v formic acid) over
58min with a flow rate of 600 nL/min was used as the second
dimension. Analyses were performed using nanoelectrospray
ionization in positive ion mode nanoESI (+) and a Nano-
LockSpray ionization source (Waters, UK). Multiplexed
data-independent (DIA) scanning with specificity and selec-
tivity based on nonlinear “T-wave” ion mobility (HDMSE)
experiments was performed with a Synapt HDMSmass spec-
trometer (Waters, UK) as previously described [16]. Full-
scan orthogonal acceleration time-of-flight (oa-TOF) MSE
was acquired from an m/z of 50 to 2000.

2.4. Database Searching, Protein Quantification, and In Silico
Analysis.Database searching and protein quantification were
performed as previously reported [16] using ProteinLynx
Global Server v.2.5.2 (PLGS) and ExpressionE informatics.
Proteins present in all replicates of each condition were con-
sidered for expression analysis using the ExpressionE tool.
The identified proteins were organized into a statistically
significant list corresponding to increased and decreased reg-
ulation ratios between samples from patients with the che-
moresistant group vs. the chemosensitive group. Additional
filtering procedure was performed to select only those pro-
teins that presented differential expression levels (ratios) with
p value less than 0.05. Next, in silico analysis was performed
using STRING v.10 software (http://string-db.org) [21], the
PANTHER (http://pantherdb.org) [22], KEGG (http://geno
me.jp/kegg) [23], and IPA (QIAGEN Inc., https://www.qiagen
bioinformatics.com/products/ingenuity-pathway-analysis)

Breast cancer
n = 200

Plasma samples

Treatment response
according to

RECIST guideline 

Label-free MSE quantitative
proteomic analysis

In silico study

Data analysis

Responsive
N = 102

Chemoresistant
N = 98

Oxidative stress analysis Cytokines profiling

Figure 1: Schematic design of the study.

Table 1: Clinicopathological characteristics of the patients.

Variable

Total number of patients n = 200
Mean age at diagnosis (years) 56.3

TNM stage (%)

I/II 30%

III/IV 70%

Tumor histological type (%)

Infiltrative ductal carcinoma 100%

Tumor grade (n)

1 5%

2 39%

3 56%

Tumor size (cm)

≤2 15.5%

2–5 54.5%

>5 30%

Molecular receptor status

Positive ER 72%

Positive PR 56%

Response to chemotherapy 52%
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[24] to identify the main interaction networks, biological pro-
cesses, and signaling pathways corresponding to the differen-
tially expressed proteins.

2.5. Oxidative Stress Analyses. To evaluate oxidative stress in
the plasma, we determined the carbonyl content, malondial-
dehyde (MDA), and nitrite levels as estimates of nitric oxide
(NO) and the antioxidant profile by measuring the total reac-
tive antioxidant potential (TRAP) and reduced glutathione
(GSH) levels. Healthy control plasma samples (n = 32) were
included as reference.

The carbonyl content was measured as an estimate of
oxidative injury to proteins, as previously described [25].
Dinitrophenylhydrazine (DNPH 10Mm in HCl 2.5M) was
added to 200μL of plasma, which was incubated in an ice
bath (1 hour) and successively incubated with trichloroacetic
acid 20% on ice for 15 minutes. Next, the samples were centri-
fuged (3000 rpm, 15min), the supernatants were discarded,
and the pellets were treated twice with an ethanol/water
(1 : 1) solution. The final precipitates were dissolved in guani-
dine 6M pH2.3 and incubated for 24 h at 37°C [26]. The car-
bonyl content was calculated by obtaining spectra from 355
to 390nm of the DNPH-treated samples. The obtained peaks
were employed to calculate the carbonyl concentration using
a molar extinction coefficient of 22M-1 cm-1. The results
are expressed in nmol/mL/mg total protein. To determine
the carbonyl content, total protein levels were measured with
Folin-Ciocalteu reagent [27].

Malondialdehyde (MDA) levels were determined by
high-performance liquid chromatography (HPLC) by using
an HPLC-20AT Shimadzu equipped with an LC20AT pump
and SPDM20A UV diode array absorbance detector employ-
ing a C18 reversed-phase column, as previously described
[28]. Aliquots of 160 μL of plasma samples or standard solu-
tion reacted with 100μL of 0.5M perchloric acid. Samples
were centrifuged for 5min at 5000 × g at 4°C. 180μL of
supernatant was recovered to react with 100μL of thiobarbi-
turic acid for 30min at 95°C. Reaction was stopped by ice
bath, and 100μL of 1M NaH2PO4, pH7.0, was added to
stabilize sample pH. Further, samples were centrifuged for
10min at 5000 × g at 4°C. The mobile phase consisted of
65% 50mM KH2PO4 buffer, pH7.0, and 35% HPLC-grade
methanol. To determine MDA concentration, a standard
curve was performed. For preparation of standard solution
of MDA, 10mL of 0.1M HCl was added in 10mL of
1,1,3,3-tetraethoxypropane (TEP), and this solution was
maintained for 5min in boiling water, following ice bath to
complete synthesis of MDA. Readings were taken at 535 nm
for 12min with an isocratic flow of 0.8mL/minute, and the
results are expressed as nM MDA.

Nitrite levels were determined as estimates of the NO
content and determined as previously described by Herrera
and colleagues [29]. Plasma aliquots of 60 μL were deprotei-
nized by adding 50μL of 75mM ZnSO4 solution and after
centrifugation (9500 × g for 2min at 25°C) were mixed with
55mMNaOH. The supernatant was recovered and diluted in
a glycine buffer 5 : 1 in 45 g/L glycine, pH9.7, with further
incubation with cadmium granules activated in 5mMCuSO4
in 15 g/L glycine-NaOH buffer, pH9.7 by 5min. Aliquots of

the recovered supernatant were mixed with the same volume
of Griess reagent. A calibration curve was prepared by dilu-
tion of NaNO2 in distilled sterile water. The absorbance
was measured at 550nm on a standard microplate reader,
and the results are expressed as μM nitrite.

For antioxidant profiling, the total reactive antioxidant
potential (TRAP) was determined, as described by Repetto
and colleagues [30]; 2,2′-azobis (ABAP) was employed as a
radical generator, and luminol was used to amplify photon
detection and light emission by chemiluminescence. ABAP
basal emission (900 μL of glycine buffer 0.1M pH8.6, 50μL
of luminol and 50μL of ABAP) and hydrosoluble vitamin E
standard solution (trolox, 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid 25μM, 830μL of glycine buffer
0.1M pH8.6, 70 μL of trolox, 50μL of luminol, and 50μL
ABAP) emissions were recorded as references. For sample
analysis, plasma was diluted 1 : 50 (830μL of glycine buffer
0.1M pH8.6, 70 μL of sample, 50μL of luminol, and
50μL of ABAP). All readings were performed in a GloMax
luminometer (Promega, USA) during 30 minutes, 5 read-
ings/second. Results were expressed as nM sample equiva-
lents of trolox.

GSH content was determined as described by Sedlak and
Lindsay [31]. Plasma aliquots (60μL) were deproteinized
with 250μL of trichloroacetic acid 50% and centrifuged at
2400 × g for 15min, and the supernatants were added to
2mL of 0.4M TRIS buffer, pH8.9. This mixture reacted with
50μL of 5,5′-dithiobis (2-nitrobenzoic acid) solution. A stan-
dard curve was performed in order to determine GSH con-
centration in samples. The absorbance was read at 412 nm,
and results were expressed in nM.

2.6. Cytokine Analysis. Interleukin-12 (IL-12), interleukin-10
(IL-10), transforming growth factor beta (TGF-β1), and
tumor necrosis factor alpha (TNF-α) levels in plasma sam-
ples were determined by using a commercial antibody-
specific RSG ELISA kit (eBioscience, USA). The results were
calculated in pg/mL by fitting to a standard curve obtained
using recombinant human cytokines. Healthy control plasma
samples (n = 32) were included as reference.

2.7. Statistical Analysis. Analyses were conducted in dupli-
cate, and the data are expressed as the means ± error of the
means. Oxidative stress and cytokine parameters were com-
pared by unpaired Student’s t-test (parametric data) or the
Mann-Whitney test (nonparametric data). A p value < 0.05
indicated significance. All statistical analyses were performed
using GraphPad Prism 7.0 software (GraphPad Software, San
Diego, CA).

3. Results

3.1. Clinicopathological Data. Table 1 shows the clinicopath-
ological data of the patients. The mean age at diagnosis was
56.3 years, and most of the patients presented advanced
disease, poorly differentiated tumors, and hormone-positive
breast tumors larger than 2 cm.

4 Oxidative Medicine and Cellular Longevity



3.2. Proteomic Profile of Breast Cancer Chemoresistance. To
identify the differentially expressed proteins in plasma sam-
ples from patients with chemoresistant BC vs. patients with
chemosensitive BC treated with a combination of doxorubi-
cin and paclitaxel, we used label-free protein quantitation
by MS. Proteomic screening revealed 444 proteins in the
plasma samples from chemoresistant patients and 482 pro-
teins in plasma samples from chemosensitive patients, of
which 205 were differentially expressed between the two con-
ditions. The total number of identified protein was separated
into unique (exclusive in each condition) and differentially
expressed (Table 2).

To identify the main biological processes and signaling
pathways associated with the differentially expressed pro-
teins, we performed separate in silico analyses of the upregu-
lated and downregulated proteins. The most relevant
processes associated with the differentially expressed proteins
were oxidative metabolism, immune response (including
inflammation, the humoral response, and the complement
system), blood coagulation, cytoskeleton remodeling/cell
adhesion, and DNA repair/kinetochore assembly. The pro-
teins associated with these processes are shown in Table 3
(upregulated) and Table 4 (downregulated).

We found increased levels of proteins relevant to
migratory behavior, such as Rho GTPase-activating protein,
fibronectin, and vitronectin, in the chemoresistant samples
compared with their levels in the responsive samples.
Changes in the levels of cytoskeleton proteins and proteins
that interact with the extracellular matrix (ECM) play an
essential role in the invasive phenotype and progression
of cancer. Consistently, we observed decreased levels of
the adhesion proteins collagen alpha-1(VII), integrin alpha
V, and keratin type II. The levels of proteins associated
with DNA repair and kinetochore assembly were also
changed. We observed the increased expression of DnaJ
homolog subfamily C member 10, LINE-1 type transposase
domain-containing protein 1, and centromere/kinetochore
protein zw10 homolog, although we identified the decreased
expression of DNA polymerase alpha catalytic subunit and
centromere protein F, among others. Blood coagulation was
represented through upregulation of plasminogen, pro-
thrombin, alpha 1-antitrypsin, antithrombin III, and kinino-
gen 1, among others, and downregulation of fibrinogen α and
fibrinogen β. We identified several oxidative metabolism-
associated proteins with altered expression in the resistant
samples, indicating that oxidative metabolism may be a crit-
ical biological process for chemoresistance. The levels of
iron metabolism-related proteins haptoglobin, hemoglobin
subunits α and β, hemopexin, serotransferrin, and cerulo-
plasmin were increased. We also observed augmented levels
of proteins related to the modulation of oxidative stress and
vitamins, such as afamin and vitamin D-binding protein.
Another biological process that was shown to be relevant
was the immune response. Several immunoglobulins were
upregulated in the resistant samples compared with their
expression in the responsive samples. The same was
observed for complement cascade proteins, including cas-
cade initiators (C1q subunits, C4, C3, and complement fac-
tor B) and effectors (C5). Inflammatory and acute phase

proteins were also differentially expressed in the chemore-
sistant samples. We observed upregulation of lumican, C-
reactive protein, and apolipoproteins, whereas AKT3 and
RGS14 were downregulated.

Based on the most relevant biological processes and path-
ways revealed in our analysis, STRING software was used to
build networks for the lists of up- and downregulated pro-
teins (Figures 2 and 3, respectively). We observed that most
of the upregulated proteins were associated with more than
one biological process. This provoked network connection
among the processes in STRING analysis. The majority of
the upregulated proteins could be classified into the 4 follow-
ing biological networks directly associated with processes rel-
evant to BC chemoresistance: “response to oxidative stress”
(Figure 2(a)), “acute inflammatory response” (Figure 2(b)),
“complement and coagulation cascades” (Figure 2(c)), and
“innate immune system” (Figure 2(d)). In contrast, the same
analysis of the downregulated proteins showed distinct roles
for each member and clustered them into exclusive networks
(Figure 3). Nevertheless, they revealed a direct connection by
their association with different biological processes, such as
the cytoskeleton organization-fibrinolysis axis. To obtain a
more accurate view of the molecular changes in samples of
chemoresistant patients, we used the IPA software to iden-
tify the networks and canonical pathways most altered in
this condition. The data are shown in the Supplementary
Figures S1-6.

3.3. Oxidative Stress and Inflammatory Profile of
Chemoresistant Breast Cancer. Since the proteins identified
by proteomic analysis revealed the significance of inflamma-
tion and oxidative stress, we sought to investigate whether
such processes were altered in the chemoresistant group.

Figure 4 shows the prooxidant parameters. The carbonyl
content (Figure 4(a)) was higher in the chemoresistant
patients than in the responsive patients (79 24 ± 4 68 nM/
mg total protein in the responsive group and 96 72 ± 5 27
nM/mg total protein in the chemoresistant group, p =
0 0160). No variations were found in the MDA levels
(576 3 ± 38 15 nM in the responsive group and 600 4 ± 38 2
nM in the chemoresistant group, p = 0 6456, Figure 4(b)).
NO levels (Figure 4(c)) were also augmented in the che-
moresistant group compared with the responsive group
(18 59 ± 1 19 μM in the responsive group and 24 15 ±
2 0 μM in the chemoresistant group, p = 0 0486).

According to antioxidant profiling of the groups
(Figure 5), the chemoresistant patients exhibited lower levels
of TRAP (292 8 ± 29 6 nM trolox) than the responsive
patients (380 ± 26 6 nM trolox, p = 0 0314, Figure 5(a)). No

Table 2: Differentially expressed proteins of label-free proteomic
analysis.

Upregulated in chemoresistant patients 79

Downregulated in chemoresistant patients 13

Unique in chemoresistant patients 59

Unique in chemosensitive patients 54

Total 205
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Table 3: Representative biological processes related to proteins upregulated in chemoresistant breast cancer.

Cytoskeleton remodeling/cell adhesion

Collagen alpha-1(XII) chain, fibronectin, keratin type I cytoskeletal 10, myosin 7, Rho GTPase-activating protein 35, vitronectin

Blood coagulation

Alpha 1-antichymotrypsin, alpha 1-antitrypsin, alpha 2-macroglobulin, antithrombin III, kininogen-1, plasminogen, prothrombin

DNA repair/kinetochore assembly

Centromere/kinetochore protein zw10 homolog, DnaJ homolog subfamily C member 10, LINE-1 type transposase domain-containing
protein 1

Oxidative metabolism

Acetyl-CoA carboxylase 1; activator of 90 kDa heat shock protein ATPase homolog 2; acylpyruvase FAHD1, mitochondrial; afamin; alpha
1B-glycoprotein; alpha 2 HS glycoprotein; angiotensinogen; apolipoprotein E; ceruloplasmin; clusterin; dynein heavy chain 10, axonemal;
dynein heavy chain 3, axonemal; exocyst complex component 1; haptoglobin; haptoglobin-related protein; hemoglobin subunit alpha;
hemoglobin subunit beta; hemopexin; inositol hexakisphosphate and diphosphoinositol-pentakisphosphate kinase 2; kinectin; nuclear pore
complex protein Nup205; nuclear receptor corepressor 2; polypeptide N-acetylgalactosaminyltransferase 3; pregnancy zone protein; prolyl 4
hydroxylase subunit alpha-3; regulator of nonsense transcripts 2; ribose phosphate pyrophosphokinase 3; rod cGMP-specific 3′,5′-cyclic
phosphodiesterase subunit alpha; sarcoplasmic/endoplasmic reticulum calcium ATPase 3; serine/threonine protein kinase WNK2;
serine/threonine protein phosphatase 2A, 55 kDa regulatory subunit B alpha isoform; serotransferrin; serum albumin; serum amyloid A-4
protein; serum amyloid P component; synembryn-B; transcriptional repressor p66-alpha; vitamin D-binding protein

Immune response_inflammation

Alpha-1 acid glycoprotein 1, alpha-1 acid glycoprotein 2, apolipoprotein A-I, apolipoprotein A-II, apolipoprotein B-100, C-reactive protein,
inter-alpha-trypsin inhibitor heavy chain H1, inter-alpha-trypsin inhibitor heavy chain H2, inter-alpha-trypsin inhibitor heavy chain H4,
lumican, son of sevenless homolog 1, transcription factor 4

Immune response_humoral immune response

Ig alpha-1 chain C region, Ig gamma-1 chain C region, Ig gamma-2 chain C region, Ig gamma-3 chain C region, Ig gamma-4 chain C region,
Ig heavy chain VI region V35, Ig heavy chain V-II region ARH 77, Ig heavy chain V-III region GAL, Ig heavy chain V-III region TIL, Ig
kappa chain C region, Ig kappa chain VI region AU, Ig kappa chain VI region EU, Ig kappa chain VI region Gal, Ig kappa chain VI region
Rei, Ig kappa chain V-II region TEW, Ig kappa chain V-III region GOL, Ig kappa chain V-III region NG9 (fragment), Ig kappa chain V-III
region SIE, Ig kappa chain V-III region Ti, Ig kappa chain V-III region VG (fragment), Ig lambda-1 chain C regions, Ig lambda-2 chain C
regions, Ig lambda-3 chain C regions, Ig mu chain C region, immunoglobulin lambda such as polypeptide 5

Immune response_complement system

C4b-binding protein alpha chain, complement C1q subcomponent subunit B, complement C1q subcomponent subunit C, complement C3,
complement C4A, Complement C5, complement component C7, complement factor B, complement factor H, plasma protease C1 inhibitor

Table 4: Representative biological processes related to downregulated proteins in breast cancer chemoresistance.

Cytoskeleton remodeling/cell adhesion

Collagen alpha-1(VII) chain; GRB2-associated-binding protein 1; integrin alpha V; keratin type II cytoskeletal 1; myosin regulatory light
chain 2, skeletal muscle isoform; plectin

Blood coagulation

Fibrinogen alpha chain, fibrinogen beta chain

DNA repair/kinetochore assembly

Centromere protein F, centrosome-associated protein 350, DNA polymerase alpha catalytic subunit, microtubule-associated protein 1B,
centrosomal protein of 290 kDa

Oxidative metabolism

ATPase family AAA domain-containing protein 3B; dynein heavy chain 1, axonemal; E3 ubiquitin protein ligase UBR5; ectonucleotide
pyrophosphatase phosphodiesterase family member 1; glycogen phosphorylase, liver form; inorganic pyrophosphatase; sodium bicarbonate
cotransporter 3; TBC1 domain family member 2A; tripeptidyl peptidase 2

Immune response_inflammation

Apolipoprotein C-II, RAC-gamma serine/threonine-protein kinase, regulator of G protein signaling 14

Immune response_humoral immune response

Ig heavy chain V-III region JON, Ig heavy chain V-III region VH26, Ig kappa chain VI region Roy, Ig lambda chain VI region WAH, Ig
lambda chain V-VI region SUT, Ig mu heavy chain disease protein

Immune response_complement system

Complement C4B, complement component C8 gamma chain
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(a)

(b)

Figure 2: Continued.
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(c)

(d)

Figure 2: Network of interactions among the upregulated proteins in chemoresistant breast cancer identified by STRING software. (a)
Proteins identified in the representative “response to oxidative stress” network are in blue. (b) Proteins identified in the representative
“acute inflammatory response” network are in red. (c) Proteins identified in the representative “complement and coagulation cascades”
network are in yellow. (d) Proteins identified in the representative “innate immune system” network are in green. The networks were
generated with high interaction score > 0 9.
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Figure 3: Network of interactions among the downregulated proteins in chemoresistant breast cancer identified by STRING software.
Proteins were clustered according to the main representative networks identified. The networks were generated with high interaction
score > 0 9.
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Figure 4: Prooxidant parameters in plasma samples from responsive and chemoresistant patients. Carbonyl content (a), malondialdehyde
levels (MDA, (b)) and nitric oxide content (NO, (c)) were measured to determine the prooxidant profile of both groups. ∗ indicates a
significant difference (p < 0 05). The line illustrates the mean levels of each parameter as determined in healthy controls.
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differences were detected in GSH levels between the two
groups (17 4 ± 2 16 μM in the responsive group and 16 7 ±
1 9 μM in the chemoresistant group, p = 0 7918, Figure 5(b)).

Cytokine measurement (Figure 6) revealed that the
chemoresistant patients presented higher levels of IL-10
(20 23 ± 4 8 pg/mL and 47 06 ± 13 5 pg/mL, respectively,
p = 0 0439, Figure 6(a)), TGF-β1 (15 18 ± 2 2 pg/mL and
28 71 ± 5 7 pg/mL, respectively, p = 0 025, Figure 6(b)), and
TNF-α (21 9 ± 7 6 pg/mL and 25 ± 5 8 pg/mL, respectively,
p = 0 0414, Figure 6(c)) than the responsive patients. No
differences were observed in the IL-12 levels between the
two groups (34 5 ± 2 6 pg/mL in the responsive group and
30 23 ± 0 67 pg/mL in the chemoresistant group, p = 0 41,
Figure 6(d)).

For reference, we included healthy control levels for each
parameter, represented as a line in the graphs, and the means
were 67.2 nM/mg total proteins for carbonyl content
(Figure 4(a)), 106 nM for MDA (Figure 4(b)), 14.6μM for
NO (Figure 4(c)), 416 nM trolox for TRAP (Figure 5(a)),
15.6 nM for GSH (Figure 5(b)), 23 pg/mL for IL-10
(Figure 6(a)), 9.1 pg/mL for TGF-β1 (Figure 6(b)),
10.6 pg/mL for TNF-α (Figure 6(c)), and 31.9 pg/mL for
IL-12 (Figure 6(d)).

In spite of one of the aims of the present study was to
understand comparatively the differential redox profile
between responsive and resistant patients, it can be noted
that both groups exhibited different levels for all oxidative
stress parameters when compared to the baseline of healthy
controls. Moreover, chemoresistant patients presented
important differences if compared to either responsive or
healthy women.

4. Discussion

The main aspects associated with the high mortality rates of
breast cancer are related to advanced stages of disease at diag-
nosis, the limited efficacy of treatment and resistance towards
chemotherapy. Chemoresistance poses as one of the major
challenges in breast cancer treatment [13], and its underlying
molecular mechanisms remain unclear.

In the present study, we investigated the chemoresistance
mechanisms in women with breast cancer carrying luminal A
breast cancer by using the label-free proteomic approach.

This strategy allows mapping the differential changes when
comparing groups with distinct responses and indicates
putative targets to further investigate and validate.

The main chemotherapy schedule used to treat the
patients enrolled in this study was the combined paclitaxel/-
doxorubicin protocol, largely employed as the first line of
treatment for luminal breast cancer worldwide. Beyond its
main mechanism of action on cell microtubules [4], pacli-
taxel is known by generating oxidative stress and promoting
changes in inflammatory mediator patterns [5, 6]. In the
same way, doxorubicin acts as a DNA replication disruptor
and gives rise to free radicals that results in DNA damage
and cell death [7]. Despite these mechanism of actions, some
tumors possess adaptative mechanisms that allow cell surviv-
ing and chemoresistance development.

A large number of chemoresistance studies are based on
cell lines, which does not replicate the complexity of the
human body. Thus, to the best of our knowledge, this is the
first in-depth proteomic study that exploits the differential
profiling of circulating proteins in breast cancer patients that
undergo chemoresistance. It is important to highlight that all
included patients had their samples collected at diagnosis,
prior to any therapeutic intervention, and were categorized
as responsive or resistant of the chemotherapeutic treatment.
The data presented here indicate that it is possible to distin-
guish the systemic profile of patients still at diagnosis, when
clinicians do not know if the patient will respond or not to
the treatment. The initial goal of the present study was to
determine the differences between the circulating proteomic
profiles of chemoresistant and chemosensitive breast cancer
patients. Furthermore, the identification of relevant biologi-
cal processes and signaling networks shows that most of the
upregulated proteins clustered into network connections,
related to inflammation, redox signaling, and immune
responses. Thus, we decided to further validate such path-
ways by measuring some proteins and metabolites resulting
from the inflammatory axis and investigate if such targets
correlated with the chemoresistant phenotype in breast can-
cer patients diagnosed with luminal A breast cancer.

The luminal A phenotype is known as the tumor with
the best prognosis in breast cancer. In spite of this, some
patients may progress as nonresponsive to treatment, and
the reasons why this phenomenon occurs are not clear yet.
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Figure 5: Antioxidant profiling of plasma samples from responsive and chemoresistant patients. The total radical antioxidant parameter
(TRAP, (a)) and reduced glutathione (GSH, (b)) levels were measured to determine the antioxidant profile of both groups. ∗ indicates a
significant difference (p < 0 05). The line illustrates the mean levels of each parameter as determined in healthy controls.
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A recent study from Zhang and colleagues reported some
similarities with proteins found in our study. The authors
compared plasma samples from ovarian cancer patients
who were chemosensitive or chemoresistant by using a pro-
teomic approach [32]. In accordance with our findings, the
study found the upregulation of complement C4A, clusterin,
and alpha 1-antitrypsin in the chemoresistant patients.
These data suggest that some circulating proteins may be
common players of chemoresistance, independent on the
type of cancer.

In relation to the key processes identified in the present
study, a body of evidence has shown the contribution of oxi-
dative stress-related events to the physiopathology of breast
cancer, including changes according to disease staging, types
of treatment, and disease subtypes [11, 16, 19]. In the context
of chemoresistance, the levels of antioxidants such as gluta-
thione (GSH) play an essential role in the induction of che-
moresistance. Reduced levels of GSH have been reported to
enhance cellular sensitivity to anticancer-induced apoptosis.
In contrast, elevated levels of antioxidant agents may confer
resistance to drug-induced ROS [33]. Some abundant pro-
teins identified here in the chemoresistant group, as albumin,
ceruloplasmin, hemopexin, haptoglobins, and serotransfer-
rin, play an important antioxidant role in plasma by seques-
tering iron ions [34]. Iron is a potent generator of oxidative
stress, since it is a catalyst of Fenton’s reaction that generates
significant amounts of free radicals.

Several ROS and RNS can modulate signaling pathways
that enhance the proinflammatory profile. Inflammatory

cells liberate reactive species at the site of inflammation, as
well as induce systemic changes in immune responses that
lead to excessive oxidative stress [35]. Dysregulated inflam-
mation is commonly associated with tissue damage, since in
the inflammatory milieu, activated cells release proteases,
reactive species, and chemical mediators (cytokines, chemo-
kines, and complement components) [34]. As inflammation
and oxidative stress can induce each other, a continuous,
vicious cycle is commonly observed.

In the present study, oxidative stress analysis showed that
the chemoresistant patients presented higher levels of car-
bonyls in association with augmented NO as well as impaired
antioxidants. This scenario clearly indicates that these
patients are more oxidatively/nitrosatively stressed than the
responsive patients.

In recent years, redox signaling has been identified as a
pivotal phenomenon in chemoresistance. In breast cancer,
overexpression of the master regulator of redox homeostasis,
NF-E2-related transcription factor 2 (Nrf2), in tumor cells
was clearly implicated as a central mechanism of acquired
chemoresistance [36]. The ability of Nrf2 to regulate chemo-
therapy sensitivity in BC is reflective of the antioxidant
response element- (ARE-) bearing gene products regulated
by this transcription factor, which function in cytoprotective
responses [37]. Thus, antioxidant defense is the result of the
balance between ARE-encoded enzymes and nonenzymatic
antioxidants. Our results show that chemoresistant patients
presented reduced levels of total nonenzymatic antioxidants
in their plasma compared with their levels in chemosensitive
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Figure 6: Cytokine profiling. The circulating levels of IL-10 (a), TGF-β1 (b), TNF-α (c), and IL-12 (d) were evaluated in both the responsive
and resistant groups. ∗ indicates statistical significance (p < 0 05). The line illustrates the mean levels of each parameter as determined in
healthy controls.
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patients. This fact may reflect both augmented systemic con-
sumption and the demands of the tumor.

Carbonylation is a marker of the systemic oxidation of
proteins [38] and plays a role in cell signaling [39]. Antiox-
idant consumption in the presence of protein carbonylation
is expected in resistant cancer cells, and nitrosative stress
participates in the generation of such products [40]. In the
presence of inflammation, NO can react with superoxide
anions from the mitochondria, yielding the most powerful
reactive species, peroxynitrite [41]. The augmentation of
NO in chemoresistant patients compared with chemosensi-
tive patients suggests the activation of nitrosative stress in
chemoresistant patients.

NO is a pleiotropic molecule with multiple functions and
a dual role in redox and immune responses. Although NO is
a classical tumoricidal molecule, altered NO homeostasis is
related to chemoresistance [42, 43], and this mechanism
seems to involve the protective effects of tumor-associated
macrophages (TAMs) against proapoptotic events [44].

The cytokine panel from chemoresistant patients
revealed here represents the sum of systemic cytokine bal-
ance. Tumors, and even immune cells, are constantly stimu-
lated to produce and secrete such cytokines in cancer, albeit
in a disordered manner. Our data show that chemoresistant
patients simultaneously exhibit significantly higher levels of
IL-10, TGF-β1, and TNF-α than chemosensitive patients,
which contradicts the classical concept of an equilibrium
between Th1/Th2 cytokines.

During immune responses, TNF-α is initially produced
to fight cancer cells. However, when immune cells infiltrate
the tumor mass, this activity inverts, and the production of
TNF-α benefits to the tumor progression [45]. This contro-
versial behavior of TNF-α also suggests a role for this mole-
cule in the acquisition of chemoresistance. ER-positive
breast cancer cells that resist TNF-α-induced death are asso-
ciated with a multidrug-resistant phenotype by epithelial-
mesenchymal transition- (EMT-) driven mechanisms [46].
Furthermore, circulating TGF-β1 was also increased in che-
moresistant patients compared with chemosensitive patients.
In breast cancer, TGF-β1 antagonizes ER-α signaling by
inducing EMT and chemoresistance [47]. Similarly, IL-10
produced by TAMs can induce breast cancer chemoresis-
tance [48]. Collectively, these findings support the hypothesis
that the sustained circulation of TNF-α, TGF-β1, and Il-10
observed here constitute a putative synergistic mechanism
of chemoresistance induction and maintenance, in addition
to strongly supporting the perpetuation of oxidative stress
[11, 49].

Although inflammation and oxidative stress dominate
the chemoresistant signature presented in our study, the
complement system might be responsible for their connec-
tion. In recent years, the paradigm regarding the role of com-
plement proteins in the context of cancer has been broken.
Some studies found that these proteins may be associated
with ovarian and BC progression. However, the mechanism
of this has not yet been described [50, 51].

Dysregulation of the complement system leads to autolo-
gous damage, and the complement system has been impli-
cated in the pathogenesis of a wide spectrum of diseases

[50, 51]. We observed the upregulation of several comple-
ment proteins in chemoresistant samples compared with
chemosensitive samples, including members of the classical
(C1q, C4, and C4b) and alternative (C3, factor H) pathways
and the C5 effector.

Complement C3 is a key complement protein. The
deposition of C3 and C3b on the endothelium increased oxi-
dative stress in retinal vessels [17]. Bonavita and colleagues
reported that C3-deficient mice were protected against
carcinogen-induced cancer because of reduced inflamma-
tion [52]. C5 also plays a central role in the complement cas-
cade. Beyond forming the terminal complement complex,
called the membrane-attack complex (MAC, C5b-9), C5
has been reported to play an essential proinflammatory role
[53]. Conversely, C1 inhibitor (SERPING1) was upregulated
in chemoresistant samples compared with chemosensitive
samples, showing a balance between induction and repres-
sion of the complement cascade. This inhibitor forms stable
complexes with C1 subunits, which results in the repression
of classical complement pathways. In addition, SERPING1
inhibits the inflammation, clotting, and kinin pathways
[54]. Complement factor H, an essential regulator of the
alternative pathway, was also upregulated in chemoresistant
samples compared with chemosensitive samples. In vitro
studies showed decreased levels of this factor in oxidative
stress conditions [17]. The interplay between the comple-
ment system and oxidative stress has been extensively inves-
tigated in age-related macular degeneration [17]. Thurman
and colleagues demonstrated that cells exposed to oxidant
stress from hydrogen peroxide exhibited decreased levels of
complement inhibitors and increased the VEGF expression
compared with control cells [55].

Defense mechanisms to avoid MAC (C5b-9 complex)
accumulation include the action of vitronectin and clusterin,
which were upregulated in the chemoresistant group. Vitro-
nectin and clusterin play critical roles in cell aggregation,
complement inhibition, immune signaling regulation, and
tissue repair. Together with angiotensin, they may connect
oxidative stress to the complement cascade and inflamma-
tory signaling.

Recent findings have suggested that C3, C4, and C5 may
aid the survival of tumors through immunosuppression.
Other evidence has suggested that complement proteins
induce the production of TNF-α [56] and TGF-β [57, 58]
in pathological processes such as cancer. Additionally,
complement proteins cooperate with extracellular matrix
(ECM) remodeling through the degradation of collagens
and gelatins and by activating matrix metalloproteinases
(MMPs) [50, 51].

5. Conclusion

In summary, the connection among inflammation, the com-
plement system, and oxidative stress described in our study
seems to be a pivotal axis in chemoresistance of luminal A
breast cancer subtype. These findings will have significant
clinical implications for improving BC chemoresistance.
Hence, further studies are necessary to determine the main
triggers of those signaling pathways in the context of breast
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cancer. Finally, studies to select molecules that simulta-
neously inhibit the oxidative and inflammatory pathways
are indicated to bypass this chemoresistance in the future.
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altered proteins in chemoresistant breast cancer identified
by Ingenuity Pathway Analysis (IPA) software. Red arrows
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pathway identified using Ingenuity Pathway Analysis (IPA)
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Reactive oxygen species (ROS) result from intracellular aerobic metabolism and/or extracellular stimuli. Although endogenous
antioxidant systems exquisitely balance ROS production, an excess of ROS production, commonly found in diverse human
degenerative pathologies including cancer, gives rise to the oxidative stress. Increased oxidative stress in cancer is related to the
sustained proliferation and metabolism of cancer cells. However, cancer cells show an intrinsic higher antioxidant capacity with
respect to the normal counterpart as well as an ability to cope with oxidative stress-induced cell death by establishing
mechanisms of adaptation, which define a selective advantage against the adverse oxidative stress environment. The
identification of survival factors and adaptive pathways, set up by cancer cells against oxidative stress, provides multiple targets
for the therapeutic intervention against cancer. Neuroglobin (NGB), a globin primarily described in neurons as an oxidative
stress sensor and cytoprotective factor against redox imbalance, has been recently recognized as a novel tumor-associated
protein. In this review, the involvement of NGB in the cancer cell adaptation and resistance to oxidative stress will be discussed
highlighting the globin role in the regulation of both the stress-induced apoptotic pathway and antioxidant systems activated by
cancer cells.

1. Introduction

Reactive oxygen species (ROS), including superoxide anion
(O2

-), hydrogen peroxide (H2O2), and hydroxyl radical
(OH⋅), are abundant products of aerobic metabolism, and
their levels set up the intracellular redox state [1]. However,
excessive intracellular ROS levels, not balanced by endoge-
nous antioxidant molecules (e.g., glutathione), could lead to
membrane lipid, protein, and DNA damage [1, 2] with the
consequent cell death. Thus, the balance between prooxidant
and antioxidant compounds influences the cell fate [1–3].
Aside from such a classical view of the intracellular ROS role,
in the last two decades, mounting evidence sustained that low
concentrations of ROS could promote cell growth and differ-
entiation by regulating the activation status of enzymes, trig-
gering signal transduction pathways as well as gene
expression [1, 2].

Cancer cells represent a good example of these dual ROS
effects. Actually, cancer cells, compared to their normal

counterparts, live constantly or occasionally under an oxida-
tive stress condition [3, 4]. Moreover, the increased ROS
levels have been double linked with the tumor initiation
and progression. Although the exact mechanism is still
unclear, ROS represent the main selective pressure, which
could induce cancer cell death or activate aberrant adaptation
mechanisms involved in the acquisition of almost all the
cancer hallmarks, including sustained cell proliferation,
immortalization, cell death escape, metastasis, and chemo
resistance [3]. These two faces played by ROS in cancer have
been translated into two different strategies to develop anti-
cancer agents. Antioxidant molecules have been predicted
as a plausible tumor suppressor based on the tumorigenic
role of ROS-activated signaling [3, 4]. However, the role of
antioxidant deficit in increased cancer ROS generation and
the actual anticancer effects of ROS scavenging are still
debated [3]. On the other side, different ROS-inducing che-
motherapeutic agents have been developed based on the idea
that a further induction of intracellular ROS levels could
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represent a way to kill selectively cancer cells without affect-
ing the normal counterpart [3, 4]. Nonetheless, the cancer
cells’ adaptation to high levels of ROS and the consequent
cancer resistance associated with the oxidative stress encour-
age the current research to define the survival factors and
activated pathways devoted to increase cancer cell tolerability
to ROS. Among different proteins that could serve as a com-
pensatory element, here, we discuss the role of Neuroglobin
(NGB), a monomeric heme-protein that operates as an
oxidative stress biosensor and player in the context of the
compensatory/adaptive systems of cancer cells.

2. Neuroglobin as a Stress Sensor in the Brain

NGB is a monomeric heme-protein [5, 6] that displays the
classical 3/3 α-helical sandwich globin structure and is
characterized by the presence of a hexa-coordinated heme-
Fe atom in both the ferrous and ferric states [7–9]. Although
its discovery date is quite recent, NGB shows a very slow evo-
lutionary rate remaining largely unmodified throughout the
evolution, suggesting a critical physiological role of the pro-
tein [5, 10, 11]. Due to its belonging to the globin superfam-
ily, initially, it was assumed that NGB might play a role as an
intracellular O2 carrier [6, 12]. Although such a role could be
possible in the retinal cells, where very high NGB concentra-
tion (100-200 μM) occurs ([13] and literature cited therein),
the relatively low concentration (≤1 μM) found in the other
brain area ruled out on the function of NGB as an O2 supply
[5, 10, 11, 14]. Nonetheless, in the last two decades, the grow-
ing interest about NGB is raised from evidence that sustain a
cytoprotective function of highly expressed globin in a wide
range of neurological disorders and neuronal stressing condi-
tions [5, 15]. In this context, several data have defined the
close relationship between NGB and oxidative stress in the
brain in terms of NGB ability to preserve cell survival of neu-
ron and astrocytes, in vitro and in vivo, in the presence of
high levels of ROS [16–23]. In addition, increased levels of
NGB due to ectopic overexpression protect cultured neurons
against hypoxia, oxygen-glucose deprivation (OGD), and
neurotoxic challenges induced by sodium arsenite (NaAsO2)
and β-amyloid toxicity, which are directly or indirectly
linked to intracellular ROS production [24–27].

In this regard, different hypotheses have been put for-
ward and experimentally tested to define the protective
mechanisms of the globin [5, 11, 13]. In particular, it
has been proposed that NGB may act as a ROS/RNS scav-
enger to counteract the increased levels of oxidative stress
[5, 28–31]. Nonetheless, the discovery of NGB-interacting
proteins and the identification of specific subcellular
expression profile (cytosol, mitochondria, nuclei) of the
globin have widened the cellular functions in which NGB
is involved. The NGB direct impact on the apoptotic pathway
[17, 18, 32, 33], the NGB suppression of ROS production
through the interaction with the cytochrome bc1 complex
(complex III) in the inner mitochondrial membrane [34],
and the modulation of several intracellular signaling path-
ways devoted to the cell survival (e.g., AKT and G protein)
[5, 13, 35–39] have been described.

Intriguingly, diverse stress conditions like hypoxia [40],
oxidative stress (H2O2) [17], oxygen and glucose deprivation
[41], and lipopolysaccharide [42] increased NGB expression
in neuron-derived cells suggesting a role of NGB as a
stress-responsive sensor which transfers the stress condition
to the signal transduction pathway [43]. On these findings,
in neuron-derived cells exposed to oxidative stress, two
different and interconnected functions of NGB have been
demonstrated: the cytoprotective role, when an excessive
intracellular ROS concentration occurs, and the globin
involvement in the activated response to internal and exter-
nal oxidative stress. Furthermore, it has been demonstrated
that NGB expression is enhanced by endogenous factors,
including hormones and growth factors. Among different
hormones (e.g., vascular endothelial growth factor and
erythropoietin) [5, 44–46], 17β-estradiol (E2) induces, via
estrogen receptor β (ERβ), high levels of NGB primarily
involved in the E2-activated antiapoptotic pathway in
neuron-derived cells [17, 18]. In particular, the demanding
localization of NGB into mitochondria for its antiapoptotic
function against oxidative stress has been demonstrated.
Indeed, only the E2-induced mitochondrial reallocated
NGB interacts with and impairs the cytosolic release of
cytochrome c (Cyt-c) preventing the consequent activation
of the apoptotic pathway during H2O2-induced stress con-
dition [18, 47].

Altogether, such functions result in neuroprotection, and
any approach able to upregulate NGB could preserve neu-
rons/astrocytes from stress injury. On the other hand, NGB
is now considered as an ubiquitary inducible protein, in
which increased levels could guarantee the proper response
and the adaptation to stress conditions that represent the
main mechanisms activated by cancer cells to escape from
necrosis and apoptosis in the presence of an imbalanced
redox state [4, 48].

3. Neuroglobin in Cancer

Some evidence demonstrates the expression of human NGB
in the nervous system neoplasm [49–52]. NGB expressions
have been found higher in the mouse and the human astrocy-
toma cell line and in human astrocytoma tissues with respect
to the normal astrocytes, sustaining a possible role of NGB in
the adaptation of astrocytoma to the hypoxic and oxidative
stress conditions [50]. Consistently, the analysis of both
NGB mRNA and protein levels strongly sustained an upreg-
ulation of NGB levels in glioma tissue with respect to the nor-
mal counterpart. The correlation between NGB expression
and the worse clinic-pathological feature, type/grade of
glioma, poor prognosis, and shorter survival overall led to
proposing NGB as a prognostic marker for glioma patients
[51, 53]. In particular, Hu and colleagues provided different
evidence, which supports the direct role of NGB as an antia-
poptotic protein in glioma tumors against oxidative stress.
On the one side, they proved that NGB overexpression
protects U87 glioma cells against cell death induced by 4-
hydroxy-2-nonenal (4-HNE), an end-product of the reaction
between ROS and polyunsaturated fatty acids, which reflects
a high oxidative stress inside cells. In addition, high levels of
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the globin preserve glioma cells from the excessive ROS
accumulation given by the activation of peroxisome
proliferator-activated receptor γ (PPARγ) which, in turn,
negatively regulates NGB expression to render glioma cells
more susceptible to oxidative stress-induced cell death. Note-
worthy, in such a contest of bidirectional negative cross-talk
between NGB and PPARγ, the expression of such a receptor
is lowered during cancer progression in parallel with the
increase of NGB in high-grade glioma, strongly sustaining
that NGB exerts a critical antiapoptotic function in glioma
mainly by protecting cells exposed to accumulating oxidative
pressure [54]. Mechanically, it has been proposed that NGB
could favor glioma progression and a malignant phenotype
by preserving cancer cells from apoptosis against oxidative
pressure through the direct regulation of the antiapoptotic
PI3K/AKT pathway [53, 54].

Similarly, in other independent studies, the analysis of
NGB inmatched normal and cancer tissues has demonstrated
the enhanced expression of NGB in primary tumors and can-
cer cell line of brain and nonbrain origins and its positive cor-
relationwith amarker of hypoxia conditions [55]. In addition,
Oleksiewicz and colleagues confirmed the overexpression of
NGB in non-small cell lung cancer (NSCLC) specimens with
respect to their matched normal tissue and in a panel of cell
lines derived by lung cancer suggesting a NGB procancerous
function even in extra-nervous tumors [56].

In line with the above reported results, we identified NGB
as a 17β-estradiol- (E2-) inducible protein and key mediator
of the hormone functions in various estrogen-responsive
extra-nervous cancer cell lines [57–59]. Intriguingly, E2
upregulates NGB in diverse breast cancer cell lines (MCF-7,

T47D, and ZR-75-1) expressing just the subtype α of the
estrogen receptor (ERα), but not in the ERα-devoid MDA-
MB-231 cell line [58, 59]. Although ERs are ligand-
activated transcription factors, the NGB gene promoter does
not contain any estrogen response element; thus, multiple
and synergic cellular mechanisms underline the E2-induced
NGB expression. Physiological E2 concentrations, in the
presence of ERα, rapidly activate the pathway PI3K/AKT,
which in turn prevents proteasome and lysosomal NGB
degradation, and enhance NGB gene transcription via the
phosphorylation of the nuclear transcription factor CREBP
[58, 59]. Moreover, the persistent (24 h) AKT activation is
necessary to reallocate NGB to the mitochondria (Figure 1)
[58, 59]. Intracellular (e.g., ROS) and extracellular stresses
that cause the loss of mitochondrial membrane integrity
and the release of Cyt-c from cardiolipin represent the main
trigger event, which commits the cell to death [60]. Indeed,
once released, Cyt-c binds to the apoptosis protease activa-
tion factor (APAF-1) to form the apoptosome that, in turn,
activates effector caspases leading to apoptotic cell death
[60]. Mitochondrial NGB localization, induced by E2, binds
to free Cyt-c avoiding its release in the cytosol and the conse-
quent apoptosome formation [18, 61]. Thus, NGB upregula-
tion is one of the critical mechanisms triggered by the
E2/ERα complex to protect breast cancer cells against oxida-
tive stress by preventing, at mitochondrial levels, the trigger-
ing of the apoptotic cascade (Figure 1) [58, 59]. A similar E2-
induced antiapoptotic function has also been reported in the
hepatoma cell HepG2 [59] in contrast with the antiprolifera-
tive and tumor-suppressor function of the overexpressed
NGB reported by other authors in these cells [39].

E2

ER�훼

NGB

Apoptosome

Apoptosis

NGB

PI3K

AKT

ROS

Cyt-c

Figure 1: Schematic model of the E2 intracellular activated pathway impacting on NGB expression levels/intracellular localization and the
related antiapoptotic role of both mitochondrial NGB and AKT which appears to be double linked with NGB function. E2: 17β-estradiol;
ERα: estrogen receptor α; PI3K: phosphatidylinositol 3 kinase, Cyt-c: cytochrome c. For further detail, see the text.
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Overall, beyond the contradictory evidence about the
expression of NGB in tumor cells and tissues [39, 62], mostly
affected by experimental procedure, new perspectives regard-
ing a possible role of the protein as a part of the defense
mechanism against oxidative stress in cancer occurred.

4. Neuroglobin and Oxidative Stress
Signaling in Cancer

A large number of positive and negative regulator systems
affect the balance between oxidative stress and antioxidant
capability, many of these systems are significantly modified
in cancer cells leading to an aberrant regulation of redox
homeostasis [3, 4]. Persistent ROS exposure in cancer cells
may lead to cell adaptation via the abnormal activation of
different redox-sensitive transcription factors including
nuclear factor-κB (NF-κB), c-Jun, hypoxia-inducible factor-
1 (HIF-1), and the nuclear factor erythroid 2-related factor
2 (NRF-2) whose functions are largely involved in the posi-
tive expression of different antioxidant enzymes (e.g., SOD,
catalase, and GSH antioxidant systems) [3, 4]. Aside from
these redox-sensitive transcription factors, the forkhead box
O (FOXO) family of transcription factors and p53 also have
a major role in the regulation of antioxidant system expres-
sion. Both FOXO and p53 results are strongly modified dur-
ing the onset and progression of cancer [1, 3].

In the classical stress response pathway consisting of
sensors, signal transducers, and effectors, different proteins
are regulated through redox-mediated mechanisms behav-
ing, effectively, as an oxidative stress sensor [3]. ROS can
change both the levels of proteins acting on their stability
or expression and their functions through a direct regulation
of structural conformation and reactivity by redox reaction
on cysteine residues or an indirect posttranslational modifi-
cation tightly regulated by redox-sensitive signaling proteins
[3]. Altogether, upstream stress sensing and transducer sys-
tems, which are deeply modified during unbalanced and
aberrant conditions, could represent good targets for the
therapeutic approach direct to impact on cancer oxidative
stress regulation.

Human NGB contains three cysteine residues; those at
positions CD7 (cysteine 46) and D5 (cysteine 55) are suffi-
ciently close to form a disulfide bond. This defines a redox-
dependent conformational transition in NGB between a
structure with intramolecular disulfide bond, oxidized
form, and a disulfide-free NGB form in reduced condition
[63–65]. Overall, NGB could sense the intracellular status,
in terms of redox state or activation/inactivation of signal-
ing cascade, by changing its three-dimensional structure,
which mainly affects the protein affinity with an endogenous
gaseous ligand, including oxygen [63–65], and, reasonably,
could regulate NGB functional properties including its inter-
action with proteins (interactome) and intracellular localiza-
tion as well.

In neuron-derived cells, Watanabe and colleagues dem-
onstrated that oxidative stress imposes a large tertiary modi-
fication of the NGB fold allowing its interaction with flotillin-
1 at the plasma membrane and favoring its inhibitory
function on Gαi protein and the consequent oxidative

stress-induced apoptosis, thus acting as an oxidative stress
sensor able to impact on cellular response [43]. A similar oxi-
dative stress-sensing activity has also been proposed in
malignant tumor cells. In hepatoma cells, evidence sug-
gests a role of NGB as on oxygen/ROS sensor, where it
could act by coupling oxygen/ROS signals with a signal
cascade, in particular, suppressing the Raf/MEK/ERK
pathway via a regulatory machinery, which may involve
other NGB-interacting proteins [39].

In this context, we recently confirmed NGB as a stress-
inducible protein in breast cancer cells, where it acts as a
sensing and compensatory protein activated in response to
oxidative stress [59, 66]. As reported above, oxidative stress
might affect the activity of sensor proteins by changing their
levels via different ways. In our study, we demonstrated that
oxidative stress mainly increases NGB levels by acting, like
E2, through the inhibition of lysosomal protein degradation
and the increase of the protein translation rate [66]. In partic-
ular, in breast cancer cells, our evidence demonstrated the
transient activation of the PI3K/AKT signaling cascade by
oxidative stress which culminates in NGB upregulation and
in its localization mainly at the cytosolic compartment,
where it could act as a direct ROS scavenger, behaving as a
first barrier to the increased ROS levels (Figure 2) [58].

Conversely to the mitochondrial-gathered NGB induced
by E2 (see the previous section), the oxidative stress-
dependent increase in cytosolic NGB content does not corre-
late with a direct antiapoptotic function, opening new per-
spectives in the NGB function during an imbalanced stress
condition depending on its intracellular localization [58].

Among the others, NRF-2 is the main regulator of the
intracellular defense mechanism against oxidative stress
controlling the transcription of ARE (antioxidant-responsive
elements) containing genes encoding for proteins (e.g., gluta-
mate-cysteine ligase modifier (GCLM), heme oxygenase (decy-
cling) 1 (HMOX1), and NADPH:quinone oxidoreductase 1
(NQO1)) involved in cell detoxification of reactive species
[67, 68]. Under the resting condition, NRF-2 is targeted to
the proteasome degradation by the binding with the oxida-
tive sensor Kelch-like ECH-associated protein 1 (KEAP-1).
KEAP-1 interaction with NRF-2 is mainly modulated by
the intracellular redox state; indeed, high levels of oxidative
stress oxidize KEAP-1 cysteine residues leading to the disso-
ciation of its complex with NRF-2, which accumulates in cells
and translocates to the nucleus where it induces the tran-
scription of antioxidant genes [1, 69].

Some evidence addresses NRF-2 as a tumor suppressor
function in normal and premalignant cells, according to the
role of oxidative stress on cancer onset [4, 70]. Contrarily, a
constitutive stabilization of NRF-2 and the consequent high
levels of antioxidant enzymes are often found in malignant
tumor cells and tissue, sustaining that an increased detoxify-
ing intracellular system confers an advantage for the cancer
progression and adaptation to microenvironment stressing
conditions [1, 69]. In solid tumors, including those of the
lung and liver, somatic missense mutations of the KEAP-1
gene, which result in a mutant KEAP-1 protein unable to
mediate the NRF-2 degradation, have been found. Consis-
tently, mutations in the NRF-2 gene observed in cancer and

4 Oxidative Medicine and Cellular Longevity



linked to a constitutive hyperactivation of the transcriptional
function of the protein are totally related to the critical site
for the formation of NRF-2 and KEAP-1 complex ([69] and
literature cited therein).

Our latest results support a critical role of NGB as
cytosolic signals intermediate in breast cancer cell stress
response, taking part in the E2-dependent activation of
the NRF-2 pathway and potentiation of the antioxidant
system. Indeed, although the E2-dependent increase in
the NRF-2 protein levels was not affected in NGB
knockout MCF-7, the positive modulation of antioxidant
genes under the direct control of the NRF-2 pathway
(NQO1, HMOX1, and GCLM) was lost. As a consequence,
obtained data strongly sustain a key function of NGB in
the E2 and NRF-2-dependent high antioxidant capacity
of estrogen-responsive breast cancer cells, and they suggest
a possible role of the globin in the cytosolic signaling
pathway involved in the NRF-2 nuclear translocation and
transcriptional activity (Figure 2) [71].

The current understanding of NGB function, in particu-
lar regarding its involvement in oxidative stress response, is
mainly focalized on the intracellular content of NGB and its
subcompartmentalization. However, latest reported data
propose an effect of subnanomolar concentration of extracel-
lular NGB on the cellular function regulation, in terms of
cytoprotection and modulation of antioxidant response
[72]. In particular, authors found out that astrocyte cell
treatment with extracellular NGB significantly reduced the
H2O2 cell death by restoring the cell antioxidant systems, as
demonstrated by the increase in SOD and catalase enzyme
activity and transcription. The AKT phosphorylation
appears to be the critical signaling pathway activated by
exogenous NGB [52, 72, 73]. In addition, active AKT regu-
lates the NGB expression and globin delivery inside cells in

a time-dependent manner [58, 59]. Therefore, the story of
the double cross link between AKT and NGB adds another
piece of information widening the possible interaction
between the globin and the PI3K/AKT signaling pathway.
As a whole, such results open the fascinating possibility that,
in cancer tissue, like in the brain, the NGB function in the cell
adaptation response to oxidative stress might not be
restricted to the intracellular environment but also spread
to the extracellular microenvironemnt. In this context, the
overproduced NGB in cancer cells by endogenous modula-
tors (e.g., E2) or stress conditions (e.g., H2O2) may be, under
proper circumstances, delivered outside the cells, participat-
ing in a cellular response to external stimuli which appear
not confined to the cell itself but rather extended to the
cell-microenvironment interface. However, further studies
will be needed to properly support such a hypothesis and bet-
ter understand the possible mechanism of action of NGB
outside the cells.

5. Conclusion and Perspectives

The balance between ROS and the antioxidant-activated sys-
tems set up the levels of intracellular stress, and the fine reg-
ulation of this equilibrium is demanding for the correct
function and survival of cells [4, 74]. At cellular levels,
ROS-scavenging largely relies on the activation of enzymatic
processes such as superoxide dismutase (SOD), glutathione
peroxidase, catalase, glutaredoxin, and thioredoxin which,
overall, constitute the antioxidant defense mechanism of
the cells [3, 74]. When the intracellular antioxidant capability
is overwhelmed by ROS, cytoprotective mechanisms are acti-
vated to impair, when possible, cell death due to the oxidative
damage [74].
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Figure 2: (a) Schematic model of ROS-activated signaling involved in the rapid modulation of NGB levels, its localization, and function on
the redox balance outside mitochondria. (b) Schematic model of the E2 intracellular-activated pathway impacting on NGB expression,
localization, and the NRF-2 pathway describing how NGB affects the E2-dependent activation of the antioxidant NRF-2 system. E2: 17β-
estradiol; ERα: estrogen receptor α; PI3K: phosphatidylinositol 3 kinase. For further detail, see the text.
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Given the aberrant ROS concentration, which commonly
occurs in tumor progression, cancer cells establish several
adaptive mechanisms, including antioxidant responses or
activation of prosurvival pathways (e.g., Bcl-2 and AKT), to
cope with such stress and survive [3, 4]. Therefore, a greater
understanding of pathways devoted to increase the threshold
of ROS cellular tolerability appears to be demanding to over-
come oxidative stress-associated cancer resistance and to
improve the efficacy of therapeutic intervention in selectively
killing cancer cells.

Since its discovery in 2000, NGB has been considered a
specific globin expressed in the nervous system [6, 75, 76]
where its neuroprotective function against different neuro-
logical disorders has been demonstrated in both in vivo and
in vitro studies [17, 21, 22, 40, 77, 78]. Aside from this,
different evidence sustain a role of NGB as a novel tumor-
associated protein [39, 55, 56, 59]. Although the exact role
of NGB as a cancer promotor or oncosuppressor is still
debated [39, 55, 56, 59], the discovery of higher NGB expres-
sion in tumor tissues with respect to the normal counterpart
in the brain and extra-nervous malignancies [55, 56] and the
positive correlation between the globin expression and gli-
oma tumor grade [54] lead to sustaining a critical NGB func-
tion in cancer progression. Consistently, NGB is directly
correlated, at different levels, with the cancer cells’ adaptation
to the increased oxidative stress, which characterized the
tumor microenvironment. On the one side, the globin inter-
feres with the apoptotic cascade activated by ROS [53, 58,
59]; on the other side, it participates in the stress response
to the detrimental redox imbalance [54, 55, 71].

In the last decade, increasing efforts have been made to
define the molecular mechanisms behind the neuroprotective
effects of NGB, which, overall, might also occur in tumors.
Some of the proposed mechanisms, including O2 carrier
and ROS scavenger functions, have arisen looking at the
typical globin structure of the protein [11, 31, 64, 79]. Fur-
thermore, the involvement of NGB in regulating membra-
ne/cytosolic transduction pathways devoted to increase cell
survival [43, 53, 73, 80] and/or mitochondrial functionality
[18, 21, 58, 59] has been demonstrated both in neurons/glial
cells and cancer cells. The high reactivity of NGB protein in
response to change in the intracellular redox state [5], its
differential intracellular localization (e.g., cytosol and mito-
chondria) depending on extracellular stimuli [58, 66], and
the large spectrum of NGB-interacting proteins [13] sustain
the idea that NGB functions may be finely regulated by the
cross-action of all of these events. This intriguing vision is
supported by evidence in cancer cells indicating that the anti-
apoptotic role of NGB against oxidative stress required the
protein mitochondrial localization [58, 59], and it is pro-
moted by the change in reactivity and protein interactions
(e.g., Cyt-c) induced by oxidative stress itself [57]. In parallel,
cytosolic NGB directly participates in the antioxidant system
established by cancer cells to cope with enhanced ROS accu-
mulation, so that one might predict that different pools of
intracellular NGB may cooperate through different mecha-
nisms to enhance cancer cell survival and promote cell adap-
tations to the stressful tumor microenvironment. In this
regard, any stimulus able to change the NGB levels, intracel-

lular localization, and reactivity in order to withdraw NGB
prooncogenic functions might be promising to increase can-
cer cell susceptibility to oxidative stress-induced cell death.

Globins (i.e., myoglobin (MB), hemoglobin (HB),
cytoglobin (CYGB), and NGB) are present in all kingdoms
of living organisms where they display a variety of functions,
including the O2 sensing, transport, and storage; the synthe-
sis and scavenging of RONS; and heme-based catalysis [81].
However, many studies demonstrated various other and
additional roles of globins including the regulation of cancer
progression. The rather low expression levels of these globins
in tumor tissue seems to argue against a contribution to
tumor oxygenation [62]. On the other hand, the reported
functions of MB and CYGB in breast and lung tumors agree
with the proposed role as a tumor suppressor for these
globins [82, 83]. Contrarily, NGB is the unique globin
identified as a critical player in cancer cell adaptations
and resistance to detrimental oxidative stress conditions.
Although further studies are needed to understand the
complex regulating mechanisms of NGB functions, the
NGB role in cancer could represent the new target for
anticancer therapeutic interventions.
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Glutathione is the principal intracellular antioxidant buffer against oxidative stress and mainly exists in the forms of reduced
glutathione (GSH) and oxidized glutathione (GSSG). The processes of glutathione synthesis, transport, utilization, and
metabolism are tightly controlled to maintain intracellular glutathione homeostasis and redox balance. As for cancer cells, they
exhibit a greater ROS level than normal cells in order to meet the enhanced metabolism and vicious proliferation; meanwhile,
they also have to develop an increased antioxidant defense system to cope with the higher oxidant state. Growing numbers of
studies have implicated that altering the glutathione antioxidant system is associated with multiple forms of programmed cell
death in cancer cells. In this review, we firstly focus on glutathione homeostasis from the perspectives of glutathione synthesis,
distribution, transportation, and metabolism. Then, we discuss the function of glutathione in the antioxidant process.
Afterwards, we also summarize the recent advance in the understanding of the mechanism by which glutathione plays a key role
in multiple forms of programmed cell death, including apoptosis, necroptosis, ferroptosis, and autophagy. Finally, we highlight
the glutathione-targeting therapeutic approaches toward cancers. A comprehensive review on the glutathione homeostasis
and the role of glutathione depletion in programmed cell death provide insight into the redox-based research concerning
cancer therapeutics.

1. Introduction

Glutathione is a thiol-containing tripeptide consisting of
L-glutamate, cysteine, and glycine [1]. It is abundantly
distributed in mammalian cells and mainly exists in the
forms of reduced glutathione (GSH) and oxidized glutathi-
one (glutathione disulfide (GSSG)). GSH is predominately
distributed in the cytosol and to a lesser content in the
subcellular organelles, such as the mitochondria, nucleus,
and endoplasmic reticulum (ER). GSH takes part in many
cellular metabolic activities including reactive oxygen species
(ROS) removal, DNA and protein syntheses, and signal
transduction [2, 3].

As for cancer cells, they need a greater ROS level than
normal cells for the enhanced metabolism and vicious prolif-
eration [4, 5]. Nevertheless, the higher ROS level can also be
counteracted by an increased activity of the antioxidant
defense system which copes with the higher oxidant state.
The GSH system is one of the major cellular antioxidant
systems that cooperatively maintain and synergize the redox
balance [6]. The increased GSH level has been observed in
different human cancer cells and is an important contributor
to cancer pathology and the resistance to anticancer therapy
[7]. As a contrary, GSH depletion increases the susceptibility
of cancer cells to various forms of programmed cell death and
sensitivity to chemotherapies [8]. Consequently, the role of
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GSH in the initiation of programmed cell death in cancer
cells has been well implicated in accumulative studies. There
are crosstalks and interrelationships between these different
forms of programmed cell death induced by GSH.

Here, we highlight the GSH homeostasis, the relationship
between GSH and oxidative stress, the recent findings of
GSH depletion in multiple forms of programmed cell death,
and GSH-targeting therapeutic approaches toward cancers.
The review may help to better understand the role of GSH
modulation in cell death and shed light on the possibility of
finding new therapeutic approaches based on the redox
system for cancers.

2. GSH Homeostasis

2.1. GSH Synthesis. The biosynthesis of glutathione was
obtained by catalyzing of L-glutamate, cysteine, and glycine
through continuous two-step enzymatic reactions which
depend on ATP [9]. Glutamine is hydrolyzed by glutaminase
(GLS1/2) to form glutamate after being absorbed into the cell
via a transmembrane amino acid transporter (ASCT2).
Cysteine can be directly absorbed by an amino acid trans-
porter (ASC) or can be obtained by reduction of cystine
absorbed by system Xc

−. The intracellular glycine can be
directly absorbed by a glycine transporter (GlyT). The syn-
thesis of glutathione is through two-step enzymatic reac-
tions by glutamate-cysteine ligase (GCL) and glutathione
synthetase (GS) (Figure 1). In the first step, GCL catalyzes
the reaction of cysteine with glutamate to produce γ-gluta-
mylcysteine; next step, γ-glutamylcysteine is combined
with glycine to produce glutathione under the catalysis of
GS [10]. Since the concentration of γ-glutamylcysteine is

negligible when GS is present, GCL determines the rate
of GSH synthesis during this process [11].

Glutathione exists in the reduced GSH form and oxidized
GSSG form. The content of glutathione is in a dynamic
balance through the regulation of synthesis, utilization,
metabolism, and efflux. Under physiological condition,
GSH is the predominant form which is more than 98%, while
GSSG is less than 1% [12].

2.2. GSH Distribution. The glutathione-centered redox
system participates in the redox signal network and controls
cell growth, development, and oxidant defense [13]. In
addition to the cytoplasm, glutathione also presents in
various subcellular organelles, including the nucleus, mito-
chondria, and ER (Figure 2). There is a significant difference
in glutathione distribution among these subcellular organ-
elles [14, 15]. The distribution of glutathione in different
intervals is critical because it establishes a redox environment
that supports various metabolic and signaling events [16].
The maintenance of redox homeostasis of the nucleus, mito-
chondria, ER, and other organelles as well as the extracellular
environment is inseparable from glutathione.

2.2.1. Cytosolic GSH. In mammalian cells, glutathione is
exclusively synthesized in the cytosol and about 85% of it
remains where it was synthesized [17, 18]. In the cytosol,
glutathione is mainly in the reduced form. The ratio of
GSH :GSSG in the cytosol is conservatively estimated at
about 10000 : 1~50000 : 1 [19]. Reports show that the concen-
tration of the cytosolic GSH is as high as 10 mM, while GSSG
in the cytosol is as low as nanomolar concentration. The
redox potential of EGSH in the cytosol is about 320 mV

Gln

Gln

Gly

Gly

Glu

Glu

Cys

Cys

Cys-Cys

Cys-Cys

GLS1/2 TrxR1/GSH

GCL

�훾-Glutamylcysteine

GS

ASCT2

Xc−

GlyT

ASC

ATP

ADP+Pi
ATP

ADP+Pi

Glutathione

GSH GSSG

Figure 1: Two-step enzymatic reaction of glutathione synthesis. The first step is the coupling of L-glutamate and cysteine to produce
γ-glutamylcysteine under the catalysis of glutamate-cysteine ligase (GCL). The second step is the coupling of γ-glutamylcysteine to glycine
catalyzing by glutathione synthetase (GS). Each reaction consumes one ATP molecule. Glutathione exists in the forms of reduced GSH
and oxidized GSSG.
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[20]. The highly reduced GSH pool has also been found in a
variety of species [21, 22]. The cytosol contains the largest
GSH pool, which does not contradict its distribution of
GSH in other subcellular organelles. Due to the lack of GS
in subcellular compartmentation, GSH must be imported
into the subcellular organelles from the cytosol.

2.2.2. Mitochondrial GSH. Mitochondria are coated by two
membranes and separated into two spaces, the matrix
surrounded by the inner mitochondrial membrane (IMM)
and the intermembrane space (IMS) between the IMM and
the outer mitochondrial membrane (OMM). Although the
enzymes in these two separate chambers, the IMS andmatrix,
are not identical, each is providing NADPH and exchanging
molecules through its mechanism. Mitochondria are the
main sites for aerobic respiration and producing ROS,
mainly O2

-·. Mn-dependent superoxide dismutase (MnSOD)
reduces O2

-· to H2O2, and the gradual accumulation of H2O2
further generates free radicals. In the mitochondria, catalase
reduces H2O2 to H2O and O2 but due to the low catalase
content, a certain amount of GSH is required to maintain
the redox balance. During the oxidation of GSH to GSSG
by glutathione peroxidase (GPX), H2O2 is reduced to H2O,
which can offset the H2O2 produced by MnSOD [23, 24].

The mitochondrial glutathione (mGSH) pool only
accounts for 10%~15% of the total glutathione pool, and
the internal glutathione is mainly present in a reduced state
[25, 26]. Considering the mitochondrial volume, the concen-
tration of mGSH per mitochondria is similar to that of
cytosolic GSH and there is no concentration gradient in the
mitochondrial inner membrane space. Mitochondria are
not able to synthesize GSH as for lacking GS, but they can
take up GSH from the cytosol [23]. GSH in the cytosol passes
through the two layers of the OMM and IMM to reach the
destination in the mitochondria. The monotonous uptake
of GSH through the OMM is facilitated by the pore proteins,

which allow molecules less than ~5 kDa to freely pass [27].
The concentration of small molecules in the IMS is equiva-
lent to the concentration in the outer cytoplasm. Small
molecules entering the IMS cannot penetrate into the mito-
chondrial matrix because of the different lipid composition
between the IMM and OMM [28–30]. Since GSH exists in
an anionic form at physiological pH [31], the task of GSH
entering the mitochondrial matrix is borne by the two
anion transporters localized on the IMM, dicarboxylate
carrier (DCC), and 2-oxoglutarate carrier (OGC) [32]. DCC
exchanges inorganic phosphate, Pi2-, or OGC exchanges
2-oxoglutarate (2-OG2-) when GSH enters the matrix [33].
These specialties in the IMM make it possible for GSH to
transport into the mitochondria. Thus far, the exact
mechanism of GSH transporting in mitochondria needs
further verification.

2.2.3. Nucleus GSH. In spite of the minimal GSH concentra-
tion in the nucleus, studies have confirmed the important
role of nuclear GSH in the cell cycle [16, 34, 35]. Cells that
are ready for division have higher levels of nuclear GSH
[13, 36]. Although there is no definitive proof for this
mechanism, it cannot neglect the fact that GSH accumulates
in the nucleus at an early stage of cell growth, and when the
cells reach confluence, it is reuniformly distributed between
the nucleus and the cytosol [34]. The study concerning
the correlation between GSH and cell cycle may be helpful
for us to better understand cell physiology and cellular
metabolic processes.

Lower and medium levels of ROS are generally recog-
nized as inducing mitosis and having beneficial effects in cell
growth, while excessive ROS can cause DNA strand breaks,
DNA mutations, and DNA double-strand aberrations,
further leading to oxidative stress. The sulfhydryl group in
GSH is essential in maintaining the status of DNA repair
and expression in the nucleus [37]. In the process of
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Figure 2: Distribution of intracellular GSH. GSH is distributed in the cytosol, nucleus, mitochondria, and ER.
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ribonucleic acid reduction, GSH acting as a donor of
hydrogen catalyzes the reduction of ribonucleic acid to
deoxyribonucleic acid, which plays a contributory role in
DNA synthesis [38].

2.2.4. ER GSH. ER is interlaced in the cytoplasm and per-
forms a variety of functions, including protein biosynthesis,
folding, translocation, and glycosylation and formation of
disulfide bonds [39]. The formation of disulfide bonds is
the key process for the protein synthesis in ER and also
benefits this highly oxidative environment. Accumulation
of unfolded or misfolded proteins results in ER stress. The
ER glutathione seems to be a special case where the oxidized
form accounts for the most. The ratio of GSH :GSSG in ER is
as high as 1~15 : 1 [40]. A highly oxidizing environment is a
necessary condition for ER to perform its function [41].
Changes in the redox state of ER significantly affect the
formation of disulfide bonds in which in this process, GSH
is oxidized to GSSG.

2.3. GSH Transport. GSH in tissues is mainly derived from
hepatocytes, which can only be synthesized in hepatocytes
and cannot be degraded. Part of GSH is discharged to the
blood through the transport proteins of the hepatocytes,
and the other part is discharged to the bile through the bile
duct [42, 43].

In mammalian tissues, the kidney is the main organ that
takes up plasma GSH. 80% of GSH in the plasma is absorbed
by the kidney, and 3/8 of them are rapidly decomposed by

γ-glutamyltransferase (GGT) and dipeptidase (DP) which
are located in the brush border membrane (BBM) of the
renal tubule after glomerular filtration, and the amino
acids absorbed by the renal cells are used to resynthesize
proteins or GSH. In addition, the other 5/8 of GSH enters
the renal tubule and is absorbed by the specific transporter
on the basolateral plasma membrane (BLM) in the form of
intact tripeptide [42, 44] (Figure 3). There are two main
transporters that facilitate BLM to ingest GSH through a
nonfiltering mechanism, and the difference between them
is that whether or not they rely on Na+ [31]. Organic
anion transporter 1 (OAT1) and OAT3 can absorb GSH
through exchanging 2-oxoglutarate (2OG). Probenecid and
p-aminohippurate (PAH) are two classical inhibitors of
OATs that significantly inhibit GSH uptake [45]. Dimethyl
succinate (DMS) is a substrate of sodium-dicarboxylate 2
(SDCT2) which significantly inhibits the absorption of GSH
by isolated proximal tubule cells [46]. The stoichiometry of
Na+-GSH cotransportation indicates that at least two Na+

couplings are required for absorption per GSH molecule
during transport through the SDOT-2 carrier [31].

The process of the GSH outflow in BBM is important for
the overall GSH transport. Through the study on the vesicles
isolated from the rat kidney cortex, it can be concluded that
GSH transport in BBM is a process that is dependent on
membrane potential. Unlike GSH transport through BLM,
ion coupling is not involved in GSH transport through
BBM [47]. Although there is still no evidence to prove the
exact vectors that play the direct role in the GSH transport
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Figure 3: Transport of GSH. The liver is the main source of GSH, the kidney is the main organ that ingests and degrades GSH, and the small
intestine participates in the GSH enterohepatic circulation. The renal proximal tubule is the place where the whole process of GSH transport,
synthesis, and degradation is completed.
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through BBM, it can lead to assumptions based on existing
knowledge. There are two types of transporters that contrib-
ute to GSH transport [48]. One of the currently more
convincing vectors is the organic anion-transporting poly-
peptide 1 (OATP1), which is expressed in the sinusoidal
membrane and demonstrated to transport GSH [49].
Another type of vector that may play a role in the GSH efflux
process is multidrug resistance proteins (MRPs) [50]. GSH
excreted to the bile is hydrolyzed by GGT and DP on the
surface of bile duct epithelial cells or small intestinal epithe-
lial cells. The cysteine produced by hydrolysis can be reused
by the small intestine to synthesize GSH and participate in
the enterohepatic circulation.

2.4. GSH Metabolism. The structure of GSH is unique in
the condensation of glutamate and cysteine producing a
γ-carboxyl group rather than the usual α-carboxyl group.
Most enzymes cannot hydrolyze γ-carboxyl groups. GGT is
the only enzyme expressed on a specific cell surface that is
capable of hydrolyzing this particular group [51]. GSH trans-
ported by the cell reaches to the GGT active site and is
degraded to L-glutamate and cysteinylglycine or cystinylgly-
cine and is then released as glutamate, cysteine, cystine, and
glycine under the catalysis of DP. These single amino acids
or dipeptides are taken up by the cells to complete the
synthesis of GSH (Figure 4).

New pathways for GSH metabolism have also been
discovered in recent years. Unlike GGT, the newly discovered
ChaC family can enzymatically degrade GSH localized to the
cytoplasm [52, 53]. ChaC1 is discovered in bacterial BtrG
proteins and mammalian γ-GCT proteins, which hydrolyze
GSH to produce cysteinyl-free Cys-Gly and 5-oxoproline
[54]. It is worth noting that ChaC1 only works on reduced
GSH. ChaC2 is another member of the ChaC family, which
is found in E. coli, yeast, and humans. Its specificity for

GSH is similar to that of ChaC1, producing 5-oxoproline
and Cys-Gly. Enzyme kinetic studies showed that the
catalytic activity of the two was significantly different. The
efficiency of the ChaC2 enzyme in degrading GSH was
1/20~1/10 times higher compared to that of the ChaC1
enzyme [55]. GSH metabolism plays a key role in maintain-
ing GSH homeostasis, nutrient recycling and recovery, and
signal transduction.

3. Antioxidant Role of Cellular GSH

ROS is a product of normal cellular metabolism and involved
in physiological and biochemical processes. Therefore, bal-
ancing the generation and elimination of ROS to maintain
the favorable physiological and suitable environment is of
great importance [56]. Oxidative stress is caused when the
normal oxidation/antioxidant equilibrium state is destroyed.
In general, cells are able to cope with mild oxidative stress,
while the severe oxidative stress beyond the cell antioxidant
capacity can cause damage to lipids, proteins, and DNA, even
leading to cell death. There are two main possible strategies
to inducing oxidative stress: one is to directly increase the
level of ROS and the other is to impair the antioxidant
defense system. The GSH system is one of the important
antioxidant defense lines against ROS (Figure 5).

Maintenance of cellular redox balance is essential for cell
fate. The cellular redox state is often referred to the balance of
NAD+/NADH, NADP+/NADPH, and GSH/GSSG [57].
Among those redox-balancing partners, the two forms of
glutathione can be interconverted by enzyme catalysis.
Under normal physiological conditions, the vast majority of
glutathione is the reduced form. Mitochondria are sites of
cellular oxidative respiration, in which ROS are produced
by enzymatic or nonenzymatic reactions [58]. Although

Glycine

Glycine

Cysteine

Cysteine Cystine

Cys-Gly

GSH

GSH
ChaC

5-Oxoproline

L-Glutamate

L-Glutamate

Cysteinylglycine Cystinylglycineor

GGT

DP

�훾-Glutamylcysteine

MRP1
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mGSH accounts for only 10%~15% of the total GSH, its role
as an antioxidant cannot be ignored. H2O2 is a product of
aerobic metabolism and is primarily reduced by glutathione
peroxidase (GPX) in which in this process, GSH is oxidized
to GSSG. GPX is an important peroxide-degrading enzyme.
It can catalyze the conversion of GSH to GSSG, reduce toxic
peroxides to nontoxic hydroxyl compounds, and promote
the decomposition of H2O2, thereby protecting the structure
and function of cell membranes from peroxide interference
and damage. GSSG is then reduced to GSH by glutathione
reductase (GR) which is associated with NADPH which is
oxidized to NADP+, thereby forming a redox cycle to prevent
oxidative damage [20]. At the same time, GPX reduces
lipid peroxides (Lipid-OOH) to nontoxic lipid alcohols
(Lipid-OH) with GSH as a substrate. This cycle of mutual
transformation enables the continuous elimination of free
radicals in the cells [7].

4. Role of GSH in Programmed Cell Death

Cancer cells exhibit a higher ROS level and also develop a
greater GSH antioxidant system in order to avoid causing
oxidative stress. Programmed cell death, including apoptosis,
autophagy, necroptosis, and ferroptosis, is initiated by serials
of intracellular programs [59]. In some cases, GSH depletion
not only triggers one form of programmed cell death but also
may initiate multiple forms of cell death. These different
forms of cell death may be simultaneously or successively
initiated and then interact with each other, and finally, one
cell death form may mainly exist [60].

4.1. GSH and Apoptosis. Apoptosis is the most recognized
form of programmed cell death which is initiated and

executed by the caspase family. It is a genetically controlled
and actively cascading cell death process that is characterized
by membrane shrinkage, chromatin condensation, and
formation of apoptotic bodies [61]. Studies have shown that
the GSH/GSSG redox status is an important indicator of
apoptosis in cancer cells. Apoptosis is consistently associated
with a reduction in the GSH/GSSG ratio [62]. The decrease in
GSH impairs the antioxidant system and leads to the increase
in ROS generation which accelerates mitochondrial damage
and induces apoptosis (Figure 6).

Intracellular GSH loss precedes the destruction of
mitochondrial integrity, cytochrome c release, and caspase
activation and is recognized as an early event in the progres-
sion of apoptosis in response to different stimuli. GSH
depletion occurs in both intrinsic apoptosis and extrinsic
apoptosis [63, 64]. A decline in GSH induced ROS generation
and the release of cytochrome c, following depletion of the
mitochondrial GSH level and caspase 3 activation [65].
Cellular GSH exported into the extracellular space is also
demonstrated in the initiation of apoptotic signaling or
promotion of apoptotic progression [66]. Cancer cells under-
going apoptosis release a large amount of intracellular GSH
into the extracellular environment [67]. Reducing GSH efflux
in the apoptotic process could attenuate cell death. Con-
trarily, stimulation of GSH synthesis could efficiently protect
mitochondrial membrane potential loss and inhibit apoptosis
[68]. In addition, the exogenous supply with N-acetyl-L-
cysteine (NAC) restores the cellular GSH level and prevents
the GSH depletion-induced apoptosis [69].

The elevated level of ROS and mGSH/GSSG imbalance
can stimulate the intrinsic apoptosis pathway. Impairment
of GSH uptake to the mitochondria directly affects the
mitochondrial function. Depletion of mGSH leads to the
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Figure 5: The antioxidant role of cellular GSH. Glutathione peroxidase (GPX) converts H2O2 and Lipid-OOH to H2O and Lipid-OH where
GSH is oxidized to GSSG, and glutathione reductase (GR) reduced GSSG to GSH dependent on NADPH, thereby forming a redox cycle to
prevent oxidative damage.
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instability of the mitochondrial structure and release of
proapoptotic proteins from the outer mitochondrial mem-
brane [70]. The stimuli cause mitochondrial membrane
permeabilization through mitochondrial permeability tran-
sition (MPT) opening or pores formed by bax and bcl2,
resulting in apoptosis-inducing factor release, apoptosome
complex formation, and caspase activation [71–73].

4.2. GSH and Necroptosis. Although necrosis is originally
thought to be a passive and unregulated form of cell death,
studies have shown that some form of necrosis can be
regulated by intracellular proteins, which is also termed as
necroptosis [74, 75]. Necroptosis is an alternative form of
programmed cell death with distinct characters in the
mitochondria, lysosome, and plasma membrane, exhibiting
a translucent cytoplasm, swelling organelles, increased cell
volumes, and disruption of the plasma membrane [76, 77].
Necroptosis could be initiated in a way that is similar to
extrinsic apoptosis. Receptor-interacting protein kinases 1
(RIPK1) and 3 (RIPK3) are two key regulators involved in
the execution of necroptosis. GSH depletion by pharmaco-
logical inhibition causes oxidative stress-induced necroptosis
[78]. Necrostatin-1, an inhibitor of RIPK1, can protect cell
from GSH depletion inducing cell death in HT-22 cells
through inhibition on GCL [79]. Artesunate triggers necrop-
tosis by decreasing the GSH/GSSG ratio and increasing ROS

generation in human renal carcinoma cells which can be
reduced by necrostatin-1 or knockdown of RIPK1 [80].
To our knowledge, an excess level of ROS induces apopto-
sis, while massive ROS may lead to necroptosis. GSH
depletion-induced ROS generation can simultaneously
induce apoptosis and necrosis in cancer cells in some cases
(Figure 6). Dimethyl fumarate (DMF) induced typical fea-
tures of necroptosis-like excessive autophagy, disintegration
of mitochondrial membrane potential, LDH release, and
accumulation of ROS in colon cancer cells by depleting the
cellular GSH level [81]. GSH depletion by cystine starvation
or the GSH degradation results in oxidative stress which
leads to necroptosis and ferroptosis by directly oxidizing
lipids [82].

4.3. GSH and Ferroptosis. Ferroptosis, a kind of programmed
cell death, is morphologically, biochemically, and genetically
different from other well-known forms of cell death [83]. The
characterized features of ferroptosis are iron dependent,
GPX4 inactivation, and lipid ROS accumulation [84].
Ferroptosis can be induced by small molecules or GSH bio-
synthesis inhibitions or GPX4 impairment or some physio-
logical conditions [85] (Figure 7). Cysteine starvation and
further GSH depletion cooperate to elevate lipid ROS.
Cystine deprivation induced GSH efflux and extracellular
degradation for balancing the intracellular cysteine level
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[86]. GSH depletion through inhibition on cystine uptake is
essential for erastin-induced ferroptosis. Additionally, the
knockout of GCL could sensitize cells to ferroptosis induced
by cysteine starvation [87]. Erastin treatment impairs the
antioxidant defenses of the cell by indirectly inactivating
GPX4 activity resulting in the increase in the cytoplasmic
ROS and lipid ROS accumulation.

GPX4 can convert Lipid-OOH to nontoxic Lipid-OH.
GPX4 reduced Lipid-OOH using GSH as a cosubstrate.
Pharmacological inhibition or genetical depletion of GPX4
promotes lipid ROS generation or, what is more, is lethal,
while upregulation of GPX4 can diminish lipid ROS
[88–90]. Lipid-OOH formation and membrane damage are
sufficient inducers in ferroptosis [91]. RSL3 is identified as
a small molecule that enhances the lethality toward
oncogene-harboring cancer cells by increasing oxidative
stress through altering the iron regulatory proteins and genes
[92]. Afterwards, RSL3 is proved to be a ferroptosis inducer
by covalently targeting the active site of selenocysteine of
GPX4 and resulting in the accumulation of lipid ROS. But
the mechanism of RSL3-induced ferroptosis is not by deplet-
ing GSH but by inactivating GPX4. GPX4 silence sensitizes
cells to RSL3-induced ferroptosis which is accompanied by
lipid ROS accumulation [93]. Consequently, direct inactiva-
tion of GPX4 can also induce ferroptotic cell death even
when cellular cysteine and GSH levels are normal. FIN 56 is
a special inducer of ferroptosis that can cause a slower accu-
mulation of ROS as for the downregulation of GPX4 protein
abundance [94]. Together, all these types of small molecules
can induce ferroptosis by different modulatory profiles, while

ultimately, all of them cause the loss of GPX4 activity and
generation of lipid ROS. Therefore, it can conclude that
GPX4 is the key regulator of ferroptosis and the GSH antiox-
idant system plays a central role in the regulation of ferropto-
sis [90, 95].

Ferroptotic oxidative signals are mainly produced by
iron-mediated Fenton reaction or enzymatic reaction via
lipoxygenases (LOXs) or when the GSH antioxidant system
is impaired [96, 97]. GSH deficiency or GPX4 inactivation
in inducing ferroptosis involves the enhanced production of
oxygenated phosphatidylethanolamine (PE) species [98].
Suppression on the formation of oxygenated PE species can
inhibit ferroptosis [99]. Depletion of GSH through the
inhibiting system Xc

− induces ferroptosis that could be
prevented by liproxstatin-1 (Lip-1), ferrostatin-1 (Fer-1),
and iron chelator deferoxamine (DFO) [83, 100, 101].

4.4. GSH and Autophagy. Autophagy is a catabolic process by
degrading cytoplasmic constituents or impaired organelles in
autolysosomes for recycling under stress condition. Autoph-
agy has long been considered a cell protective mechanism,
while excessive autophagy can also trigger cell death and be
regarded as a tumor suppressive mechanism [102, 103].

Growing evidence supports the role of ROS in the regula-
tion of autophagy, but evidence about the mechanism and
interplay between GSH and the initiation and promotion of
autophagy is still elusive [104]. GSH, one of the principal
molecules in the thiol network, has been indicated as the
suspect for induction of autophagy [105]. The low level of
GSH acts as a signal to activate autophagy as an adaptive
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stress response [106, 107]. The ways that modulate the intra-
cellular GSH state can drive autophagic response at multiple
levels (Figure 8). The dysfunction of system Xc

− by pharma-
cologic inhibition (sulfasalazine) causes GSH decrease and
ROS generation and triggers autophagic cell death [108].
Nutrition starvation can result in the modulation of the
cellular GSH content which is mediated by GSH extrusion,
GCL inhibition, and the formation of GS-R [109]. Under
the GSH depletion case, H2O2 induced autophagic cell death
with increased LC3 conversation and p62 degradation and
enhanced autophagic vacuole formation [110]. Together,
the decreased cellular GSH level contributes to autophagy
and affects the autophagic process. Overall, the possible
relationship between GSH and autophagy still deserves to
be further investigated.

Ferroptosis is a form of cell death that is dependent on
the induction of the autophagic process via a form of cargo-
specific autophagy known as ferritinophagy [111]. Autoph-
agy plays a decisive role in the degradation of cytosolic
proteins. The impaired autophagic process can induce pro-
tein accumulation [112]. The proper function of lysosomes
plays an essential role in ferroptotic cell death [113]. The
activity of lysosomes is increased in ferroptosis in order to
enhance chaperone-mediated autophagy to degrade GPX4
[114]. Inhibition of lysosomal function by bafilomycin A1
(BalfA1) and chloroquine (CQ) can significantly delay the
ferroptosis process induced by erastin [115]. Autophagy flux
is associated with ferroptosis for promoting the turnover of
ferritin in erastin-treated cancer cells [116]. Ferritin degrada-
tion is dependent on autophagy where nuclear receptor
coactivator 4 (NCOA4) acts as a cargo receptor targeting
ferritin to autophagosome [117–119]. Dihydroartemisinin

(DHA) induced ferroptosis in acute myeloid leukemia cells
through activating the autophagy process with decreased
GSH, ferritin degradation, and labile iron accumulation
[120]. The exact mechanism of the connection between
autophagy and ferroptosis still remains largely unknown.

5. GSH Depletion as a Means of Cancer Therapy

A relationship between the increased GSH level and resis-
tance to chemotherapies was observed in many cancers
[121]. Impairment in the GSH antioxidant defense system
could sensitize cancer cells to current chemotherapeutics. It
suggested that the moderate decline in the GSH level would
be an effective strategy to improve the sensitivity of cancer
cells to chemotherapies. Therefore, depletion of cellular
GSH in cancer cells will make them more susceptible and
sensitive to oxidative stress and chemotherapies. Cysteine
insufficiency or glutamate sufficiency or pharmacological
and genetic inhibition of system Xc

− can reduce the resis-
tance of cancer cells to chemotherapies [122]. GSH depletion
promotes cancer cell undergoing different forms of pro-
grammed cell death, such as apoptosis, necroptosis, autoph-
agy, and ferroptosis. Ways for depleting the cellular GSH
level to induce oxidative stress include the following: creation
of the source shortage for GSH synthesis, inhibition of the
GSH synthesis process, direct conjugation with GSH, and
promotion of cellular GSH efflux [123–126].

5.1. Inhibition on System Xc
−. Cysteine is the main source for

protein synthesis. Undoubtedly, it is of critical importance
for maintaining the GSH level. Cysteine typically presents
in its oxidized form in the extracellular space and can be

GSH

Nutrition 
starvation

GSH 
efflux

GSH 
conjugation

GSH
depletion 

ROS
Beclin 1
LC3 II 
p62

Excess autophagy
Ferritinophagy

NCOA4Ferritin
Fe2+

Ferritin degradation

GSH synthesis 
inhibition

Figure 8: The role of cellular GSH in autophagy. GSH depletion through nutrition starvation or GSH synthesis inhibition or conjugation with
GSH or GSH efflux induces ROS generation. ROS accumulation promotes changes in autophagy-related proteins, such as LC3 I/II conversion,
p62 degradation, and autophagic vacuole formation. Additionally, ROS induce NCOA4-mediated ferritin degradation in an autophagy
process, called ferritinophagy, which is promoting free iron release and accelerating ROS generation.
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taken up into the intracellular space via a system Xc
− antipor-

ter. System Xc
−, consisting of SLC3A2 (4F2, solute carrier

family 3, membrane 2) and SLC7A11 (xCT, solute carrier
family 7, membrane 11), forms as a glutamate/cysteine
antiporter in the cell membrane [127]. xCT is the light chain
of system Xc

−. Elevated expression of xCT has been demon-
strated in many types of cancer and is related to chemoresis-
tance and poor prognosis in cancer patients [128–133].

A reduction in the uptake of extracellular cysteine can
directly cause intracellular GSH depletion. Inhibition on
xCT expression triggers cysteine starvation and subsequently
induces cell growth arrest in cancer cells. Stabilization of xCT
promotes the uptake of cysteine for GSH synthesis and
protects cancer cells from high levels of ROS [134]. There-
fore, regulation of xCT is considered a promising therapeutic
target for cancer therapy [135]. Pharmacological inhibition
of system Xc

− inhibits cancer cells in vitro and delays tumor
growth in vivo. Disruption on xCT function inhibits cell
invasion and tumor metastasis [136]. The inhibitory effects
on cancer cells can be ascribed for the rapid depletion of
GSH by xCT dysfunction and subsequently increase in
ROS generation.

Erastin is an inhibitor of system Xc
− that can lead to the

depletion of GSH [83]. GSH-depleting effects of erastin could
be reversed by supplying with GSH and N-acetylcysteine
(NAC). Imidazole ketone erastin (IKE), a carbonyl erastin
analogue, also exhibits system Xc

− inhibition activity and
displays more potency to selective lethality to cancer cells
than erastin [137]. Sorafenib promotes ferroptosis in HCC
cells by its ability to inhibit system Xc

− and deplete GSH
[101]. Sorafenib can also potentiate cisplatin cytotoxicity in
resistant head and neck cancer cells through the inhibitory
effect on xCT [138]. Sulfasalazine is an anti-inflammatory
drug which can be used for the treatment of inflammatory
bowel disease and rheumatoid arthritis and is also proved
to be a potent inhibitor of system Xc

−. It can sensitize cancer
cells not only to chemotherapies but also to radiotherapies
[139–141]. Pseudolaric acid B, a natural diterpene acid
isolated from the root and bark of Pseudolarix kaempferi,
can trigger ferroptosis in glioma cells by depleting cellular
GSH through inhibition of xCT [142, 143].

5.2. Inhibition on GCL. γ-GCL plays a key role in the synthe-
sis and maintenance of the cellular GSH level. It is the first
and rate-limiting enzyme in GSH synthesis consisting of
the GCLC catalytic subunit and GCLM modifier subunit
[144]. Overexpression of GCL increases the cellular GSH
level, and cells exhibit more resistance to oxidative stress
[145]. Adrenomedullin induces the expression of GCLC
and protects cells against oxidative stress [146]. On the con-
trary, knockdown of GCLC could elevate the cellular ROS
level [147]. L-Buthionine-(S,R)-sulfoximine (BSO) is an
inhibitor of γ-GCL. It has been shown to increase the efficacy
of nifurtimox against cancer cells and be an effective modula-
tor of GSH-mediated chemoresistance by increasing the
in vitro cytotoxicity of alkylating agents and radiation [148].

5.3. Conjugation with GSH. The most direct strategy to
deprive GSH is to react with it. Some natural molecules

exhibit good affinity to GSH. Sanguinarine directly reacts
with cellular GSH and causes a rapid and sever depletion of
GSH. It results in the subsequent modification of the
membrane integrity and relates to a promotion of apoptotic
response dependent on caspase 3 and caspase 7 activation
in PC3 human prostatic adenocarcinoma cells [149].
3-Bromopyruvate (3-BP), an alkylating agent, has high reac-
tivity toward thiols and rapidly conjugates with GSH in the
cell-free system and many cell types [150, 151]. It has been
proved to have antitumor activities [152, 153]. Isothiocya-
nates (ITCs) are natural phytochemicals abundantly existing
in cruciferous vegetables. The central carbon of the ITCs is
highly electrophilic and can react with thiols. At physiologi-
cal pH, ITCs react predominantly with the sulfhydryl group
of cysteine residues in GSH. Accumulative evidence has
proved that ITCs, such as sulforaphane (SFN), phenethyl
isothiocyanate (PEITC), and ally isothiocyanate (AITC), are
highly effective in chemoprevention and have antitumor
activities in vitro and in vivo [154–158]. PEITC exhibits
potential ability against not only solid tumor but also leuke-
mia cells through the rapid deprive of mitochondrial GSH
and elevation of ROS [70, 159].

5.4. Enhancement of GSH Efflux. The development of the
multidrug resistance (MDR) phenotype poses as a major
clinical problem that limits the curative potential of antican-
cer drugs. The characterized phenotype of MDR is the
typically increased expressions of P-glycoprotein (P-gp) and
MRPs. P-gp and MRPs can extrude anticancer agents out of
cell consuming ATP and result in the chemotherapy failure.
Inhibition of MRPs could reduce drug resistance in cancer
cells, and MRPs act as a potential target in cancer therapy.
MRP-1 is identified as a GSSG transporter. Evidence has
shown that inhibition on MRP activity promotes the accu-
mulation of GSSG which is cytotoxic to endothelial cell
tumors [160]. Sulfinosine has the potential to induce apopto-
sis and autophagy by decreasing GSH, generating ROS, and
inhibiting P-pg and then sensitizes cancer cells to chemother-
apies [161]. Modulation of GSH efflux is also a potential
strategy to induce cell death in cancers. Staurosporine causes
apoptosis in cancer cells associated with exporting cellular
GSH [162]. Cancer cells are sensitized to cell death when
intracellular GSH is depleted through stimulation of GSH
efflux pumps [163]. Natural compound chrysin induces
GSH efflux by MRPs to maintain the depleted GSH level
and sensitizes cancer cells to chemotherapeutic agents like
doxorubicin [164]. Verapamil derivatives can effectively kill
cancer cell through leading to apoptosis with the mechanism
of stimulating GSH efflux by MRPs [126].

6. Conclusions

In this review, accumulative evidence has demonstrated the
important role of GSH depletion in the initiation of multiple
forms of programmed cell death in cancers and we have
highlighted the GSH-based strategies for cancer therapies.
As mentioned, some agents trigger not only one type of
programmed cell death solely but also multiple forms of cell
death simultaneously through altering cellular GSH in cancer
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cells. While the crosstalks and interrelationships between the
multiple forms of cell death induced by GSH modulation in
cancer cells are still elusive, the exact death events along with
GSH depletion in inducing cell death are still needed to be
further explored. In the future work, a better understanding
on the mechanism of GSH in triggering different forms of
programmed cell death and whether GSH has a role in decid-
ing cell fate will give more implications on the redox-based
research concerning cancer therapeutics.

Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

Huanhuan Lv, Chenxiao Zhen, and Junyu Liu contributed
equally.

Acknowledgments

This work was supported by the National Natural Science
Fund of China (No. 81803032, No. 11872316, and No.
51777171), the Fundamental Research Funds for the Central
Universities (No. 3102017OQD111), and the Northwest-
ern Polytechnical University Foundation for Fundamental
Research (No. 3102018JGC012).

References

[1] A. Meister and M. E. Anderson, “Glutathione,” Annual
Review of Biochemistry, vol. 52, no. 1, pp. 711–760, 1983.

[2] G. Wu, Y. Z. Fang, S. Yang, J. R. Lupton, and N. D. Turner,
“Glutathione metabolism and its implications for health,”
The Journal of Nutrition, vol. 134, no. 3, pp. 489–492, 2004.

[3] H. Sies, “Glutathione and its role in cellular functions,” Free
Radical Biology and Medicine, vol. 27, no. 9-10, pp. 916–
921, 1999.

[4] J. N. Moloney and T. G. Cotter, “ROS signalling in the
biology of cancer,” Seminars in Cell & Developmental Biology,
vol. 80, pp. 50–64, 2018.

[5] S. Galadari, A. Rahman, S. Pallichankandy, and F. Thayyullathil,
“Reactive oxygen species and cancer paradox: to promote or
to suppress?,” Free Radical Biology and Medicine, vol. 104,
pp. 144–164, 2017.

[6] M. L. Circu and T. Y. Aw, “Reactive oxygen species, cellular
redox systems, and apoptosis,” Free Radical Biology and
Medicine, vol. 48, no. 6, pp. 749–762, 2010.

[7] N. Traverso, R. Ricciarelli, M. Nitti et al., “Role of glutathione
in cancer progression and chemoresistance,” Oxidative
Medicine and Cellular Longevity, vol. 2013, Article ID
972913, 10 pages, 2013.

[8] P. T. Schumacker, “Reactive oxygen species in cancer: a dance
with the devil,” Cancer Cell, vol. 27, no. 2, pp. 156-157, 2015.

[9] E. Hatem, N. el Banna, and M. E. Huang, “Multifaceted roles
of glutathione and glutathione-based systems in carcinogen-
esis and anticancer drug resistance,” Antioxidants & Redox
Signaling, vol. 27, no. 15, pp. 1217–1234, 2017.

[10] M. E. Anderson, “Glutathione: an overview of biosynthesis
and modulation,” Chemico-Biological Interactions, vol. 111-
112, pp. 1–14, 1998.

[11] T. P. Dalton, Y. Chen, S. N. Schneider, D. W. Nebert, and
H. G. Shertzer, “Genetically altered mice to evaluate glutathi-
one homeostasis in health and disease,” Free Radical Biology
and Medicine, vol. 37, no. 10, pp. 1511–1526, 2004.

[12] S. C. Lu, “Glutathione synthesis,” Biochimica et Biophysica
Acta (BBA) - General Subjects, vol. 1830, no. 5, pp. 3143–
3153, 2013.

[13] P. Diaz Vivancos, T. Wolff, J. Markovic, F. V. Pallardó, and
C. H. Foyer, “A nuclear glutathione cycle within the cell
cycle,” Biochemical Journal, vol. 431, no. 2, pp. 169–178,
2010.

[14] K. BRIVIBA, G. Fraser, H. Sies, and B. Ketterer, “Distribution
of the monochlorobimane-glutathione conjugate between
nucleus and cytosol in isolated hepatocytes,” Biochemical
Journal, vol. 294, no. 3, pp. 631–633, 1993.

[15] T. Söderdahl, M. Enoksson, M. Lundberg et al., “Visualiza-
tion of the compartmentalization of glutathione and
protein-glutathione mixed disulfides in cultured cells,” Jour-
nal of Biological Chemistry, vol. 281, pp. 6372–6379, 2003.

[16] P. Diaz-Vivancos, A. de Simone, G. Kiddle, and C. H. Foyer,
“Glutathione – linking cell proliferation to oxidative stress,”
Free Radical Biology and Medicine, vol. 89, pp. 1154–1164,
2015.

[17] M. J. Meredith and D. J. Reed, “Status of the mitochondrial
pool of glutathione in the isolated hepatocyte,” The Journal
of Biological Chemistry, vol. 257, no. 7, pp. 3747–3753, 1982.

[18] C. Hwang, A. Sinskey, and H. Lodish, “Oxidized redox state
of glutathione in the endoplasmic reticulum,” Science,
vol. 257, no. 5076, pp. 1496–1502, 1992.

[19] B. Morgan, D. Ezeriņa, T. N. E. Amoako, J. Riemer,
M. Seedorf, and T. P. Dick, “Multiple glutathione disulfide
removal pathways mediate cytosolic redox homeostasis,”
Nature Chemical Biology, vol. 9, no. 2, pp. 119–125, 2013.

[20] S. C. Lu, “Regulation of glutathione synthesis,” Molecular
Aspects of Medicine, vol. 30, no. 1-2, pp. 42–59, 2009.

[21] B. Morgan, “Reassessing cellular glutathione homoeostasis:
novel insights revealed by genetically encoded redox probes,”
Biochemical Society Transactions, vol. 42, no. 4, pp. 979–
984, 2014.

[22] A. J. Meyer, T. Brach, L. Marty et al., “Redox-sensitive GFP in
arabidopsis thaliana is a quantitative biosensor for the redox
potential of the cellular glutathione redox buffer,” The Plant
Journal, vol. 52, no. 5, pp. 973–986, 2007.

[23] G. Calabrese, B. Morgan, and J. Riemer, “Mitochondrial
glutathione: regulation and functions,” Antioxidants & Redox
Signaling, vol. 27, no. 15, pp. 1162–1177, 2017.

[24] M. Marí, A. Morales, A. Colell, C. García-Ruiz, and J. C.
Fernández-Checa, “Mitochondrial glutathione, a key survival
antioxidant,” Antioxidants & Redox Signaling, vol. 11, no. 11,
pp. 2685–2700, 2009.

[25] L. H. Lash, T. M. Visarius, J. M. Sall, W. Qian, and J. J.
Tokarz, “Cellular and subcellular heterogeneity of glutathi-
onemetabolism and transport in rat kidney cells,” Toxicology,
vol. 130, no. 1, pp. 1–15, 1998.

[26] R. G. Schnellmann, S. M. Gilchrist, and L. J. Mandel, “Intra-
cellular distribution and depletion of glutathione in rabbit
renal proximal tubules,” Kidney International, vol. 34, no. 2,
pp. 229–233, 1988.

[27] K. Kojer, M. Bien, H. Gangel, B. Morgan, T. P. Dick, and
J. Riemer, “Glutathione redox potential in the mitochondrial
intermembrane space is linked to the cytosol and impacts the

11Oxidative Medicine and Cellular Longevity



Mia40 redox state,” The EMBO Journal, vol. 31, no. 14,
pp. 3169–3182, 2012.

[28] T. Becker, M. Gebert, N. Pfanner, and M. van der Laan,
“Biogenesis of mitochondrial membrane proteins,” Current
Opinion in Cell Biology, vol. 21, no. 4, pp. 484–493, 2009.

[29] T. Tatsuta, M. Scharwey, and T. Langer, “Mitochondrial
lipid trafficking,” Trends in Cell Biology, vol. 24, no. 1,
pp. 44–52, 2014.

[30] S. Cogliati, J. A. Enriquez, and L. Scorrano, “Mitochondrial
cristae: where beauty meets functionality,” Trends in Bio-
chemical Sciences, vol. 41, no. 3, pp. 261–273, 2016.

[31] L. H. Lash, “Role of glutathione transport processes in kidney
function,” Toxicology and Applied Pharmacology, vol. 204,
no. 3, pp. 329–342, 2005.

[32] L. H. Lash, “Mitochondrial glutathione transport: physio-
logical, pathological and toxicological implications,” Che-
mico-Biological Interactions, vol. 163, no. 1-2, pp. 54–67,
2006.

[33] Z. Chen, D. A. Putt, and L. H. Lash, “Enrichment and
functional reconstitution of glutathione transport activity
from rabbit kidney mitochondria further evidence for the role
of the dicarboxylate and 2-oxoglutarate carriers in mitochon-
drial glutathione transport,” Archives of Biochemistry and
Biophysics, vol. 373, no. 1, pp. 193–202, 2000.

[34] J. Markovic, C. Borras, A. Ortega, J. Sastre, J. Vina, and F. V.
Pallardo, “Glutathione is recruited into the nucleus in early
phases of cell proliferation,” Journal of Biological Chemistry,
vol. 282, no. 28, pp. 20416–20424, 2007.

[35] P. D. Vivancos, Y. Dong, K. Ziegler et al., “Recruitment of
glutathione into the nucleus during cell proliferation adjusts
whole-cell redox homeostasis in Arabidopsis thaliana and
lowers the oxidative defence shield,” The Plant Journal,
vol. 64, no. 5, pp. 825–838, 2010.

[36] A. Holmgren, “Hydrogen donor system for Escherichia coli
ribonucleoside-diphosphate reductase dependent upon glu-
tathione,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 73, no. 7, pp. 2275–
2279, 1976.

[37] M. Valko, D. Leibfritz, J. Moncol, M. T. D. Cronin, M. Mazur,
and J. Telser, “Free radicals and antioxidants in normal
physiological functions and human disease,” The Interna-
tional Journal of Biochemistry & Cell Biology, vol. 39, no. 1,
pp. 44–84, 2007.

[38] A. Holmgren, “The function of thioredoxin and glutathione
in deoxyribonucleic acid synthesis,” Biochemical Society
Transactions, vol. 5, no. 3, pp. 611-612, 1977.

[39] M. Wang and R. J. Kaufman, “Protein misfolding in the
endoplasmic reticulum as a conduit to human disease,”
Nature, vol. 529, no. 7586, pp. 326–335, 2016.

[40] D. Montero, C. Tachibana, J. Rahr Winther, and
C. Appenzeller-Herzog, “Intracellular glutathione pools are
heterogeneously concentrated,” Redox Biology, vol. 1, no. 1,
pp. 508–513, 2013.

[41] S. S. Cao and R. J. Kaufman, “Endoplasmic reticulum stress
and oxidative stress in cell fate decision and human disease,”
Antioxidants & Redox Signaling, vol. 21, no. 3, pp. 396–
413, 2014.

[42] M. E. Anderson, R. J. Bridges, and A. Meister, “Direct
evidence for inter-organ transport of glutathione and that
the non-filtration renal mechanism for glutathione utiliza-
tion involves γ-glutamyl transpeptidase,” Biochemical and

Biophysical Research Communications, vol. 96, no. 2,
pp. 848–853, 1980.

[43] D. Häberle, A. Wahlländer, H. Sies, I. Linke, and
C. Lachenmaier, “Assessment of the kidney function in
maintenance of plasma glutathione concentration and redox
state in anaesthetized rats,” FEBS Letters, vol. 108, no. 2,
pp. 335–340, 1979.

[44] R. Hahn, A. Wendel, and L. Flohé, “The fate of extracellular
glutathione in the rat,” Biochimica et Biophysica Acta (BBA)
- General Subjects, vol. 539, no. 3, pp. 324–337, 1978.

[45] L. H. Lash and D. A. Putt, “Renal cellular transport of
exogenous glutathione: heterogeneity at physiological and
pharmacological concentrations,” Biochemical Pharmacol-
ogy, vol. 58, no. 5, pp. 897–907, 1999.

[46] X. Chen, H. Tsukaguchi, X. Z. Chen, U. V. Berger, and
M. A. Hediger, “Molecular and functional analysis of
SDCT2, a novel rat sodium-dependent dicarboxylate trans-
porter,” The Journal of Clinical Investigation, vol. 103,
no. 8, pp. 1159–1168, 1999.

[47] M. Inoue and Y. Morino, “Direct evidence for the role of the
membrane potential in glutathione transport by renal brush-
border membranes,” Journal of Biological Chemistry, vol. 260,
no. 1, pp. 326–331, 1985.

[48] N. Ballatori, C. L. Hammond, J. B. Cunningham, S. M.
Krance, and R. Marchan, “Molecular mechanisms of reduced
glutathione transport: role of the MRP/CFTR/ABCC and
OATP/SLC21A families of membrane proteins,” Toxicology
and Applied Pharmacology, vol. 204, no. 3, pp. 238–255,
2005.

[49] L. Li, T. K. Lee, P. J. Meier, and N. Ballatori, “Identification of
glutathione as a driving force and leukotriene C4 as a sub-
strate for oatp1, the hepatic sinusoidal organic solute
transporter,” Journal of Biological Chemistry, vol. 273,
no. 26, pp. 16184–16191, 1998.

[50] A. K. Bachhawat, A. Thakur, J. Kaur, and M. Zulkifli,
“Glutathione transporters,” Biochimica et Biophysica Acta
(BBA) - General Subjects, vol. 1830, no. 5, pp. 3154–3164, 2013.

[51] M. H. Hanigan, “Gamma-glutamyl transpeptidase: redox
regulation and drug resistance,” Advances in Cancer
Research, vol. 122, pp. 103–141, 2014.

[52] S. Kumar, A. Kaur, B. Chattopadhyay, and A. K. Bachhawat,
“Defining the cytosolic pathway of glutathione degradation in
Arabidopsis thaliana: role of the ChaC/GCG family of γ-
glutamyl cyclotransferases as glutathione-degrading enzymes
and AtLAP1 as the Cys-Gly peptidase,” Biochemical Journal,
vol. 468, no. 1, pp. 73–85, 2015.

[53] A. Kumar, S. Tikoo, S. Maity et al., “Mammalian proapopto-
tic factor ChaC1 and its homologues function as γ-glutamyl
cyclotransferases acting specifically on glutathione,” EMBO
Reports, vol. 13, no. 12, pp. 1095–1101, 2012.

[54] A. J. Oakley, T. Yamada, D. Liu, M. Coggan, A. G. Clark, and
P. G. Board, “The identification and structural characteriza-
tion of C7orf24 as γ-glutamyl cyclotransferase: an essential
enzyme in the γ-glutamyl cycle,” Journal of Biological
Chemistry, vol. 283, no. 32, pp. 22031–22042, 2008.

[55] A. Kaur, R. Gautam, R. Srivastava et al., “ChaC2, an enzyme
for slow turnover of cytosolic glutathione,” Journal of Biolog-
ical Chemistry, vol. 292, no. 2, pp. 638–651, 2017.

[56] C. Gorrini, I. S. Harris, and T. W. Mak, “Modulation of oxi-
dative stress as an anticancer strategy,” Nature Reviews Drug
Discovery, vol. 12, no. 12, pp. 931–947, 2013.

12 Oxidative Medicine and Cellular Longevity



[57] A. L. Ortega, S. Mena, and J. M. Estrela, “Glutathione in
cancer cell death,” Cancers, vol. 3, no. 1, pp. 1285–1310, 2011.

[58] M. P. Murphy, “How mitochondria produce reactive oxygen
species,” Biochemical Journal, vol. 417, no. 1, pp. 1–13, 2009.

[59] L. Ouyang, Z. Shi, S. Zhao et al., “Programmed cell death
pathways in cancer: a review of apoptosis, autophagy and
programmed necrosis,” Cell Proliferation, vol. 45, no. 6,
pp. 487–498, 2012.

[60] Z. Su, Z. Yang, Y. Xu, Y. Chen, and Q. Yu, “Apoptosis,
autophagy, necroptosis, and cancer metastasis,” Molecular
Cancer, vol. 14, no. 1, p. 48, 2015.

[61] S. Elmore, “Apoptosis: a review of programmed cell death,”
Toxicologic Pathology, vol. 29, no. 6, pp. 997–1003, 2012.

[62] Y. F. Zhao, C. Zhang, and Y. R. Suo, “MMPT as a reactive
oxygen species generator induces apoptosis via the depletion
of intracellular GSH contents in A549 cells,” European
Journal of Pharmacology, vol. 688, no. 1-3, pp. 6–13, 2012.

[63] R. Franco, M. I. Panayiotidis, and J. A. Cidlowski, “Glutathi-
one depletion is necessary for apoptosis in lymphoid cells
independent of reactive oxygen species formation,” Journal
of Biological Chemistry, vol. 282, no. 42, pp. 30452–30465,
2007.

[64] M. Khan, F. Yi, A. Rasul et al., “Alantolactone induces
apoptosis in glioblastoma cells via GSH depletion, ROS
generation, and mitochondrial dysfunction,” IUBMB life,
vol. 64, no. 9, pp. 783–794, 2012.

[65] J. S. Armstrong, K. K. Steinauer, B. Hornung et al., “Role
of glutathione depletion and reactive oxygen species gener-
ation in apoptotic signaling in a human B lymphoma cell
line,” Cell Death & Differentiation, vol. 9, no. 3, pp. 252–
263, 2002.

[66] L. Ghibelli, C. Fanelli, G. Rotilio et al., “Rescue of cells from
apoptosis by inhibition of active GSH extrusion,” The FASEB
Journal, vol. 12, no. 6, pp. 479–486, 1998.

[67] C. L. Hammond, R. Marchan, S. M. Krance, and N. Ballatori,
“Glutathione export during apoptosis requires functional
multidrug resistance-associated proteins,” The Journal of
Biological Chemistry, vol. 282, no. 19, pp. 14337–14347,
2007.

[68] X. Zou, Z. Feng, Y. Li et al., “Stimulation of GSH synthesis to
prevent oxidative stress-induced apoptosis by hydroxytyrosol
in human retinal pigment epithelial cells: activation of Nrf2
and JNK-p62/SQSTM1 pathways,” The Journal of Nutritional
Biochemistry, vol. 23, no. 8, pp. 994–1006, 2012.

[69] M. J. Akhtar, M. Ahamed, H. A. Alhadlaq, and A. Alshamsan,
“Nanotoxicity of cobalt induced by oxidant generation and
glutathione depletion in MCF-7 cells,” Toxicology in Vitro,
vol. 40, pp. 94–101, 2017.

[70] G. Chen, Z. Chen, Y. Hu, and P. Huang, “Inhibition of
mitochondrial respiration and rapid depletion of mitochon-
drial glutathione by β-phenethyl isothiocyanate: mechanisms
for anti-leukemia activity,” Antioxidants & Redox Signaling,
vol. 15, no. 12, pp. 2911–2921, 2011.

[71] M. L. Circu and T. Yee Aw, “Glutathione and apoptosis,” Free
Radical Research, vol. 42, no. 8, pp. 689–706, 2008.

[72] P. Guha, A. Dey, R. Sen, M. Chatterjee, S. Chattopadhyay,
and S. K. Bandyopadhyay, “Intracellular GSH depletion trig-
gered mitochondrial Bax translocation to accomplish
resveratrol-induced apoptosis in the U937 cell line,” Journal
of Pharmacology and Experimental Therapeutics, vol. 336,
no. 1, pp. 206–214, 2011.

[73] T. Honda, S. Coppola, L. Ghibelli et al., “GSH depletion
enhances adenoviral bax-induced apoptosis in lung cancer
cells,” Cancer Gene Therapy, vol. 11, no. 4, pp. 249–255, 2004.

[74] P. Vandenabeele, L. Galluzzi, T. vanden Berghe, and
G. Kroemer, “Molecular mechanisms of necroptosis: an
ordered cellular explosion,” Nature Reviews Molecular Cell
Biology, vol. 11, no. 10, pp. 700–714, 2010.

[75] T. V. Berghe, A. Linkermann, S. Jouan-Lanhouet,
H. Walczak, and P. Vandenabeele, “Regulated necrosis: the
expanding network of non-apoptotic cell death pathways,”
Nature Reviews Molecular Cell Biology, vol. 15, no. 2,
pp. 135–147, 2014.

[76] D. E. Christofferson and J. Yuan, “Necroptosis as an alterna-
tive form of programmed cell death,” Current Opinion in Cell
Biology, vol. 22, no. 2, pp. 263–268, 2010.

[77] L. Galluzzi and G. Kroemer, “Necroptosis: a specialized
pathway of programmed necrosis,” Cell, vol. 135, no. 7,
pp. 1161–1163, 2008.

[78] H. Nagai, K. Matsumaru, G. Feng, and N. Kaplowitz,
“Reduced glutathione depletion causes necrosis and sensiti-
zation to tumor necrosis factor-alpha-induced apoptosis in
cultured mouse hepatocytes,” Hepatology, vol. 36, no. 1,
pp. 55–64, 2002.

[79] X. Xu, C. C. Chua, J. Kong et al., “Necrostatin-1 pro-
tects against glutamate-induced glutathione depletion and
caspase-independent cell death in HT-22 cells,” Journal of
Neurochemistry, vol. 103, no. 5, pp. 2004–2014, 2007.

[80] A. K. Chauhan, K. J. Min, and T. K. Kwon, “RIP1-dependent
reactive oxygen species production executes artesunate-
induced cell death in renal carcinoma Caki cells,” Molecular
and Cellular Biochemistry, vol. 435, no. 1-2, pp. 15–24,
2017.

[81] X. Xie, Y. Zhao, C. Y. Ma et al., “Dimethyl fumarate induces
necroptosis in colon cancer cells through GSH depletion/
ROS increase/MAPKs activation pathway,” British Journal
of Pharmacology, vol. 172, no. 15, pp. 3929–3943, 2015.

[82] M. S. Chen, S. F. Wang, C. Y. Hsu et al., “CHAC1 degradation
of glutathione enhances cystine-starvation-induced necrop-
tosis and ferroptosis in human triple negative breast cancer
cells via the GCN2-eIF2α-ATF4 pathway,” Oncotarget,
vol. 8, no. 70, pp. 114588–114602, 2017.

[83] S. J. Dixon, K. M. Lemberg, M. R. Lamprecht et al.,
“Ferroptosis: an iron-dependent form of nonapoptotic cell
death,” Cell, vol. 149, no. 5, pp. 1060–1072, 2012.

[84] J. C. Reed and M. Pellecchia, “Ironing out cell death
mechanisms,” Cell, vol. 149, no. 5, pp. 963–965, 2012.

[85] W. S. Yang and B. R. Stockwell, “Ferroptosis: death by lipid
peroxidation,” Trends in Cell Biology, vol. 26, no. 3,
pp. 165–176, 2016.

[86] X. Yu and Y. C. Long, “Crosstalk between cystine and gluta-
thione is critical for the regulation of amino acid signaling
pathways and ferroptosis,” Scientific Reports, vol. 6, article
30033, no. 1, 2016.

[87] M. Gao, P. Monian, N. Quadri, R. Ramasamy, and X. Jiang,
“Glutaminolysis and transferrin regulate ferroptosis,” Molec-
ular Cell, vol. 59, no. 2, pp. 298–308, 2015.

[88] X. Sui, R. Zhang, S. Liu et al., “RSL3 drives ferroptosis
through GPX4 inactivation and ROS production in colorectal
cancer,” Frontiers in Pharmacology, vol. 9, p. 1371, 2018.

[89] J. P. Friedmann Angeli, M. Schneider, B. Proneth et al.,
“Inactivation of the ferroptosis regulator Gpx4 triggers acute

13Oxidative Medicine and Cellular Longevity



renal failure in mice,” Nature Cell Biology, vol. 16, no. 12,
pp. 1180–1191, 2014.

[90] T. M. Seibt, B. Proneth, and M. Conrad, “Role of GPX4 in
ferroptosis and its pharmacological implication,” Free
Radical Biology and Medicine, vol. 133, pp. 144–152, 2019.

[91] T. Hirschhorn and B. R. Stockwell, “The development of the
concept of ferroptosis,” Free Radical Biology and Medicine,
vol. 133, pp. 130–143, 2019.

[92] W. S. Yang and B. R. Stockwell, “Synthetic lethal screening
identifies compounds activating iron-dependent, nonapopto-
tic cell death in oncogenic-RAS-harboring cancer cells,”
Chemistry & Biology, vol. 15, no. 3, pp. 234–245, 2008.

[93] W. S. Yang, R. SriRamaratnam, M. E. Welsch et al.,
“Regulation of ferroptotic cancer cell death by GPX4,” Cell,
vol. 156, no. 1-2, pp. 317–331, 2014.

[94] K. Shimada, R. Skouta, A. Kaplan et al., “Global survey of cell
death mechanisms reveals metabolic regulation of ferropto-
sis,” Nature Chemical Biology, vol. 12, no. 7, pp. 497–503,
2016.

[95] H. Miess, B. Dankworth, A. M. Gouw et al., “The glutathione
redox system is essential to prevent ferroptosis caused by
impaired lipid metabolism in clear cell renal cell carcinoma,”
Oncogene, vol. 37, no. 40, pp. 5435–5450, 2018.

[96] K. D'Herde and D. V. Krysko, “Ferroptosis: oxidized PEs
trigger death,” Nature Chemical Biology, vol. 13, no. 1,
pp. 4-5, 2017.

[97] D. A. Stoyanovsky, Y. Y. Tyurina, I. Shrivastava et al., “Iron
catalysis of lipid peroxidation in ferroptosis: regulated enzy-
matic or random free radical reaction?,” Free Radical Biology
and Medicine, vol. 133, pp. 153–161, 2019.

[98] V. E. Kagan, G. Mao, F. Qu et al., “Oxidized arachidonic and
adrenic PEs navigate cells to ferroptosis,” Nature Chemical
Biology, vol. 13, no. 1, pp. 81–90, 2017.

[99] J. P. F. Angeli, R. Shah, D. A. Pratt, and M. Conrad,
“Ferroptosis inhibition: mechanisms and opportunities,”
Trends in Pharmacological Sciences, vol. 38, no. 5, pp. 489–
498, 2017.

[100] C. Louandre, Z. Ezzoukhry, C. Godin et al., “Iron-dependent
cell death of hepatocellular carcinoma cells exposed to soraf-
enib,” International Journal of Cancer, vol. 133, no. 7,
pp. 1732–1742, 2013.

[101] C. Louandre, I. Marcq, H. Bouhlal et al., “The retinoblastoma
(Rb) protein regulates ferroptosis induced by sorafenib in
human hepatocellular carcinoma cells,” Cancer Letters,
vol. 356, no. 2, pp. 971–977, 2015.

[102] I. Dikic, T. Johansen, and V. Kirkin, “Selective autophagy in
cancer development and therapy,” Cancer Research, vol. 70,
no. 9, pp. 3431–3434, 2010.

[103] D. R. Green and B. Levine, “To be or not to be? How selective
autophagy and cell death govern cell fate,” Cell, vol. 157,
no. 1, pp. 65–75, 2014.

[104] G. Filomeni, D. De Zio, and F. Cecconi, “Oxidative stress and
autophagy: the clash between damage and metabolic needs,”
Cell Death & Differentiation, vol. 22, no. 3, pp. 377–388, 2015.

[105] G. Filomeni, E. Desideri, S. Cardaci, G. Rotilio, and M. R.
Ciriolo, “Under the ROS: Thiol network is the principal
suspect for autophagy commitment,” Autophagy, vol. 6,
no. 7, pp. 999–1005, 2010.

[106] H. Mancilla, R. Maldonado, K. Cereceda et al., “Glutathione
depletion induces spermatogonial cell autophagy,” Journal

of Cellular Biochemistry, vol. 116, no. 10, pp. 2283–2292,
2015.

[107] E. Ogier-Denis and P. Codogno, “Autophagy: a barrier or an
adaptive response to cancer,” Biochimica et Biophysica Acta
(BBA) - Reviews on Cancer, vol. 1603, no. 2, pp. 113–128,
2003.

[108] W. Guo, Y. Zhao, Z. Zhang et al., “Disruption of xCT inhibits
cell growth via the ROS/autophagy pathway in hepatocellular
carcinoma,” Cancer Letters, vol. 312, no. 1, pp. 55–61, 2011.

[109] E. Desideri, G. Filomeni, and M. R. Ciriolo, “Glutathione
participates in the modulation of starvation-induced autoph-
agy in carcinoma cells,” Autophagy, vol. 8, no. 12, pp. 1769–
1781, 2012.

[110] G. Seo, S. K. Kim, Y. J. Byun et al., “Hydrogen peroxide
induces Beclin 1-independent autophagic cell death by sup-
pressing the mTOR pathway via promoting the ubiquitina-
tion and degradation of Rheb in GSH-depleted RAW 264.7
cells,” Free Radical Research, vol. 45, no. 4, pp. 389–399, 2011.

[111] R. Kang and D. Tang, “Autophagy and ferroptosis - what's
the connection?,” Current Pathobiology Reports, vol. 5,
no. 2, pp. 153–159, 2017.

[112] C. Ott, J. Konig, A. Hohn, T. Jung, and T. Grune, “Reduced
autophagy leads to an impaired ferritin turnover in senescent
fibroblasts,” Free Radical Biology and Medicine, vol. 101,
pp. 325–333, 2016.

[113] S. Torii, R. Shintoku, C. Kubota et al., “An essential role for
functional lysosomes in ferroptosis of cancer cells,” Biochem-
ical Journal, vol. 473, no. 6, pp. 769–777, 2016.

[114] Z.Wu, Y. Geng, X. Lu et al., “Chaperone-mediated autophagy
is involved in the execution of ferroptosis,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 116, no. 8, pp. 2996–3005, 2019.

[115] M. Gao, P. Monian, Q. Pan, W. Zhang, J. Xiang, and X. Jiang,
“Ferroptosis is an autophagic cell death process,” Cell
Research, vol. 26, no. 9, pp. 1021–1032, 2016.

[116] W. Hou, Y. Xie, X. Song et al., “Autophagy promotes ferrop-
tosis by degradation of ferritin,” Autophagy, vol. 12, no. 8,
pp. 1425–1428, 2016.

[117] N. Santana-Codina and J. D. Mancias, “The role of NCOA4-
mediated ferritinophagy in health and disease,” Pharmaceuti-
cals, vol. 11, no. 4, p. 114, 2018.

[118] J. D. Mancias, X. Wang, S. P. Gygi, J. W. Harper, and A. C.
Kimmelman, “Quantitative proteomics identifies NCOA4 as
the cargo receptor mediating ferritinophagy,” Nature,
vol. 509, no. 7498, pp. 105–109, 2014.

[119] W. E. Dowdle, B. Nyfeler, J. Nagel et al., “Selective VPS34
inhibitor blocks autophagy and uncovers a role for NCOA4
in ferritin degradation and iron homeostasis in vivo,” Nature
Cell Biology, vol. 16, no. 11, pp. 1069–1079, 2014.

[120] J. Du, T. Wang, Y. Li et al., “DHA inhibits proliferation and
induces ferroptosis of leukemia cells through autophagy
dependent degradation of ferritin,” Free Radical Biology and
Medicine, vol. 131, pp. 356–369, 2019.

[121] H. H. W. Chen and M. T. Kuo, “Role of glutathione in the
regulation of cisplatin resistance in cancer chemotherapy,”
Metal-Based Drugs, vol. 2010, Article ID 430939, 7 pages,
2010.

[122] J. L. Roh, E. H. Kim, H. J. Jang, J. Y. Park, and D. Shin,
“Induction of ferroptotic cell death for overcoming cisplatin
resistance of head and neck cancer,” Cancer Letters,
vol. 381, no. 1, pp. 96–103, 2016.

14 Oxidative Medicine and Cellular Longevity



[123] K. J. Habermann, L. Grunewald, S. van Wijk, and S. Fulda,
“Targeting redox homeostasis in rhabdomyosarcoma
cells: GSH-depleting agents enhance auranofin-induced cell
death,” Cell Death & Disease, vol. 8, no. 10, article e3067,
2017.

[124] M. Lo, Y. Z. Wang, and P. W. Gout, “The xc
- cystine/

glutamate antiporter: a potential target for therapy of
cancer and other diseases,” Journal of Cellular Physiology,
vol. 215, no. 3, pp. 593–602, 2008.

[125] J. Wang, B. Luo, X. Li et al., “Inhibition of cancer growth
in vitro and in vivo by a novel ROS-modulating agent with
ability to eliminate stem-like cancer cells,” Cell Death &
Disease, vol. 8, no. 6, p. e2887, 2017.

[126] R. Barattin, T. Perrotton, D. Trompier et al., “Iodination of
verapamil for a stronger induction of death, through GSH
efflux, of cancer cells overexpressing MRP1,” Bioorganic &
Medicinal Chemistry, vol. 18, no. 17, pp. 6265–6274, 2010.

[127] J. Lewerenz, S. J. Hewett, Y. Huang et al., “The cystine/
glutamate antiporter system xc

- in health and disease:
from molecular mechanisms to novel therapeutic opportu-
nities,” Antioxidants & Redox Signaling, vol. 18, no. 5,
pp. 522–555, 2013.

[128] F.Wada, H. Koga, J. Akiba et al., “High expression of CD44v9
and xCT in chemoresistant hepatocellular carcinoma: poten-
tial targets by sulfasalazine,” Cancer Science, vol. 109, no. 9,
pp. 2801–2810, 2018.

[129] M. Toyoda, K. Kaira, Y. Ohshima et al., “Prognostic signifi-
cance of amino-acid transporter expression (LAT1, ASCT2
and xCT) in surgically resected tongue cancer,” British
Journal of Cancer, vol. 110, no. 10, pp. 2506–2513, 2014.

[130] E. Habib, K. Linher-Melville, H. X. Lin, and G. Singh,
“Expression of xCT and activity of system xc

- are regulated
by NRF2 in human breast cancer cells in response to oxida-
tive stress,” Redox Biology, vol. 5, pp. 33–42, 2015.

[131] K. Sugano, K. Maeda, H. Ohtani, H. Nagahara, M. Shibutani,
and K. Hirakawa, “Expression of xCT as a predictor of disease
recurrence in patients with colorectal cancer,” Anticancer
Research, vol. 35, no. 2, pp. 677–682, 2015.

[132] M. Lo, V. Ling, Y. Z. Wang, and P. W. Gout, “The xc
- cysti-

ne/glutamate antiporter: a mediator of pancreatic cancer
growth with a role in drug resistance,” British Journal of
Cancer, vol. 99, no. 3, pp. 464–472, 2008.

[133] S. Okuno, H. Sato, K. Kuriyama-Matsumura et al., “Role of
cystine transport in intracellular glutathione level and cis-
platin resistance in human ovarian cancer cell lines,” British
Journal of Cancer, vol. 88, no. 6, pp. 951–956, 2003.

[134] T. Ishimoto, O. Nagano, T. Yae et al., “CD44 variant regulates
redox status in cancer cells by stabilizing the xCT subunit of
system xc

- and thereby promotes tumor growth,” Cancer Cell,
vol. 19, no. 3, pp. 387–400, 2011.

[135] N. E. Savaskan, E. Hahnen, and I. Y. Eyüpoglu, “The xc
-

cystine/glutamate antiporter (xCT) as a potential target
for therapy of cancer: yet another cytotoxic anticancer
approach?,” Journal of Cellular Physiology, vol. 220, no. 2,
pp. 531-532, 2009.

[136] R. S. Chen, Y. M. Song, Z. Y. Zhou et al., “Disruption of xCT
inhibits cancer cell metastasis via the caveolin-1/beta-catenin
pathway,” Oncogene, vol. 28, no. 4, pp. 599–609, 2009.

[137] M. H. Larraufie, W. S. Yang, E. Jiang, A. G. Thomas, B. S.
Slusher, and B. R. Stockwell, “Incorporation of metabolically
stable ketones into a small molecule probe to increase

potency and water solubility,” Bioorganic & Medicinal
Chemistry Letters, vol. 25, no. 21, pp. 4787–4792, 2015.

[138] J. L. Roh, E. H. Kim, H. Jang, and D. Shin, “Aspirin plus
sorafenib potentiates cisplatin cytotoxicity in resistant head
and neck cancer cells through xCT inhibition,” Free Radical
Biology and Medicine, vol. 104, pp. 1–9, 2017.

[139] M. Z. Ma, G. Chen, P. Wang et al., “Xc− inhibitor sulfasala-
zine sensitizes colorectal cancer to cisplatin by a GSH-
dependent mechanism,” Cancer Letters, vol. 368, no. 1,
pp. 88–96, 2015.

[140] L. Sleire, B. S. Skeie, I. A. Netland et al., “Drug repurposing:
sulfasalazine sensitizes gliomas to gamma knife radiosurgery
by blocking cystine uptake through system Xc-, leading to
glutathione depletion,” Oncogene, vol. 34, no. 49, pp. 5951–
5959, 2015.

[141] V. S. Narang, G. M. Pauletti, P. W. Gout, D. J. Buckley, and
A. R. Buckley, “Sulfasalazine-induced reduction of glutathi-
one levels in breast cancer cells: enhancement of growth-
inhibitory activity of Doxorubicin,” Chemotherapy, vol. 53,
no. 3, pp. 210–217, 2007.

[142] Z. Wang, Y. Ding, X. Wang et al., “Pseudolaric acid B triggers
ferroptosis in glioma cells via activation of Nox4 and inhibi-
tion of xCT,” Cancer Letters, vol. 428, pp. 21–33, 2018.

[143] B. N. Zhou, B. P. Ying, G. Q. Song, Z. X. Chen, J. Han, and
Y. F. Yan, “Pseudolaric acids from pseudolarix kaempferi,”
Planta Medica, vol. 47, no. 1, pp. 35–38, 1983.

[144] Y. Chen, H. G. Shertzer, S. N. Schneider, D. W. Nebert, and
T. P. Dalton, “Glutamate cysteine ligase catalysis,” Journal
of Biological Chemistry, vol. 280, no. 40, pp. 33766–33774,
2005.

[145] S. Shi, F. N. Hudson, D. Botta et al., “Over expression of
glutamate cysteine ligase increases cellular resistance to
H2O2-induced DNA single-strand breaks,” Cytometry Part
A, vol. 71, no. 9, pp. 686–692, 2007.

[146] J. Y. Kim, J. H. Yim, J. H. Cho et al., “Adrenomedullin
regulates cellular glutathione content via modulation of γ-
glutamate-cysteine ligase catalytic subunit expression,” Endo-
crinology, vol. 147, no. 3, pp. 1357–1364, 2006.

[147] M. Liu, Y. Zhao, and X. Zhang, “Knockdown of glutamate
cysteine ligase catalytic subunit by siRNA causes the gold
nanoparticles-induced cytotoxicity in lung cancer cells,” Plos
One, vol. 10, no. 3, article e0118870, 2015.

[148] Y. D. Hoang, A. P. Avakian, and U. Luderer, “Minimal ovar-
ian upregulation of glutamate cysteine ligase expression in
response to suppression of glutathione by buthionine sulfox-
imine,” Reproductive Toxicology, vol. 21, no. 2, pp. 186–196,
2006.

[149] E. Debiton, J. C. Madelmont, J. Legault, and C. Barthomeuf,
“Sanguinarine-induced apoptosis is associated with an early
and severe cellular glutathione depletion,” Cancer Chemo-
therapy and Pharmacology, vol. 51, no. 6, pp. 474–482, 2003.

[150] E. Ehrke, C. Arend, and R. Dringen, “3-bromopyruvate
inhibits glycolysis, depletes cellular glutathione, and compro-
mises the viability of cultured primary rat astrocytes,” Journal
of Neuroscience Research, vol. 93, no. 7, pp. 1138–1146, 2015.

[151] S. M. El Sayed, H. Baghdadi, M. Zolaly, H. H. Almaramhy,
M. Ayat, and J. G. Donki, “The promising anticancer drug
3-bromopyruvate is metabolized through glutathione conju-
gation which affects chemoresistance and clinical practice:
an evidence-based view,” Medical Hypotheses, vol. 100,
pp. 67–77, 2017.

15Oxidative Medicine and Cellular Longevity



[152] S. Cardaci, E. Desideri, and M. R. Ciriolo, “Targeting aerobic
glycolysis: 3-bromopyruvate as a promising anticancer drug,”
Journal of Bioenergetics and Biomembranes, vol. 44, no. 1,
pp. 17–29, 2012.

[153] Y. H. Ko, B. L. Smith, Y. Wang et al., “Advanced cancers:
eradication in all cases using 3-bromopyruvate therapy to
deplete ATP,” Biochemical and Biophysical Research Commu-
nications, vol. 324, no. 1, pp. 269–275, 2004.

[154] A. I. Amjad, R. A. Parikh, L. J. Appleman, E. R. Hahm,
K. Singh, and S. V. Singh, “Broccoli-derived sulforaphane
and chemoprevention of prostate cancer: from bench to
bedside,” Current Pharmacology Reports, vol. 1, no. 6,
pp. 382–390, 2015.

[155] K. L. Cheung and A. N. Kong, “Molecular targets of dietary
phenethyl isothiocyanate and sulforaphane for cancer che-
moprevention,” The AAPS Journal, vol. 12, no. 1, pp. 87–97,
2010.

[156] P. Gupta, B. Kim, S. H. Kim, and S. K. Srivastava, “Molecular
targets of isothiocyanates in cancer: recent advances,”Molec-
ular Nutrition & Food Research, vol. 58, no. 8, pp. 1685–1707,
2014.

[157] P. Gupta, S. E. Wright, S. H. Kim, and S. K. Srivastava,
“Phenethyl isothiocyanate: a comprehensive review of anti-
cancer mechanisms,” Biochimica et Biophysica Acta (BBA) -
Reviews on Cancer, vol. 1846, no. 2, pp. 405–424, 2014.

[158] J. D. Clarke, R. H. Dashwood, and E. Ho, “Multi-targeted
prevention of cancer by sulforaphane,” Cancer Letters,
vol. 269, no. 2, pp. 291–304, 2008.

[159] S. H. Huang, M. H. Hsu, S. C. Hsu et al., “Phenethyl isothio-
cyanate triggers apoptosis in human malignant melanoma
A375.S2 cells through reactive oxygen species and the
mitochondria-dependent pathways,” Human & Experimen-
tal Toxicology, vol. 33, no. 3, pp. 270–283, 2013.

[160] G. M. Gordillo, A. Biswas, S. Khanna, J. M. Spieldenner,
X. Pan, and C. K. Sen, “Multidrug resistance-associated
protein-1 (MRP-1)-dependent glutathione disulfide (GSSG)
efflux as a critical survival factor for oxidant-enriched tumor-
igenic endothelial cells,” Journal of Biological Chemistry,
vol. 291, no. 19, pp. 10089–10103, 2016.

[161] M. Dačević, A. Isaković, A. Podolski-Renić et al., “Purine
nucleoside analog - sulfinosine modulates diverse mecha-
nisms of cancer progression in multi-drug resistant cancer
cell lines,” Plos One, vol. 8, no. 1, article e54044, 2013.

[162] M. L. Circu, S. Stringer, C. A. Rhoads, M. P. Moyer, and T. Y.
Aw, “The role of GSH efflux in staurosporine-induced apo-
ptosis in colonic epithelial cells,” Biochemical Pharmacology,
vol. 77, no. 1, pp. 76–85, 2009.

[163] M. Benlloch, A. Ortega, P. Ferrer et al., “Acceleration of
glutathione efflux and inhibition of γ-glutamyltranspeptidase
sensitize metastatic B16 melanoma cells to endothelium-
induced cytotoxicity,” Journal of Biological Chemistry,
vol. 280, no. 8, pp. 6950–6959, 2005.

[164] H. M. Brechbuhl, R. Kachadourian, E. Min, D. Chan, and B. J.
Day, “Chrysin enhances doxorubicin-induced cytotoxicity in
human lung epithelial cancer cell lines: the role of glutathi-
one,” Toxicology and Applied Pharmacology, vol. 258, no. 1,
pp. 1–9, 2012.

16 Oxidative Medicine and Cellular Longevity



Research Article
The NADPH Oxidase Nox4 Controls Macrophage
Polarization in an NFκB-Dependent Manner

V. Helfinger,1 K. Palfi,1 A. Weigert ,2 and K. Schröder 1

1Institute for Cardiovascular Physiology, Goethe-University, Frankfurt, Germany
2Institute for Biochemistry I, Goethe-University, Frankfurt, Germany

Correspondence should be addressed to K. Schröder; schroeder@vrc.uni-frankfurt.de

Received 13 December 2018; Revised 4 March 2019; Accepted 21 March 2019; Published 18 April 2019

Academic Editor: Mithun Sinha

Copyright © 2019 V. Helfinger 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 family of NADPH oxidases represents an important source of reactive oxygen species (ROS) within the cell. Nox4 is a special
member of this family as it constitutively produces H2O2 and its loss promotes inflammation. A major cellular component of
inflammation is the macrophage population, which can be divided into several subpopulations depending on their phenotype,
with proinflammatory M(LPS+IFNγ) and wound-healing M(IL4+IL13) macrophages being extremes of the functional spectrum.
Whether Nox4 is expressed in macrophages is discussed controversially. Here, we show that macrophages besides a high level of
Nox2 indeed express Nox4. As Nox4 contributes to differentiation of many cells, we hypothesize that Nox4 plays a role in
determining the polarization and the phenotype of macrophages. In bone marrow-derived monocytes, ex vivo treatment with
LPS/IFNγ or IL4/IL13 results in polarization of the cells into M(LPS+IFNγ) or M(IL4+IL13) macrophages, respectively. In this
ex vivo setting, Nox4 deficiency reduces M(IL4+IL13) polarization and forces M(LPS+IFNγ). Nox4-/- M(LPS+IFNγ)-polarized
macrophages express more Nox2 and produce more superoxide anions than wild type M(LPS+IFNγ)-polarized macrophages.
Mechanistically, Nox4 deficiency reduces STAT6 activation and promotes NFκB activity, with the latter being responsible for
the higher level of Nox2 in Nox4-deficient M(LPS+IFNγ)-polarized macrophages. According to those findings, in vivo, in a
murine inflammation-driven fibrosarcoma model, Nox4 deficiency forces the expression of proinflammatory genes and
cytokines, accompanied by an increase in the number of proinflammatory Ly6C+ macrophages in the tumors. Collectively, the
data obtained in this study suggest an anti-inflammatory role for Nox4 in macrophages. Nox4 deficiency results in less M(IL4
+IL13) polarization and suppression of NFκB activity in monocytes.

1. Introduction

Reactive oxygen species (ROS) regulate a variety of complex
cellular processes including angiogenesis, inflammation, dif-
ferentiation, and proliferation. The family of NADPH oxi-
dases (Nox) consists of 7 members with tissue- and cell
type-specific expression profiles. The main function of all
family members is a controlled ROS production [1]. Impor-
tantly, the NADPH oxidases differ in the type of ROS pro-
duced. While Nox2 upon activation produces ⋅O2

−, Nox4 is
constitutively active and predominantly produces H2O2 [2, 3].

Inflammation and wound healing are processes that
strongly depend on the function of macrophages. Macro-
phages are quite heterogeneous and represent a group of
diversely polarized cells from the same monocyte origin

[4]. The nomenclature of polarized macrophages has been
changed recently. In particular, the M1 and M2 pheno-
types have now been replaced by M(LPS+IFNγ) and M(IL4+
IL13), respectively, according to the stimulation by cyto-
kines forcing in vitro polarization to one or the other pheno-
type [5]. We followed this new nomenclature throughout
the manuscript.

Nox2 and its product ⋅O2
− promote an M(LPS+IFNγ)

phenotype with phagocytic activity and proinflammatory
properties [6, 7]. In contrast, in tissue remodeling and wound
healing, M(IL4+IL13) polarization of macrophages is char-
acterized by both reduced Nox2 activity and reduced
superoxide anion production [8]. H2O2 is a second mes-
senger that enforces the polarization of monocytes to the
M(IL4+IL13) phenotype (despite a lower Nox2-dependent
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ROS production observed in other studies [9]). Although,
there is evidence that Nox4 is expressed in macrophages
[10], this is rather inconsistent throughout the literature,
leading to the conclusion that Nox4 expression is dynamic
over the course of a macrophage life. Nox4 is a major deter-
minant of differentiation of a number of cells, including adi-
pocytes [11] and osteoclasts [12]. Therefore, we hypothesize
that Nox4 plays a role in macrophage polarization. With the
aid of an in vivo model of tumorigenesis, as well as isolated
murine bone marrow and human blood monocytes, we ana-
lyzed the contribution of Nox4 in macrophage polarization.

2. Material and Methods

2.1. Material. The following chemicals were used: 3-
methylcholanthrene (MCA), NaCl, NH4Cl, NaHCO3
Hank’s BSS without Ca2+ and Mg2+, Trypsin-EDTA solution
(T3924) and LPS from Sigma-Aldrich (Munich, Germany),
Dulbecco’s PBS (Gibco, Life Technologies, Carlsbad, CA,
USA), Hank’s buffer, Sybr Green from Bio-Rad (California,
USA), Tris (Carl Roth) NFκB inhibitor #sc-3060 from
Santa Cruz (Texas, USA), and GKT 137928 from Genkyotex
(Switzerland). IL4, IL13, and IFNγ were purchased from
PeproTech (NJ, USA). The following antibodies were
used: anti-β-actin (AC-15) from Sigma-Aldrich (Munich,
Germany), pSTAT6, STAT6, pSTAT1, and STAT1 from Cell
Signaling (Danvers, MA, USA), and p65, β-tubulin, and
topoisomerase from Santa Cruz (Texas, USA). YM1 was
from Chemicon-Millipore (Darmstadt, Germany), and YY1
was from Bethyl Laboratories (Texas, USA).

2.2. Animals and Animal Procedures. All animal experi-
ments were approved by the local governmental authorities
(approval numbers: F28/27 and F28/46) and were per-
formed in accordance with the animal protection guidelines.
C57Bl/6J and Nox2y/- mice were purchased from Jackson
Laboratories (Bar Harbor, Maine). Nox4-/- mice were gener-
ated by targeted deletion of the translation initiation site and
of exons 1 and 2 of the Nox4 gene [13] and backcrossed into
C57Bl/6J for more than 10 generations. Nox1y/- mice,
kindly provided by Karl-Heinz Krause and previously char-
acterized, were used for the same experiments [14]. Mice
were housed in a specified pathogen-free facility with
12/12 hours day and night cycle and free access to water
and chow. All experiments were performed with male mice
at the age of 10-12 weeks. To induce fibrosarcomas, the
chemical carcinogen MCA was injected subcutaneously into
the right flank of the mice. In response to this, tumors were
formed within the next three to four months. Once the
tumors reached a diameter of 1.5 cm (around 100 days),
mice were sacrificed by isoflurane anesthesia and subsequent
decapitation. Subsequently, the tumor tissue was processed
for biochemical analysis.

2.3. Cell Culture. Cell populations were isolated using the
tumor dissociation kit for the mouse and the gentleMACS
Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany),
following the manufacturer instructions. Briefly, tumor tissue
was homogenized enzymatically, erythrocytes were lysed,

and only fibrosarcoma cells were cultured whereas the rest
of the cell suspension was only used for FACS analysis.
Murine monocytes were isolated from bone marrow by
flushing the bones with PBS containing 1% of PenStrep. Cells
were filtered (Falcon; #340605, BD) and centrifuged, and
erythrocytes were lysed. Erythrocyte depletion buffer con-
tained 155mM NH4Cl, 10 nM NaHCO3, and 100nM EDTA
in double distilled water,pH = 7 4. For isolation of human
monocytes, whole blood samples were centrifuged (400×g
for 30 minutes) on a Ficoll gradient (Bicoll separation solu-
tion #L6115, Millipore) without brake. In order to force mac-
rophage development, human peripheral blood mononuclear
cells (PBMCs) and murine bone marrow-derived mono-
cytes were cultured in Dulbecco’s modified Eagle’s medium
(DMEM+glutaMAX) (Gibco, Life Technologies, Carlsbad,
CA, USA), supplemented with 10% fetal calf serum (FCS),
1% penicillin (50U/ml), and streptomycin (50μg/ml), as well
as 20% conditioned medium of L929 cells (contains M-CSF)
for one week. Media were changed every 4 days. Before
polarization, medium was exchanged to an unsupplemented
DMEM/FCS. Polarization to M(LPS+IFNγ) was induced
by 1μg/ml LPS and 100U/ml IFNγ; and M(IL4+IL13) polar-
ization by IL4 and IL13 100 ng/ml each. After 4 hours, cells
were used for nuclear extraction, Western Blot, PCR, or
ROS measurements.

2.4. mRNA Isolation and RT-qPCR. Total mRNA from frozen
homogenized tissue and isolated cells was obtained with
an RNA-Mini-kit (Bio&Sell, Feucht, Germany) according
to the manufacturers’ protocol. Random hexamer primers
(Promega, Madison, WI, USA) and SuperScript III Reverse
Transcriptase (Invitrogen, Darmstadt, Germany) were used
for cDNA synthesis. Semi-quantitative real-time PCR was
performed with the Mx3500P qPCR cycler (Agilent Tech-
nologies, Santa Clara, CA, USA) using the PCR Sybr Green
qPCR Mix with ROX (Bio&Sell, Feucht, Germany) and
appropriate primers. Relative expression of target genes was
normalized to eukaryotic translation elongation factor 2
(EF2), analyzed by the delta-delta-ct method. Primer
sequences are listed in Table 1.

2.5. Protein and Western Blot Analysis. For protein isolation,
cells were lysed in a buffer containing 20mM Tris/cl pH 7.5,
150mM NaCl, 10mM NaPPi, 20 nM NaF, 1% Triton, 10nM
okadaic acid (OA), 2mM orthovanadate (OV), protein
inhibitor mix (PIM), and 40μg/ml phenylmethylsulfonyl-
fluorid (PMSF). Separation of nucleus and cytosol was
achieved by lysing the cells in hypotonic buffer (10 nM
HEPES pH 7.9, 10 nM KCl, 0.1mM EDTA, 0.1mM EGTA,
1% Nonidet, 10mM DTT, protein inhibitor mix (PIM), and
40μg/ml phenylmethylsulfonylfluorid (PMSF)). Cells were
centrifuged at 17000 g, and the supernatant was collected
as the cytosolic fraction. The pellet was further lysed with
a hypertonic buffer (20mM HEPES pH 7.9, 0.4M NaCl,
1mM EDTA, 1mM EGTA, 10mM DTT, protein inhibi-
tor mix (PIM), and 40μg/ml phenylmethylsulfonylfluorid
(PMSF)). After centrifugation at 17000 g, the supernatant
contained most soluble nuclear proteins, while membranes,
organelles, and DNA were collected in the pellet. Protein
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content was determined with the Bradford assay [15].
Samples were boiled in reducing the Laemmli sample buffer
and were subjected to SDS-PAGE followed by Western
Blotting. After incubation with first antibodies, membranes
were analyzed with an infrared-based detection system, using
fluorescent dye-conjugated secondary antibodies from LI-
COR Biosciences.

2.6. Electrophoretic Mobility Shift Assay. The electropho-
retic mobility shift assay (EMSA) was performed according
to the manufacturer protocol (LI-COR). Shortly, cells were
lysed, and nuclear extract was gained as described above.
5 μg nuclear extract (14 μl including water and sample)
was incubated with 2 μl 10x binding buffer (100mM Tris,
500mM KCl, and 10mM DTT; pH 7.5), 1 μl poly(dI·dC)
(1 μg/μl in 10mM Tris and 1mM EDTA; pH 7.5), 2 μl
25mM DTT/2.5% Tween® 20 (all components of the Odys-
sey® EMSA Buffer Kit #829-07910), and 1 μl IRDye® NFκB
Oligonucleotide for 30min in the dark. After that, 10x
Orange loading buffer was added, and the total mixture
was loaded onto a 4% native polyacrylamide gel. Detection
was performed with an Odyssey® Infrared Imaging System
at 700nm.

2.7. ROS Measurements with Chemiluminescence. After
polarization, macrophages were dissociated from the plate
with Ca2+-free EDTA/EGTA (Versene). ROS levels were
assessed in intact cells with either L-012 (200μmol/l) or lumi-
nol (100μmol/l)/horseradish peroxidase (HRP at 1U/ml)
in a Berthold 6-channel luminometer (LB9505, Berthold,
Wildbad, Germany). All measurements were performed
in the HEPES-Tyrode (HT) buffer containing (in mmol/l)
137 NaCl, 2.7 KCl, 0.5 MgCl2, 1.8 CaCl2, 5 glucose, 0.36

NaH2PO4, and 10 HEPES. Substances added during the
experiment were used as follows: PMA 100nM, DPI 10μM,
L-NAME 300μM, PEG-catalase 250U/ml, and PEG-SOD
50U/ml.

2.8. Flow Cytometry. Tumor tissue was lysed with the aid of
the tumor dissociation kit, mouse (Miltenyi) according to
the manufacturer protocol. 3∗10E6 cells were used for flow
cytometry. Cells were pelleted by centrifugation at 500 g
and resuspended in 100μl PBS+0.5% BSA. CD16/32 block-
ing antibody was added to the cells for 15 minutes sub-
sequently followed by a 15-minute incubation with the
prepared mastermix of all antibodies indicated in Table 2.
After staining, FACS flow was added; cells were centri-
fuged and resuspended in FACS flow for measurement.
Samples were acquired with a LSRII/Fortessa flow cyt-
ometer (BD Biosciences) and analyzed using FlowJo soft-
ware Vx (Treestar).

2.9. Statistics. All values are displayed as mean ± SEM. Sta-
tistical analysis was performed by ANOVA followed by LSD
post hoc testing or by the t test if appropriate. Densitometry
was performed with the aid of the Odyssey software. A
p value of less than 0.05 was considered statistically significant.

3. Results

3.1. Nox4 Deficiency Promotes Inflammation in Murine
Fibrosarcomas. In a murine fibrosarcoma model, the absence
of Nox4 forces tumor growth [16]. Simultaneously, mRNA
abundance of proinflammatory cytokines such as IL1β and
TNFα and other markers of inflammation, such as ICAM-
1, was elevated (Figure 1(a)). Accordingly, IL1β and TNFα

Table 1: Primer sequences used.

Gene Forward (5′ to 3′) Reverse (5′ to 3′)
m TNFα CCCGACTACGTGCTCCTCACC CTCCAGCTGGAAGACTCCTCCCAG

m IL1β GACCTTCCAGGATGAGGACATGAG GGTGGGTGTGCCGTCTTTCATTAC

m ICAM-1 TGGCCTGGGGGATGCACACT GGCTGTAGGTGGGTCCGGGT

m iNOS TGAAGAAAACCCCTTGTGCT TTCTGTGCTGTCCCAGTGAG

m YM1 CTGGAATTGGTGCCCCTACAA TCATAACCAACCCACTCATTACC

m FIZZ1 GCAACTGCCTGTGCTTACTC AGAAGCAGGGTAAATGGGCAA

m ARG1 GACAGGGCTCCTTTCAGGAC CTTGGGAGGAGAAGGCGTTT

m Nox2 GTGCACCATGATGAGGAGAA TTGCAATGGTCTTGAACTCG

m Nox1 CGCTCCCAGCAGAAGGTCGTGATTACCAAGG GGAGTGACCCCAATCCCTGCCCCAACCA

m Nox4 TGTTGGGCCTAGGATTGTGTT AGGGACCTTCTGTGATCCTCG

h Nox2 GTCACACCCTTCGCATCCATTCTCAAGTCAGT CTGAGACTCATCCCAGCCAGTGAGGTAG

h Nox1 TTCACCAATTCCCAGGATTGAAGTGGATGGTC GACCTGTCACGATGTCAGTGGCCTTGTCAA

h Nox4 CTGGAGGAGCTGGCTCGCCAACGAAG GTGATCATGAGGAATAGCACCACCACCATGCAG

h iNOS GACCTGGGACCCGCACCACT AGGATGGTGGCACGGCTGGA

h TNFα TGGAGAAGGGTGACCGACTC TCCTCACAGGGCAATGATCC

h IL1β CTGTACGATCACTGAACTGC CACCACTTGTTGCTCCATATC

h ARG1 TTCTCAAAGGGACAGCCACG AGCACCAGGCTGATTCTTCC

h MRC1 GGAGTGATGGAACCCCAGTG CTGTCCGCCCAGTATCCATC

h TGM2 TTCAGGGTACAAACTGAGGCTGCT TATTCAAGTTCACCCACTGGCCCT

3Oxidative Medicine and Cellular Longevity



were elevated, when measured with an ELISA or a cytometric
bead assay, respectively. In contrast, the anti-inflammatory
cytokine IL10 was strongly reduced in tumors of Nox4-
deficient mice (Figure 1(b)). These data point towards a
more severe inflammation in tumors of Nox4-/- mice. How-
ever, the total number of immune cells per tissue was sim-
ilar in wild type and Nox4-/- mice (Supplemental Figure 1)
as measured by flow cytometry. Therefore, we analyzed the
number of proinflammatory macrophages, identified by
high expression of the surface marker Ly6C [17], and found
a substantial increase in Ly6Chi monocytes in the tumors
of Nox4-/- mice (Figure 1(c)). When we further analyzed
the tumor tissue for pro- and anti-inflammatory markers,
we observed a trend towards more inflammation, together
with lower expression of markers typical for M(IL4+IL13)-
polarized macrophages (Supplemental Figure 2). Accordingly,
we conclude that the absence of Nox4 favors the polarization
of macrophages towards a proinflammatory phenotype,
which was further investigated.

3.2. Loss of Nox4 Promotes M(LPS+IFNγ) Polarization of
Macrophages. Human and murine macrophages were gener-
ated and analyzed for the expression of individual NADPH
oxidases. As expected, Nox2 expression was the highest in
both macrophage populations, followed by Nox4 and Nox1
(Supplemental Figure 3). In order to analyze if Nox4
influences macrophage polarization, we isolated monocytes
from bone marrow of wild type and Nox4-deficient mice,
challenged them (with M-CSF) to become macrophages,
and eventually polarized them to either M(LPS+IFNγ) or
M(IL4+IL13) phenotype. Nox4 knockout promoted the
expression of M(LPS+IFNγ) macrophage markers including
TNFα and IL1β (Figure 2(a)), whereas typical M(IL4+IL13)
markers were significantly downregulated (Figure 2(b)).
This effect was mediated by H2O2, the product of Nox4:
external H2O2 or increased intracellular H2O2 formation
via PMA-induced activation of Nox2 and conversion of the
resulting ⋅O2

− into H2O2 by SOD induced M(IL4+IL13)
polarization. Depletion of H2O2 by catalase forces the

expression of M(LPS+IFNγ) markers, both without any
further treatment with cytokines (Supplemental Figure 4).
Exemplary verification of the PCR results on the protein
level revealed the same effect for the M(IL4+IL13) marker
YM1 (Figure 2(c)). STAT6 is one of the main transcription
factors involved in the expression of M(IL4+IL13) markers.
In line with the decreased level of M(IL4+IL13) markers in
Nox4-/- cells, phosphorylation of STAT6 was attenuated
(Figure 2(d)). In order to analyze whether or not the
effects seen are specific for Nox4, macrophage polarization
was determined in Nox2- and Nox1-deficient macrophages
as well. In contrast to Nox4-/- macrophages, loss of Nox2
induced a small but significant reduction in M(LPS+IFNγ)
polarization with no effect on M(IL4+IL13) polarization or
STAT6 phosphorylation (Supplemental Figure 5). Knockout
of Nox1 had no effect on macrophage polarization,
compared to wild type littermates (Supplemental Figure 6).

3.3. Formation of Reactive Oxygen Species upon M(LPS+
IFNγ) Polarization Is Elevated in the Absence of Nox4. Several
publications indicate that polarization of macrophages is
dependent on ROS production and simultaneously forces
ROS formation [18]. Polarization of macrophages towards
the proinflammatory M(LPS+IFNγ) phenotype resulted in
an increase in superoxide anion as well as in hydrogen perox-
ide production compared to M(IL4+IL13)-polarized macro-
phages (Figures 3(a) and 3(b)). Surprisingly, the absence of
Nox4 further increased ROS formation in M(LPS+IFNγ)-
polarized macrophages (Figures 3(a) and 3(b)). A major
source of ROS in M(LPS+IFNγ)-polarized macrophages is
Nox2, whose expression was elevated in Nox4-deficient
M(LPS+IFNγ)-polarized macrophages (Figure 3(c)). Accord-
ingly, when measuring ⋅O2

− in a more specific way with
the aid of L-012 in intact cells, we found that both LPS
and IFNγ separately increase the level of ⋅O2

− production in
macrophages as well as the combination of both
(Figure 3(d)). Knockout of Nox2 in macrophages completely
abolished L-012 detectable ⋅O2

− formation (Figure 3(e)). In
conclusion, the increase in Nox2 expression, which pre-
dominantly produces ⋅O2

− over H2O2, indicates that
Nox2 is the major source of ROS in M(LPS+IFNγ)-polar-
ized macrophages.

3.4. Nox4 Mediates the Proinflammatory Macrophage
Polarization via Activation of NFκB. Inflammation is often
associated with an increased activity of NFκB [19].
Indeed, TNFα and IL1β as well as ICAM-1 and Nox2 are
target genes of NFκB. Therefore, we analyzed the potential
role of Nox4 in NFκB activation in the course of macro-
phage polarization.

M(LPS+IFNγ) polarization was accompanied by an
increased translocation of p65 from the cytosol to the
nucleus in the Nox4-deficient macrophages when compared
to wild type cells (Figures 4(a) and 4(b)). However, nuclear
translocation alone is not sufficient as the indicator of a tran-
scription factor activity. In order to test for both, NFκB
nuclear translocation and DNA binding activity, an electro
mobility shift assay (EMSA) was utilized. Activity of NFκB
was enhanced in M(LPS+IFNγ) macrophages in the absence

Table 2: Antibodies used.

Antigen Dye

CD3 PE-CF594

CD4 V500

CD8 BV650

CD11b eFluor 605

CD11c Alexa Fluor 700

CD19 APC-H7

CD45 VioBLue

CD49b PE-CF594

F4/80 PE-Cy7

HLA-DR (MHCII) APC-H7

Ly-6C PerCP-Cy5.5

Ly-6G APC-Cy7

Siglec H FITC
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of Nox4 (Figure 4(c)). In M(IL4+IL13)-polarized macro-
phages, no such effect of Nox4 was observed.

3.5. Activated NFκB Promotes Nox2 Expression in the Absence
of Nox4. NFκB is one of the transcription factors that control
Nox2 expression. We therefore hypothesized that elevated
activation of NFκB in the absence of Nox4 promotes Nox2
expression during macrophage M(LPS+IFNγ) polarization.
The upregulation of Nox2 however is not accompanied by
an elevated expression of its cytosolic subunits or antioxi-
dative enzymes such as SOD1 or 3 in wild type vs. Nox4-/-
cells (Supplemental Figure 7). Treatment of the cells with
an NFκB inhibitor prevented the increase in p65 nuclear
translocation (Supplemental Figure 8), and Nox2 expression
was reduced in Nox4-/- macrophages to the level similar to
that of the wild type, when cells were pretreated with the
NFκB inhibitor prior to M(LPS+IFNγ) polarization
(Figure 4(d)). NFκB acts in concert with other
transcription factors to regulate the expression of Nox2
[20]. One of which is the redox-sensitive zinc-finger
transcription factor Yin Yang 1 (YY1), which directly
controls the activity of NFκB [21]. As such, YY1
represents a potential target of Nox4-derived ROS, which
is upstream of NFκB and controls Nox2 expression. A
significant increase in the YY1 protein level was observed
in M(LPS+IFNγ)-polarized Nox4-/- macrophages; which

was not the case for M(IL4+IL13)-polarized macro-
phages (Supplemental Figure 9A). Inhibition of Nox4
with GKT137928 in Nox2-deficient macrophages results
in a small but significant increase in LPS and IFNγ-
induced M(LPS+IFNγ) polarization. Under basal
conditions, treatment with GKT only increased iNOS,
compared to DMSO-treated samples. Those results
indicate that inhibition of Nox4 favors M(LPS+IFNγ)
polarization even in the absence of Nox2 (Supplemental
Figure 10). The interpretation of this result could be that
NFκB even in the absence of Nox2 promotes M(LPS
+IFNγ) polarization in macrophages. Although many
studies provide evidence for the involvement of NFκB in
macrophage polarization, the exact role of NFκB and its
effects besides induction of Nox2 are unclear. Therefore,
investigation of how NFκB triggers M(LPS+IFNγ)
polarization in the absence of Nox2 would be worth a
second study. Another transcription factor involved in
M(LPS+IFNγ) polarization is STAT1 [22]. We therefore
checked for a potential effect of Nox4 on phosphorylation of
STAT1 in M(LPS+IFNγ) polarization without observing any
effect of Nox4 (Supplemental Figure 9B). Thus, Nox4
appears to selectively regulate the activity of NFκB and
potentially YY1. In conclusion, the absence of Nox4
promotes Nox2 expression and subsequently M(LPS+IFNγ)
polarization of macrophages.
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Figure 1: Nox4 deficiency favors inflammation in a murine tumor model. (a) Proinflammatory markers including the cytokines IL1β and
TNFα and the adhesion molecule ICAM-1 were quantified by RT-qPCR in tumor tissue of WT and Nox4-/- mice. (b) Proinflammatory
markers IL1β (ELISA) and TNFα as well as IL10 (CBA: cytometric bead assay) as anti-inflammatory markers were measured in tumor
tissue, n = 3; ∗p < 0 05. (c) Single-cell suspension of tumor tissue was analyzed by FACS for Ly6C+ monocytes; ∗p < 0 05, n = 5-10.
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3.6. Pharmacological Inhibition of Nox4 Promotes M(LPS+
IFNγ) Polarization of Human Macrophages. In order to
determine whether our findings in a mouse can be trans-
lated to human cells, human macrophages generated from
peripheral blood of healthy donors were analyzed. Inhibi-
tion of Nox4 was achieved by treatment of the cells with
the Nox1/Nox4 inhibitor GKT137928. Upon treatment of
the macrophages with GKT137928, an increased M(LPS+
IFNγ) polarization was observed. This was accompanied
by a decrease in M(IL4+IL13) polarization (Figure 5). As
shown above in the murine system, knockout of Nox1 has

no influence on macrophage polarization. Therefore, we
assume that usage of the inhibitor will mainly affect Nox4-
mediated signaling in the process of polarization. We con-
clude that the findings in the murine system also apply to
the human system.

4. Discussion

Macrophages are a heterogeneous population of cells. Gen-
erally, they can be categorized into two discrete subsets as
either classically activated M1 or alternatively activated
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Figure 2: Nox4 knockout leads to a decreased M(IL4+IL13) polarization of macrophages. The specific M(LPS+IFNγ) markers IL1β, TNFα,
and iNOS (a) and specific M(IL4+IL13) markers arginase 1, YM1, and FIZZ1 (b) were quantified by RT-qPCR after stimulation with
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M2 macrophages, herein referred to as M(LPS+IFNγ) or
M(IL4+IL13). In this context, M(LPS+IFNγ) macrophages
represent proinflammatory “killers,” while M(IL4+IL13)

macrophages serve as “builders” in inflammatory wound
repair. This polarization of the macrophage population
results from interactions with other cells or molecules within
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Figure 3: ROS measurements reveal increased ROS production in Nox4-deficient cells due to an increase in Nox2. Superoxide anion
production measured with L-012 (a) and hydrogen peroxide levels measured with luminol and HRP (b) in polarized macrophages of wild
type and Nox4 knockout mice. (c) RT-qPCR for Nox2 mRNA expression in polarized macrophages of WT and Nox4-deficient animals;
∗p < 0 05 (n = 3 − 8). (d) Superoxide anion production, as measured with L-012 in WT macrophages with or without LPS (10 μg/ml) and
IFNγ (100U/ml) directly after stimulation or 4 hours after addition. (e) Superoxide anion production in polarized WT and Nox2-
deficient macrophages; ∗p < 0 05 WT vs. Nox4-/- or treated vs. CTL and #p < 0 05 WT/Nox4-/- M(LPS+IFNγ) vs. WT/Nox4-/- M(IL4+
IL13) (n = 3-5).
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the host tissues [23]. In previous work, we found that knock-
out of the NADPH oxidase Nox4 enhances inflammation
and tumorigenesis [16, 24]. In an angiotensin II-induced
model of vascular dysfunction, loss of Nox4 promoted
the expression of the proinflammatory cytokines IL6 and
IL1β [12]. The present study underlines the protective
potential of Nox4 in inflammation, as it promotes M(IL4+
IL13) polarization of macrophages. Our results were con-
firmed in a very recent study in a myocardial infarction
model, where overexpression of Nox4 promoted M(IL4+
IL13) polarization of cardiac macrophages and protects
from postinfarction remodeling [25].

The balance between activation of STAT1 and STAT3/-
STAT6 plays a crucial role in macrophage polarization: a pre-
dominance of STAT1 activation promotes M(LPS+IFNγ),

while STAT3/STAT6 activation increases M(IL4+IL13)
macrophage polarization [26]. In fact, STAT6 is the most
important transcription factor regulating M(IL4+IL13)
polarization of macrophages [27], and phosphorylation
of STAT6 can be regulated by redox-sensitive phosphatases
[28]. Therefore, it is likely that Nox4-derived H2O2 at least
contributes to STAT6 phosphorylation and thereby to
M(IL4+IL13) polarization. Importantly, STAT6 suppresses
NFκB activation via Klf4. Here, we provide evidence that
Nox4 deficiency prevents STAT6 phosphorylation and sup-
ports NFκB activation. NFκB has been shown to promote
M(LPS+IFNγ) polarization of phagocytes [29]. Besides regu-
lation by STAT6/Klf4, the activity of NFκB is redox sensitive
and potentially regulated by NADPH oxidases [30]. Both,
increased NFκB and reduced phosphorylation of STAT6,
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Figure 4: Increased NFκB activation in M(LPS+IFNγ)-polarized macrophages of Nox4-/- is responsible for elevated Nox2 expression.
Translocation of p65 was analyzed by Western Blot in the cytosol (a) and nuclear fraction (b) of M(LPS+IFNγ)- and M(IL4+IL13)-
polarized macrophages of WT and Nox4-/- mice. (c) Electrophoretic mobility shift assay for NFκB was performed in M(LPS+IFNγ)-
polarized macrophages of WT and Nox4-/- animals. The left bar graph shows quantification, and the right bar graph representative shift.
(d) Nox2 mRNA expression was quantified by RT-qPCR after M(LPS+IFNγ) polarization with and without an NFκB inhibitor (30 ng/ml,
1 h pretreatment before polarization); ∗p < 0 05 WT vs. Nox4-/- and #p < 0 05 CTL vs. NFκB inhibitor (n = 3-8). TOPO: topoisomerase I.
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inhibit the polarization of macrophages towards the M(IL4
+IL13) phenotype. Consequently, since there exists an intrin-
sic balance, less force in the direction of M(IL4+IL13) will
lead to more M(LPS+IFNγ) polarization, as observed in the
current study. Since Nox4 produces H2O2, a Nox4 knockout
would naturally lead to a reduced production of H2O2.
Therefore, our data can be supported by a finding concerning
CuZn-SOD, an enzyme catalyzing the conversion of super-
oxide anion to hydrogen peroxide. Consequently, less H2O2
is formed in the absence of CuZn-SOD. Knockout of this
enzyme promotes M(IL4+IL13) polarization of macrophages
[8], favoring the hypothesis that indeed H2O2 mediates the
effect of Nox4.

Different to Nox4, Nox2 produces superoxide anions
(⋅O2

−), and knockout of Nox2 results in a decreased M(LPS+

IFNγ) polarization. In contrast, Nox2, via production of
superoxide anions, contributes to M(LPS+IFNγ) polariza-
tion [6]. We observed not only a reduced M(LPS+IFNγ)
polarization in Nox2-deficient macrophages but also an
increase in Nox2 expression and subsequently ⋅O2

− forma-
tion, in Nox4 knockout macrophages. This is potentially a
consequence of the abovementioned enhanced NFκB activa-
tion in the absence of Nox4, as Nox2 expression is enhanced
by NFκB [31].

We conclude that the specific types of ROS, such as
H2O2 or ⋅O2

−, differentially contribute to M(LPS+IFNγ) or
M(IL4+IL13) macrophage polarization. Importantly, knock-
out of Nox4 not only favors M(LPS+IFNγ) polarization
but also results in an increased expression of Nox2 in
M(LPS+IFNγ)-polarized macrophages.
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Supplementary Materials

Supplemental Figure 1: FACS analysis of tumor tissue
revealed only a tendency for differences in B cells within
Nox4-deficient tumors. (A) Fibrosarcoma tissues of wild type
and Nox4-/- mice were analyzed for cell composition with
FACS using specific antibodies for cells indicated. The table
contains the different T cell populations in cells/g tumor tis-
sue, no statistical differences (n = 6-10). Supplemental Figure
2: tumor tissue was analyzed for different inflammatory and
anti-inflammatory markers. (A) Fibrosarcoma tissues of
wildtype and Nox4-/- mice were analyzed for proinflamma-
tory markers iNOS and CD163, anti-inflammatory markers
FIZZ1, arginase 1, and YM1, and tissue remodeling markers
MMP9 and collagens I and III with RT-qPCR; ∗p < 0 05
(n = 6-10). Supplemental Figure 3: NADPH oxidase expres-
sion in isolated murine and human macrophages. Nox1,
Nox2, and Nox4 expressions were determined by RT-qPCR
in isolated murine (A) and human (B) macrophages, and
corresponding CT values were included (n = 3). Supplemen-
tal Figure 4: H2O2 mediates polarization of macrophages
without cytokine stimulation. (A) WT macrophages were
treated with basal medium or IL4 and IL13 to polarize. For
polarization without cytokines, cells were treated with 5μM
H2O2 or PEG-SOD (50U/ml) and PMA (100nM) for 4 h,
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Figure 5: Treatment of human macrophages with the Nox4
inhibitor GKT137928 forces M(LPS+IFNγ) polarization. The
specific M(LPS+IFNγ) markers iNOS, TNFα, and IL1β (a) and
M(IL4+IL13) markers arginase 1, MRC1, and transglutaminase 2
(b) were quantified by RT-qPCR. Cells were preincubated with
Nox4 inhibitor GKT (10 μM, 2 h) followed by stimulation with
cytokines polarizing human macrophages; ∗p < 0 05 (n = 6).
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and polarization markers ARG1, FIZZ1, and YM1 were
quantified with RT-qPCR; ∗p < 0 05 (n = 6). (B) WT macro-
phages were treated with basal medium or LPS and IFNγ or
PEG-catalase (500U/ml) for 4 h to polarize, followed by sub-
sequent analysis of polarization markers TNFα, IL1β, and
iNOS; ∗p < 0 05 (n = 3). Supplemental Figure 5: Nox2 knock-
out decreases M(LPS+IFNγ) polarization of macrophages.
The specific M(LPS+IFNγ) markers IL1β, TNFα, and iNOS
(A) and specific M(IL4+IL13) markers arginase 1, YM1,
and FIZZ1 (B) were quantified by RT-qPCR after stimulation
with cytokines polarizing the bone marrow-derived macro-
phages from Nox2KO/C57Bl6J mice to M(LPS+IFNγ) or
M2(IL4+IL13) phenotype. Protein expression of the M(IL4
+IL13) marker YM1 (C) and the ratio of pSTAT6 to STAT6
(D) as determined by Western Blot; ∗p < 0 05 and #p < 0 05
WT/Nox2y/- M(LPS+IFNγ) vs. WT/Nox2y/- M(IL4+IL13)
(n = 4 − 8). Supplemental Figure 6: deficiency in Nox1 does
not affect polarization of macrophages. The specific M(LPS+
IFNγ) markers IL1β, TNFα, and iNOS (A) and specific
M(IL4+IL13) markers arginase 1, YM1, and FIZZ1 (B) were
quantified by RT-qPCR after stimulation with cytokines
polarizing the bone marrow-derived macrophages from
Nox1KO/C57Bl6J mice to M(LPS+IFNγ) or M2(IL4+IL13)
phenotype. Protein expression of the M(IL4+IL13) marker
YM1 (C) and the ratio of pSTAT6 to STAT6 (D) as deter-
mined byWestern Blot; ∗p < 0 05 and #p < 0 05WT/Nox1y/-
M(LPS+IFNγ) vs. WT/Nox1y/- M(IL4+IL13) (n = 3 − 6).
Supplemental Figure 7: SOD and Nox2 cytosolic subunit
expressions in WT and Nox4-deficient macrophages. SOD1
(A) and SOD3 (B) expressions were analyzed in WT and
Nox4-/- M(LPS+IFNγ)- and M(IL4+IL13)-polarized macro-
phages by RT-qPCR. Expressions of cytosolic Nox2 subunits
(C: p40phox, D: p47phox, and E: p67phox) and Nox1 (F)
were analyzed in WT and Nox4-/- M(LPS+IFNγ)- and
M(IL4+IL13)-polarized macrophages using RT-qPCR; ∗p <
0 05 WT/Nox4-/- M(LPS+IFNγ) vs. WT/Nox4-/- M(IL4+
IL13) (n = 5-8). Supplemental Figure 8: NFκB inhibition pre-
vents p65 translocation into the nucleus in M(LPS+IFNγ)-
polarized macrophages of Nox4-/-. P65 expression in cyto-
sol (A) and nucleus (B) was assessed with Western Blot
after M(LPS+IFNγ) polarization with and without treat-
ment of NFκB inhibitor (30 ng/ml, 1 h pretreament before
M(LPS+IFNγ) polarization); ∗p < 0 05 WT vs. Nox4-/- and
#p < 0 05 CTL vs. NFκB inhibitor (n = 3-8). TOPO: topo-
isomerase I. Supplemental Figure 9: YY1 is increased in
Nox4-deficient macrophages after M(LPS+IFNγ) polariza-
tion. (A) YY1 expression was determined by Western Blot
after polarization of WT and Nox4-/- macrophages. (B)
Phosphorylation of pSTAT1 and total STAT1 quantified by
Western Blot in M(LPS+IFNγ)- and M(IL4+IL13)-polarized
macrophages of WT and Nox4-deficient animals; ∗p < 0 05
WT vs. Nox4-/- and #p < 0 05 WT/Nox4-/- M(LPS+IFNγ)
vs. WT/Nox4-/- M(IL4+IL13) (n = 3-5). Supplemental Fig-
ure 10: inhibition of Nox4 in Nox2-deficient macrophages
elevates M(LPS+IFNγ) polarization in M(LPS+IFNγ)-polar-
ized macrophages. Nox2-deficient macrophages were treated
with Nox4 inhibitor GKT (10μM) 2h prior to cell polari-
zation to M(LPS+IFNγ) or only control medium (CTL).
M(LPS+IFNγ) markers TNFγ, IL1β, and iNOS were

evaluated using RT-qPCR; ∗p < 0 05 DMSO vs. GKT and
#p < 0 05 DMSO/GKT CTL vs. DMSO/GKT M(LPS+IFNγ)
(n = 3). (Supplementary Materials)
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