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Redox signaling is a key player in the regulation of
physiological processes. Current concepts in redox biology
and plasma medicine emphasize the significance of redox
dysregulation in inflammation and different pathologies
including cancer. The identification and characterization of
specific protein thiol switches and redox-regulated signaling
pathways are two of the challenges in the fields. For example,
tumor cells are often localized in a hypoxic environment,
which leads to a unique redox signaling affecting metabolism,
proliferation, metastasis, and apoptosis, as well as angio-
genesis and the immune response. Deciphering and under-
standing the redox regulation of particular molecules and
processes in a physiological and pathological context could
allow the development of new therapeutic avenues. These
strategies could comprise development of small molecules
specifically targeting thiol switches and dysregulated redox
signaling cascades, or localized generation of reactive oxygen
species, for example, by cold physical plasma sources. This
special issue is dedicated to oxidants and redox signaling.

One of the papers is a review article entitled “Redox
Regulation of Inflammatory Processes Is Enzymatically
Controlled.” I. Lorenzen et al. introduce redox active mole-
cules. They summarize distinct functions and pathological
implications of the enzymes that regulate their production
and decay, such as nicotinamide adenine dinucleotide
phosphate oxidases (NOX), nitric oxide synthases (NOS),
superoxide dismutases (SOD), and thioredoxin (TRX) family
proteins. Moreover, the authors describe regulatory thiol
switches in nuclear factor kappa B (NFκB), a disintegrin

and metalloproteinase 17 (ADAM17), and high mobility
group box 1 protein (HMGB1) as well as in pathways related
to inflammatory signaling including the TLR cascades.

In the article “The Synthetic Lignan Secoisolariciresinol
Diglucoside Prevents Asbestos-Induced NLRP3 Inflamma-
some Activation in Murine Macrophages,” R. A. Pietrofesa
et al. analyze the potential use of LGM2605 in chemopreven-
tion of asbestos-induced mesothelioma. LGM2605 was
formerly shown to induce gene expression of nuclear factor
(erythroid-derived 2)-like 2 (Nrf2)-regulated antioxidants
and to reduce cellular levels of reactive species, induced
by asbestos. Here, the authors show that LGM2605 signifi-
cantly reduces asbestos-induced expression of the NLRP3
inflammasome, iNOS, and NFκB, as well as the release of
proinflammatory cytokines, levels of nitrates/nitrites, and
NFκB activation.

The work entitled “Cold Atmospheric Plasma Induces
Apoptosis and Oxidative Stress Pathway Regulation in
T-Lymphoblastoid Leukemia Cells” by E. Turrini et al. aimed
to mechanistically analyze the impact of cold atmospheric
plasma and the induction of reactive oxygen and nitrogen
species (ROS/RNS) on apoptosis, DNA damage, and the
consecutive upregulation of redox-related enzymes, such as,
superoxide dismutase, catalase, and glutathione reductase,
thereby connecting the short-lived plasma-generated species
to central cellular redox signaling pathways.

In the article “Toxicity and Immunogenicity in Murine
Melanoma following Exposure to Physical Plasma-Derived
Oxidants,” S. Bekeschus et al. demonstrate anticancer effects
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of cold physical plasma on melanoma cells in vitro. Specifi-
cally, these cells are subject to plasma-mediated oxidation,
cell death, and reduced motility of the remaining viable cells.
This is accompanied by alterations in biomechanical proper-
ties, that is, an increased stiffness and differential regulation
of zonula occludens 1 (ZO1) proteins in melanoma cells
following plasma treatment. Importantly, plasma treatment
increases expression of major histocompatibility complex
class I molecules and calreticulin, two major proteins for
recognition and phagocytosis of antigen-presenting cells
necessary to mount an immune response.

In the paper “2-Deoxy-D-glucose Restore Glucocorticoid
Sensitivity in Acute Lymphoblastic Leukemia via Modifica-
tion of N-linked Glycosylation in an Oxygen Tension-
Independent Manner” by Z. Leni et al., a possible way is
described, how to address the issue of chemoresistance in
childhood leukemia. By feeding a glucose analog to different
acute lymphoblastic leukemia cell lines, the authors could
show efficient killing of cancer cells that was accompanied
by endoplasmic reticulum stress and induction of the
unfolded protein responses. Both processes are critical in
eliciting immunogenic cell death that is in principle capable
of driving inflammation and antitumor immune responses.

The work of L. Hu et al. entitled “The Protective Roles of
ROS-Mediated Mitophagy on 125I Seeds Radiation Induced
Cell Death in HCT116 Cells” uncovers a critical role of
phagocytosis of damaged mitochondria in irradiation-
induced cancer cell death. By exposing human colon cancer
cells to iodide-derived irradiation in vitro, they found an
upregulation of intracellular ROS and targets (e.g., hypoxia-
inducible factor α, HIF1α; BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3, BNIP3; NIP3-like protein X,
NIX) involved in the induction of mitophagy, protecting
cancer cells from cell death. The authors suggested mitopha-
gic pathways to serve as possible drug targets in the future.

In the review article “Oxidative Stress Gene Expression
Profile Correlates with Cancer Patient Poor Prognosis:
Identification of Crucial Pathways Might Select Novel Ther-
apeutic Approaches” by A. Leone et al., the authors discuss
the double-face role of reactive oxygen species in cancer
initiation, progression, and prognosis. Their analysis, which
extends over 6 distinct tumor types, is based on cancer-
type-specific oxidative stress gene profiles and data from
the Cancer Genome Atlas database. Among the statistically
significant genes associated with cancer initiation and pro-
gression, the authors found Forkhead box M1 (FoxM1) and
thioredoxin reductase 1 (TrxR1) to be critical for the regula-
tion of oxidative stress levels in all analyzed tumor types.
Moreover, A. Leone et al. discuss how the identified signaling
networks correlate to cancer stem cell signatures and provide
by that knowledge on which redox pathways could be
prioritized for the development of novel therapies.
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Redox regulation depends on the enzymatically controlled production and decay of redox active molecules. NADPH oxidases,
superoxide dismutases, nitric oxide synthases, and others produce the redox active molecules superoxide, hydrogen peroxide,
nitric oxide, and hydrogen sulfide. These react with target proteins inducing spatiotemporal modifications of cysteine residues
within different signaling cascades. Thioredoxin family proteins are key regulators of the redox state of proteins. They regulate
the formation and removal of oxidative modifications by specific thiol reduction and oxidation. All of these redox enzymes
affect inflammatory processes and the innate and adaptive immune response. Interestingly, this regulation involves different
mechanisms in different biological compartments and specialized cell types. The localization and activity of distinct proteins
including, for instance, the transcription factor NFκB and the immune mediator HMGB1 are redox-regulated. The
transmembrane protein ADAM17 releases proinflammatory mediators, such as TNFα, and is itself regulated by a thiol switch.
Moreover, extracellular redox enzymes were shown to modulate the activity and migration behavior of various types of immune
cells by acting as cytokines and/or chemokines. Within this review article, we will address the concept of redox signaling and the
functions of both redox enzymes and redox active molecules in innate and adaptive immune responses.

1. Concept of Redox Signaling

Cells can receive and respond to distinct signals and environ-
mental changes; they can send out signals in order to com-
municate with other cells. Signal transduction can depend
on intracellular or membrane-bound receptors that have
the ability to bind specific ligands that induce particular sig-
naling cascades involving second messengers and rapid,
reversible posttranslational modifications of transducer and
effector proteins. Some signaling molecules can pass the
plasma membrane and directly interact with specific targets.
In the case of redox regulation, we can distinguish between
different spatiotemporal modifications of cysteine residues,
such as the formation of inter- or intramolecular disulfide
bridges, S-glutathionylation by the formation of a mixed
disulfide with glutathione (GSH), S-nitrosylation in the pres-
ence of nitric oxide (NO), the formation of sulfenic acid, for

example, in the presence of hydrogen peroxide (H2O2), or the
formation of S-sulfhydration by hydrogen sulfide (H2S). All
these modifications modify the redox state of a particular
thiol group and can affect a protein in terms of structure,
localization, and/or activity [1] (Figure 1). These regulatory
thiol groups are known as thiol switches [2]. Interestingly,
redox modifications also affect other posttranslational modi-
fications, essential for signal transduction, for instance, phos-
phorylation. Redox signaling occurs upon specific stimuli and
is localized in specific compartments or confined areas within
a cellular compartment. The signal is sensed by a particular
receptor, inducing the production and release of second mes-
sengers such as H2O2, NO, and H2S. Interestingly, not all
reactive oxygen, nitrogen, and sulfur species are considered
signaling molecules. This is due to their high reactivity
towards a wide range of unspecific targets including various
biomolecules, such as DNA, lipids, and proteins, and the lack
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of regulation of their production and decay. The hydroxyl
radical, for instance, is nonenzymatically produced in the
Fenton reaction and reacts with basically any molecule due
to its high reactivity and lack of specificity [1]. Similarly, per-
oxynitrite is not considered a second messenger, because it is
spontaneously formed by the reaction of nitric oxide with
superoxide and a strong oxidizing agent with a second-
order rate constant of 1010M−1·s−1 that also oxidizes various
biomolecules (reviewed in [3, 4]). H2O2, NO, and H2S acti-
vate effector molecules that induce a certain biological
response via specific transducing molecules including redox
couples, for example, GSH and oxidized glutathione (GSSG)
and enzymes, for example, oxidoreductases of the thiore-
doxin (Trx) family. In the absence of the signal, the activated
signaling cascade becomes terminated and cysteinyl modifi-
cations are reversed. These thiol switches have been predicted
to play a role in almost every signaling cascade and are there-
fore essential for all biological processes. Obviously, physio-
logical redox signaling is highly regulated and depends on
the controlled oxidation as well as the specific reduction of
substrates [1, 5]. The dysregulation or even disruption of
redox signaling has been described as oxidative stress, a hall-
mark of various pathologies [6].

As mentioned above, the production and release of redox
active molecules are regulated by enzymes that are located in
various cellular compartments and also in the extracellular
space (Figure 2). Complexes I and III of the respiratory chain
and enzymes such as nicotinamide adenine dinucleotide
phosphate- (NADPH-) oxidases (NOX) and xanthine oxi-
dase produce superoxide (O2

•−). Superoxide dismutases
(SOD) convert O2

•− into H2O2. Different peroxidases, includ-
ing catalase and the Trx family members peroxiredoxins
(Prxs) and glutathione peroxidases (Gpx), reduce H2O2 to
water. NO is synthesized by one of the three isoforms of
nitric oxide synthase (NOS), that is, neuronal nNOS, induc-
ible iNOS, and endothelial eNOS. H2S is produced by cysta-
thionine β-synthase, cystathionine γ-lyase, L-cysteine
desulfhydrase, and 3-mercaptopyruvate sulfurtransferase
(for an overview see [1] and references within). In addition
to the production, the degradation of these molecules is also
enzymatically regulated (Figure 2). Contrary to previous
understanding, free oxygen and nitrogen species cannot

generally oxidize thiol groups directly. The reaction rate of
H2O2 with the highly abundant peroxidases of the Trx fam-
ily, Prxs, ranges from 106 to 108M−1·s−1. The reaction rate
of other reactive protein thiols and free Cys is significantly
lower in a range of approximately 101M−1·s−1 [7, 8]. Due to
high protein expression and reactivity, a molecule of H2O2
is more prone to oxidize a Prx molecule than the thiol group
of any other protein. Prxs are peroxidases that can function
in cellular signaling as peroxide sensors. Moreover, H2O2 sig-
naling can be conducted via GPxs and GSH [9]. Trx family
proteins are key regulators of redox signaling by regulating
the redox state of particular substrate proteins. They catalyze
disulfide reduction and isomerisation reactions and regulate
deglutathionylation, as well as denitrosylation and depersul-
fidation. Moreover, they are also involved in the oxidation
of thiols, for example, by catalyzing S-glutathionylation,
transnitrosylation, and S-sulfhydration. Trx proteins contain
the structural Trx fold and an active site motif that contains
one or two cysteinyl residues and is essential for the cata-
lytic monothiol and dithiol mechanisms. Substrates of Trx
family proteins include enzymes such as ribonucleotide
reductase [10, 11] Sirtuin-1 [12], caspase-3 [13], the
mitogen-activated protein (MAP) kinase apoptosis signal-
regulating kinase 1 (ASK1) [14] and mercaptopyruvate sulfur
transferase (MST) [15], transcription factors such as nuclear
factor kappa B (NFκB) [16], and signal transducer and acti-
vator of transcription 3 (STAT3) [17]. Moreover, compo-
nents of the Wnt signaling pathway (dishevelled [18]),
cytoskeletal dynamics (e.g., collapsin response mediator pro-
tein 2 [19, 20]), and innate immunity (e.g., myeloid differen-
tiation primary response 88 (Myd88) [21] and a disintegrin
and metalloproteinase 17 (ADAM17) [22]) are regulated by
Trx proteins. So far, not much is known about the specificity
of substrate recognition. However, it is known that not every
surface-exposed Cys residue is involved in redox regulation.
Lillig and Berndt have shown that the reactivity of a cysteinyl
residue depends on the surrounding amino acids creating the
electrostatic and hydrophobic environment of the thiol
group [23]. Recently, it was demonstrated that substrate rec-
ognition depends on kinetic constraints, complementary
molecular geometries, and the electrostatic surface potential
of the oxidoreductase and the target protein [8, 24].

2nd messenger:
Substrate

SH
SH

HS
HS

Substrate
S-NO
S-SH

S
S

Enzymes

H2O2, H2S. NO

Signal

Receptor

Enzymes

Enzymes

Sensing

2nd messenger:
H2O2, H2S. NO

Enzymes EnzymesEnzymes

Signal termination Signal transduction

Figure 1: Concept of redox signaling. A signal is sensed by its receptor, inducing the enzymatic catalyzed production and release of second
messengers (e.g., H2O2, NO, and H2S). These activate a cascade of transducing proteins via specific oxidative modifications at Cys residues
(e.g., disulfide formation, nitrosylation, and sulfhydration). The effector molecule induces the biological response. A signal can also induce
the reduction of distinct Cys residues. The activated signaling cascade becomes terminated, and cysteinyl modifications are reversed. The
involved thiol groups are known as thiol switches. Their reduction (green), as well as their oxidation (red) are regulated by different enzymes.
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2. Redox Regulation of the
Inflammatory Response

Upon tissue damage and infection, the inflammatory
response is induced. This highly regulated and protective
process facilitates the removal of foreign and/or damaged
components, as well as tissue repair and is terminated when
a return to physiological conditions is achieved. The inflam-
matory response is composed of distinct receptor proteins,

inflammatory mediators, and specialized cell types, as well
as changes in tissue homeostasis and blood flow. Initiation
of inflammation is reliant on the production of a number of
cytokines which are produced by activated cells of the innate
immune system in response to a range of stimuli. Proinflam-
matory cytokines are essential for the activation of the adap-
tive immunity, that is, B- and T-lymphocytes. In some
circumstances, the production of these proinflammatory
cytokines is maintained beyond that required to facilitate
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Figure 2: Redox regulation is enzymatically controlled. Illustration of cellular and extracellular enzymes that (i) generate redox active species
(red), (ii) decompose reactive species, and are classified as antioxidants (yellow) or (iii) participate in redox signaling (blue). In the cytosol,
superoxide (O2

−) and hydrogen peroxide (H2O2) can be produced by specific enzymes; the cytosolic SOD1 can convert O2
− to H2O2.

Moreover, the NADPH and oxygen-dependent membrane protein NADPH-oxidase (NOX) can produce O2
− that is converted to H2O2 by

extracellular SOD3. The latter can cross the membrane via simple diffusion and aquaporins. H2O2 can participate in cell signaling as a
second messenger via the action of the thioredoxin family members peroxiredoxin (Prx), thioredoxin (Trx), glutaredoxin (Grx), and
glutathione peroxidases. These enzymes are NADPH- and mostly glutathione- (GSH-) dependent. H2O2 can also be reduced to water by
the peroxidase catalase, which is mainly located in peroxisomes. However, in the presence of free iron, the highly reactive and damaging
hydroxyl radical (OH•) is formed from H2O2 via the Fenton reaction. Nitric oxide (NO) is generated by cytosolic NO-synthase (NOS) and
hydrogen sulfite (H2S) by the enzymes cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE). Both constitute second
messengers that can participate in redox signaling via the action of Trx. Note that peroxynitrite (ONOO−) can spontaneously form in the
presence of O2

− and NO, inducing irreversible modifications of various biomolecules and thus not participating in redox signaling. In
mitochondria, complexes I and III of the mitochondrial respiratory chain produce superoxide (O2

−•). Superoxide dismutase 2 (SOD2)
converts O2

− to H2O2. Mitochondrial NOS and 3-mercaptopyruvate sulfurtransferase (MST) produce NO and H2S, respectively.
Mitochondrial H2O2, NO, and H2S can participate in redox signaling. Similar to the cytosol, ONOO− and OH• can also be formed in the
mitochondria. In the extracellular environment, NOX and SOD3 produce O2

− and H2O2 and the intracellularly produced NO and H2S can
cross the plasma membrane. Members of the Trx family of proteins are found extracellular. Therefore, the intracellular concept of redox
signaling might also occur in the microenvironment of the cell.
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microbial destruction and tissue repair, resulting in a chronic
inflammatory response where both innate and adaptive
immune cells are chronically activated, inducing tissue dam-
age and subsequent autoimmune disease. Even though the
exact redox signaling cascades are not fully understood, it is
well known that the production of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) is essential for
the onset, progression, and also the termination of inflamma-
tory processes. Redox-regulated processes involve the innate,
as well as the adaptive immunity, for example, the oxidative
burst of immune cells and pathogen killing, cellular signal
transduction, and regulation of gene transcription, cytokine
release, and antigen presentation as well as the regulation of
the activation, differentiation, and migration of immune cells
and wound healing [1, 25–27]. Particularly, not only NO and
H2O2 are essential during inflammation but also H2S has
been shown to possess anti- and proinflammatory functions
[28, 29]. Production of NO as a signaling molecule with
microbicidal, antiviral, and antiparasital as well as immuno-
modulatory functions is essential for inflammatory processes
(reviewed in [30, 31]). NO constitutes an important second
messenger in the inflammatory response with various func-
tions in the classical activation during the onset of the inflam-
mation, signal transduction, revascularisation, and tissue
repair [32].

Reactive species are produced by phagocytic cells of the
innate immune system, such as monocytes, macrophages,
neutrophils, and dendritic cells, during the oxidative burst
in order to kill pathogens as well as during tissue repair [33,
34]. Myeloperoxidase (MPO) catalyzes the reaction of H2O2
to highly oxidizing and microbicidal hypochlorous acid
(HOCl) and hypobromous acid. This reaction can also be
catalyzed by the eosinophil peroxidase. Another bactericidal
and fungicidal enzyme that acts in the innate immune
defence is the heme protein lactoperoxidase (LPO) generat-
ing hypothiocyanite (−OSCN) from thiocyanate (SCN−)
and H2O2. The latter is a downstream metabolite of superox-
ide that is enzymatically produced by the NOX enzymes
Duox1 and particularly Duox2 [35, 36]. In addition, NO
and further RNS have been shown to be present in the phago-
some and participate in eradication of pathogens [32]. Acti-
vation of NOX and the oxidative burst occurs only upon
full activation of neutrophils in the presence of pathogens.
Their antimicrobial activity can be primed by inflammatory
cytokines, chemokines, anaphylatoxins, or pathogen-
associated molecular pattern (PAMPs), for example, com-
pounds of bacterial cell walls such as lipopolysaccharides
(LPS) and lipoteichoic acid, flagellin, and bacterial DNA that
are recognized by pathogen recognition receptors such as
Toll-like receptors (TLRs) and cytoplasmic NOD-like recep-
tors (NLRs) [37]. The latter are also part of the inflamma-
some that facilitates the cytosolic, caspase-1-mediated
maturation of inflammatory cytokines and that has been
shown to be redox-regulated [38], (reviewed in [26]). Both,
NLRs and TLRs also recognize endogenous damage-
associated molecular patterns (DAMPs), such as the redox-
regulated high mobility group protein 1 (HMGB1) or metab-
olites like ATP, which are also known as danger signals [39].
TLRs are not exclusively expressed in phagocytic cells and are

present in the first barriers of defence, such as the skin, air-
way, blood vessels, and colon. TLRs are involved in ROS pro-
duction. Interestingly, LPS-activated neutrophils produce
H2O2 that induces the TLR2 expression in endothelial cells
promoting the immune defence via redox-regulated signaling
events [40]. The cytosolic Toll/IL-1 receptor (TIR) domain of
TLRs associates with the signal transduction adaptor protein
Myd88 that recruits and activates a set of proteins, inducing
downstream Map kinases (e.g., JNK and p38) and the phos-
phorylation and degradation of IκB, NFκB activation, and
expression of target genes (Figure 3) [41]. Various compo-
nents of this pathway are susceptible to redox regulation
and were shown to interact with Trx family proteins, includ-
ing NFκB, the transcription factor that controls, for example,
the expression of proinflammatory cytokines, chemokines,
growth factors, prostaglandins, adhesion molecules, and
NOX2 as well as iNOS and also nNOS [1, 42, 43], promoting
leukocyte recruitment and activation of the surrounding tis-
sue. Interestingly, cytokines can be expressed as cytosolic or
membrane-bound “precursors” and are activated and
released by redox-regulated, proteolytical cleavage via cyto-
solic multiprotein complexes called inflammasomes or spe-
cific proteases such as ADAM17 [26, 44–47]. Cytokines are
not the only proteins that are secreted upon inflammation.
A large number of proteins secreted from innate immune
cells in response to inflammatory stimuli have been shown
to be glutathionylated [48]. Recent studies have seen the
refinement of redox proteomic techniques to interrogate
those proteins, identifying a substantial number of glutathio-
nylated proteins, both intracellular and secreted [49, 50].
Among the secreted proteins, Trx1, Trx80, Prx1, and Prx2
were detected that have cytokine and/or chemokine-like
functions [1, 51]. Secreted, glutathionylated Prx2 was
recently described to function as danger signal [52]. And also,
the related macrophage-inhibitory factor (MIF-1) has immu-
nomodulatory functions [1].

Redox regulation of inflammation and of immune
responses is not restricted to the activation and subsequent
activity of innate immune cells. Generation of both humoral
and cell-mediated adaptive immunity depends on activation
of T helper cells, a process heavily reliant on the redox poten-
tial of the microenvironment of these cells [53, 54]. A reduc-
ing environment is necessary for both optimal activation of
T-cells [55, 56] and for the downstream proliferation of these
cells [57, 58] that is essential for generating an adaptive
immune response. As these effector CD4+ T-cells are essen-
tial for inducing full activation and class switching in acti-
vated B lymphocytes, the effects of changes in the redox
environment also extend to the humoral arm of the adaptive
immune response. It is perhaps unsurprising that redox
changes in antigen-presenting cells can also help to deter-
mine whether T-cells develop into Th1 or Th2 cells [59, 60]
given the importance of the interactions between T-cells
and their antigen-presenting cells in T-cell activation.
Increases in cellular ROS levels have been shown to be essen-
tial, for example, during T-cell activation, antigen presenta-
tion, and receptor-mediated cell signaling. Interestingly,
administration of antioxidants such as the seleno-compound
ebselen inhibits and impairs these functions [1, 61]. This
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may help to explain observations that autoimmune diseases
such as rheumatoid arthritis [62] and multiple sclerosis [63]
are associated with increased levels of oxidative stress. Like
many autoimmune diseases and chronic inflammatory dis-
eases, it is still unclear whether oxidative stress is a cause or

effect of these conditions.However, for these particular condi-
tions, treatment with antioxidants does actually ameliorate
disease, at least in animal models [64], suggesting that oxida-
tive stress does indeed play a role. Furthermore, one of the
frontline treatments for people with multiple sclerosis,
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dimethyl fumarate, exerts its therapeutic effects by upregu-
lating antioxidant enzyme synthesis [65]. One possible
mechanism by which oxidative stress could impact these
conditions is via effects on T-cells that infiltrate the sites
of disease, a recognized phenomenon in these pathologies
[66]. If these cells then encounter relatively oxidizing condi-
tions, this could influence their activation into the more
inflammatory phenotypes such as Th1 and Th17 phenotypes,
thereby exacerbating disease. Indeed, it has been suggested
that exposure of T-cells to increased oxidative stress in
rheumatoid arthritis causes them to become refractory to
apoptosis leading to a perpetual immune response [67].

Within the next chapter, we will introduce distinct thiol
switches and their impact on cell signaling and inflammatory
processes (Table 1).

3. Thiol Switches in the Inflammatory Response

3.1. TLR Signaling. In terms of redox signaling, the produc-
tion of the second messenger H2O2 is closely linked to the
transmembrane multidomain NOX complexes. These trans-
port electrons via NADPH, flavin-adenine dinucleotide
(FAD), and heme from the cytoplasmic side of the plasma
membrane to the extracellular part, where they are trans-
ferred to oxygen. By the action of extracellular SOD3, the

produced superoxide is converted to H2O2, which passes
the membrane by diffusion or via aquaporins (Figure 2).
Superoxide/H2O2 production occurs in close proximity to
the receptor complex, potentially in specific signaling plat-
forms within lipid rafts, caveolae, or endosomes [68]. The
NOX family comprises seven members, NOX1 to NOX5
and Duox1 and Duox2. The structure and regulation of the
different NOXs have been extensively reviewed previously
[69–72]. NOX-dependent ROS production can depend on
endocytosis of activated receptor NOX complexes in redox-
active endosomes, the redoxosomes. The formation of
redoxosomes occurs out of lipid rafts, which contain inactive
NOX as well as ligand-bound receptors that initiate NOX
activity and require activated Rac1. Inhibition of endocytosis
and formation of redoxosomes reduces superoxide formation
and downstream activation of NFκB. For proper signaling,
SOD activity and chloride channels are required, which are
believed to export superoxide into the cytoplasm and import
protons that stabilize the pH within the redoxosomes
(reviewed in [73, 74]). Interestingly, this was demonstrated
for IL-1β- and TNFα-induced signaling, but not for
thrombin-activated NOX1 [74–77]. NOX1 is expressed in
the colon and the vascular system and can be triggered by
flagellin, via TLR5 [78], by LPS via TLR4 [79], and by CpG
oligonucleotides via TLR9 [80] and is sensitive to IFNγ

Table 1: Thiol switches in inflammatory signaling processes.

Protein Thiol/modification Function Regulation Reference

ADAM17
C600, C630, C635, C640:
intermolecular disulfides

Linear order of disulfides
(C600–630; C635–640): open,

flexible structure
Overlaying disulfides

(C600–635; C630–640): abrogates
membrane binding and
substrate recognition

PDI catalyzes the isomerisation
from the linear to the overlaying

disulfide pattern.
[135, 141]

Ask1
C200, 250: intramolecular
disulfide
C250: interaction with Trx1

ASK1 is involved in TLR4
signaling and is involved in
TNFα-induced apoptosis.

Intramolecular disulfide induces
conformational changes within

the Trx-binding region.

Trx1 and Grx1 bind to ASK1
and inhibit the kinase; in case

of Trx1 proteasomal degradation
is induced. Oxidation of

Trx1/ Grx1 induces the dissociation
of the complex and kinase activation.

[14, 96, 97, 257]

EGFR C797: sulfenylation
EGFR-mediated signaling;

sulfenylation enhances tyrosine
kinase activity.

Oxidation by H2O2 [90, 91]

HMGB1

C23, C45, C106:
intramolecular disulfide
(C23–45),
sulfenylation(C106)

Fully reduced: chemotactic
activity; intramolecular disulfide
(C23–45), reduced C106: cytokine

Trx1 (Grx1?) [154, 155, 157]

Myd88
8 Cys residues:
(i) intermolecular disulfides
(ii) nitrosylation

Intermolecular disulfides:
oligomerisation during

TLR signaling

Oxidation by H2O2 (Prx?),
Nrx, Trx

[21, 93, 94]

NFκB
C62:
(i) glutathionylation
(ii) sulfenylation

Reduced C62: DNA
binding and gene expression

Bound in an inactive complex
by Trx1 (cytosol), reduction by

Trx1, Grx1 (nucleus)
[16, 99, 101]

Src
C245, C487:
disulfide formation

Intramolecular disulfide connects
SH2 and kinase domain and stabilizes
the active conformation of the kinase

Oxidation by H2O2 [88, 89]
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[81]. NOX2 constitutes the first identified NOX, which is
highly expressed in phagocytic active neutrophils and macro-
phages and to a much lower rate in dendritic cells [82].
NOX2 is sensitive to multiple TLRs [83] and essential for
the oxidative burst. The assembly and activation of NOX2
occur upon fully activation of neutrophils in the presence
of pathogens. Dendritic cells are specialized for antigen pre-
sentation, and NOX2 is needed for proper antigen presenta-
tion towards T-cells [84, 85]. In the airway epithelium,
Duox1 was shown to depend on TLR4 [86]; regulating the
expression of chemokines, which attract neutrophils and
macrophages [83, 86, 87]. The physical interaction between
the TIR domain of TLR4 and the cytoplasmic tail of NOX4
results in an activation of src, which phosphorylates IkBα,
thereby activating NFκB and target genes [87]. The activity
of src is regulated by tyrosine phosphorylation and can be
boosted by a thiol switch [88]. Protein tyrosine phosphatases
(PTPs) remove an inhibitory phosphorylation of a C-
terminal Y527 residue and thus its inhibitory interaction with
the SH2 domain of the kinase, followed by autophosphoryla-
tion. This active conformation of the protein is stabilized by a
reversible thiol switch. C245 and C487 are oxidized and form
a disulfide bond connecting the SH2 and the kinase domain.
An exchange of these cysteinyl residues to alanine residues
results in a redox unresponsive variant [88, 89]. Interestingly,
src is not only involved in the regulation of NOX signaling
but also targets the epidermal growth factor receptor (EGFR)
that was also shown to undergo thiol oxidation. The tar-
geted cysteine residue is located close to the ATP-binding
site within the cytoplasmic part of the receptor protein
(Figure 4). An exchange of the cysteine residue to a serine
residue induces a 2.5-fold increase in the ATPase activity of
EGFR [90, 91]. Besides src and EGFR, PTPs, for example,
PTP1B, are targets for redox modification, that is, reversible
oxidation of the catalytic active cysteine that renders the pro-
tein inactive [91, 92]. All three proteins are targeted by H2O2,
produced by Duox1 in response to extracellular ATP, which
functions as danger signal in the airway epithelium host
defence [91]. These three examples show how specific and
diverse redox regulation can occur during the same condi-
tions and stimuli within a signaling cascade. Even though
all transducers are oxidized at one or two particular Cys res-
idues, the effect on the protein activity differs from being
turned on or off like a redox switch to being modulated! Even
though the oxidation has been shown, the exact regulatory
mechanisms are still mostly elusive. It is however tempting
to speculate that the oxidation by hydrogen peroxide is medi-
ated via cytosolic Prxs and the reduction via, for example,
Trx. Trx proteins have been already shown to regulate
Myd88 and downstream Map kinases. Most TLRs need the
adaptor protein Myd88 for signal transduction, which func-
tions downstream of the signal-receptor complex upon
ligand binding. Myd88 oligomerizes with the interleukin-1
receptor-associated kinase (IRAK) forming a signal initiation
complex. The complex signal transduction involves various
proteins and kinases, eventually triggering MAP kinases
and NFκB signaling pathways (Figure 3) [41]. Recently,
Stottmeier and Dick demonstrated that Myd88 undergoes
redox regulation. In the presence of H2O2, Myd88 dimerizes

and forms disulfide-linked conjugates with other proteins via
eight conserved Cys residues (Figure 4). Interestingly, the
oxidation by hydrogen peroxide is comparably sensitive to
oxidation of Prx2 [93]. S-Nitrosylation of distinct Cys resi-
dues of Myd88 has also been described [94]. Nucleoredoxin
(Nrx) controls TLR4 signaling by regulation of Myd88, that
is, by stabilizing the interaction of Myd88 with flightless
homolog 1 [21]. Moreover, Nrx was shown to regulate the
adaptor protein, potentially as a disulfide reductase. Nrx is
related with Trx, which additionally catalyzes de- and trans-
nitrosylation of proteins. It is tempting to speculate that Nrx
has similar catalytic mechanisms and that it could regulate
Myd88 activity not only as disulfide reductase but also by
regulating S-nitrosylation. Interestingly, different regulatory
functions for the eight Cys residues have been introduced.
Mutation of C113 inhibited NFκB signaling, whereas mutat-
ing the other Cys residues individually and especially simul-
taneously enhanced NFκB activity. Note that these seven Cys
residues are all located in the TIR domain [93]. Different
kinases, including theMAP kinases, are responsible for signal
transduction and have been described to be susceptible to
redox regulation. Trx1 and also Grx1 regulate ASK1 and
downstream kinases such as ERK, JNK, and p38. The
reduced oxidoreductases bind to ASK1 and thereby inhibit
the enzymatic activity of the kinase. In case of Trx1, the pro-
tein interaction initiates ubiquitin-mediated degradation.
Oxidation of the oxidoreductases induces the dissociation
of the complex and restores kinase activity [1, 14, 95, 96].
Interestingly, ASK1 is involved in TLR4 signaling and has
however not been shown to be essential for other TLR path-
ways (Figure 3) [97, 98].

Following the cascade of cell signaling-transducing mol-
ecules, effector molecules are also posttranslationally modi-
fied, for example, the transcription factor NFκB, which is
highly regulated (for an overview see [36]). Comparable to
other transcription factors such as AP1 and HIF1α, the
DNA binding of NFκB is regulated by specific Cys residues
that are susceptible to oxidation. The NFκB subunit p50
contains a cysteine residue in position 62 that promotes
DNA binding in its reduced form. Alkylation, oxidation,
or mutation to Ser or Ala of that particular cysteine inhibit
DNA binding. It was shown that Cys62 can undergo S-
glutathionylation and can also form a sulfenic acid [99].
Interestingly, various members of the Trx family have been
shown to be involved in NFκB regulation. Even though it
was shown that NFκB is a substrate for Trx1, Grx1,
Grx2, and Nrx, the physiological impact during cellular sig-
naling is poorly understood [1, 16, 100, 101]. Overexpres-
sion of Grx3 in T-cells on the other hand inhibited
NFκB- as well as AP1-induced gene expression [102].
Besides the DNA binding, the nuclear translocation is also
redox-regulated. Reduced Trx1 inhibits the dissociation of
the inhibitory iκB/NFκB complex. Upon dissociation of
the complex, iκB becomes phosphorylated and degraded
by the proteasome. NFκB translocates into the nucleus
(Figure 3). Apart from the regulation of transcription fac-
tors, gene expression can also be redox-regulated by, for
example, the nuclear histone deacetylase and thus by chro-
matin remodelling [103].
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3.2. Redox Regulation of Inflammatory Mediators

3.2.1. The NLRP3 Inflammasome Is Redox-Regulated. ROS
were shown to control the NLRP3 inflammasome, a multi-
protein complex that transfers the precursor of IL-1β in its
mature and active form [26]. This process was shown to be
regulated via Trx1. The cytosolic oxidoreductase binds
thioredoxin-interacting protein (Txnip), a protein that was
suggested to act as an endogenous inhibitor of Trx [104]. In
this complex, Txnip is not able to interact with and activate

NLRP3. Upon oxidation of Trx1, the Trx1-Txnip complex
dissociates and Txnip binds to NLRP3. Other mechanisms
have been proposed in the regulation of the NLRP3 that is
activated by various different stimuli, which are redox-
independent or might depend on the redox regulation by
Trx1 and Txnip [44].

3.2.2. Ectodomain Shedding by ADAM17—A Regulatory
Thiol Switch in ADAM17 in Inflammation and Tissue
Regeneration. Phagocytes release various proinflammatory
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Figure 4: Pathogen detection and ROS-dependent defence and regeneration mechanisms. Epithelial cells are constantly exposed to
pathogens. The redox state, the localisation, and the activity of different molecules and proteins are altered in the absence (a) or in the
presence (b) of pathogens. Activation of TLRs by PAMPs and Myd88 recruitment induce secretion of ATP, which functions as danger
signal and activates NOX. TLR and NOX activation both result in NFκB activation, via Myd88 or src, respectively. NFκB translocates to
the nucleus and induces the expression of, for example, chemokines such as IL-8, promoting leukocyte recruitment. Myd88 dimerizes
upon H2O2 exposure forming disulfide bridges. Src oxidation stabilizes the active conformation of the protease and the oxidation of
cysteine residues near the ATP-binding site of the EGFR enhances its activity. Extracellular ATP leads to the activation of the shedding
activity of ADAM17. ADAM17 releases soluble TNFα and ligands of the EGFR, such as TGFα and HB-EGF, from the cell surface,
whereas TNFα promotes inflammation; signaling via the EGFR leads to regeneration due to induction of cell growth and division
(mTNFα: membrane-bound TNFα; mEGFRL: membrane-bound EGFR ligands).

8 Oxidative Medicine and Cellular Longevity



mediators to promote leukocyte recruitment and activation
of the surrounding tissue. In this process, the IL-6R and the
membrane-bound precursor of TNFα are proteolytically
cleaved by ADAM17; this shedding process leads to the gen-
eration of proinflammatory acting TNFα and sIL-6R
(Figure 5). Shedding of IL-6R from apoptotic neutrophils
generates an agonist of IL-6 signaling, allowing the activation
of cells, which do not express the membrane-bound IL-6R,
but the ubiquitously expressed signaling subunits of the IL-
6 receptor complex gp130. This transsignaling mechanism
promotes the attraction of monocytic cells and inflammation
[46, 105, 106]. Moreover, ADAM17 cleaves members of the
EGFR ligand family, which are essential for their function
as growth factor and tissue regeneration [107–109]. Various
ligands of the TLR and NOXs induce the activity of
ADAM17 that is essential for immune response/inflamma-
tion and regeneration (Figure 4) [47, 83, 110, 111]. In the

healthy airway, TLR signaling can be upstream of exogenous
ATP [112, 113]. Duox1 is recruited to ATP-activated puri-
nergic P2YR, followed by association with src, which
becomes oxidized. Src in turn oxidizes and activates
ADAM17, which amplifies EGFR activation and promotes
immune defence and regeneration, involving an ERK1/2-
dependent production of the neutrophil attractant IL-8
(Figure 4) [114, 115]. Dysregulation of this pathway has been
linked to inflammatory diseases, for example, cystic fibrosis
and chronic inflammatory airway disease [116–120]. LPS-
induced activation of ADAM17 in macrophages was shown
to rely on the activity of PKCδ and p38. This activation is
TLR4- and NOX2-dependent and targets the tyrosine kinase
Mer, which inhibits inflammatory signaling during efferocy-
tosis [121]. In primary monocytes, LPS-induced activation of
ADAM17 is also mediated by ROS and p38 [122]. In hepato-
cytes, src activates NOX1, which in turn activates ADAM17
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Figure 5: Thiol switch in ADAM17. (a) (1) ADAM17 is active within lipid rafts (blue line). (2) Different stimuli induce the exposure of
phosphatidylserine (yellow stars), that interacts with the open and active conformation of the MPD. (3) This process allows ADAM17 to
bind and (4) release substrates from the cell surface, for example, soluble interleukin 6 (sIL-6R). (5) Reduced extracellular protein disulfide
isomerase PDIA6 catalyzes the disulfide isomerisation targeting the open MPD. (6) The resulting close and inactive structure of ADAM17
is not able to bind and process its substrates. (7) Membrane bound TNFα (mTNFα) is another substrate of ADAM17, (8) which is
released upon activation of ADAM17 and also promotes immune response and inflammation. (b) Primary structure of the MPD of
human ADAM17, indicating the disulfide bridges involved in the thiol switch. The linear pattern (C600–C630, C635–C640) constitutes the
active, the overlaying pattern (C600–C635, C630–C640), the inactive conformation. (c) Structural consequence of the thiol switch of
ADAM17. The red-colored part is highly flexible in the open MPD and therefore not visible in the NMR data. The right structure
represents the closed conformation of ADAM17 solved by NMR, in which the red part is packed tightly to the upper, green colored part
of the MPD.
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that releases TGFα for the stimulation of the EGFR [123].
This process is caveolin-1-dependent. ADAM17, NOX1,
and NOX2 are located and active within lipid rafts [75,
123–126]. The interaction of NOX1 and ADAM17 was
shown by coimmunoprecipitation [127]. Interestingly,
ADAM17 can also be activated by mitochondrial ROS in a
src- and PKC-independent way via the activation of the
P2Y receptor by ATP in fibroblast [128] and FAS-mediated
apoptosis in neutrophils [129]. The activation of ADAM17
by members of the NOX family appears to be dependent on
the activity of kinases such as src, PKC, p38, and/or ERK1/
2. These kinases have been previously shown to be involved
in the regulation of ADAM17, which is multilayered and only
partially understood [130–133]. Interestingly, the extracellu-
lar part of ADAM17 is a target for regulatory events. In its
mature form, the N-terminal catalytic domain is followed
by a disintegrin domain, a membrane-proximal domain
(MPD), and a conserved helical stalk region called conserved
ADAM seventeen interaction sequence (CANDIS), a single
transmembrane region and a cytoplasmic tail [134–137].
The MPD exists in two conformations that control the activ-
ity of the protease [135, 138]. A linear order of two disulfide
bridges (C600–C630 and C635–C640) leads to an open, flexible
structure, which is able to interact with the plasma mem-
brane and substrates [139, 140]. Reduced protein disulfide
isomerase (PDI), a member of the Trx protein family, cata-
lyzes the isomerisation to an overlaying pattern (C600–C635
and C630–C640) causing a close, compact structure, which
abrogates membrane binding and substrate recognition and
thereby ADAM17 activity. In line, PDIA1 and PDIA6 were
found to act as negative regulators [22, 135, 141] (Figure 5).
The thiol switch as a general posttranslational mechanism
to regulate the activity of members of the ADAM family
appears to be unlikely since ADAM17 and its closest relative
ADAM10 are atypical members of the protein family. The
other members lack the redox-regulated MPD domain and
contain a cysteine-rich and an EGF-like domain instead
[134, 136]. Therefore, no comparable posttranslational thiol
switch can be expected and indeed so far no posttranslational
regulation of these proteases via NOX, ROS in general or spe-
cific oxidoreductases has been described to our knowledge. It
is however possible that the activity of ADAM10, which con-
tains a MPD homolog to the one of ADAM17, is regulated
via a comparable thiol switch. The isolated open form of
the ADAM17-MPD can be expressed as a soluble protein
and the closed from can be obtained by refolding or by enzy-
matic catalysis by PDIs, converting the open form to the close
form. So far, no open ADAM10-MPD was obtained by
expression in E. coli (unpublished observations), indicating
that no open form exists and/or that the interaction with
the N-terminal located disintegrin domain might be tighter
and more important for the stabilization than in ADAM17.
This might point against a regulatory thiol switch of
ADAM10 and fit to the observation that the activity of
ADAM17 is more strongly regulated than the activity of
ADAM10, which can be constitutively active. However, a
thiol switch in ADAM10 cannot be excluded since reports
indicate that the shedding activity of ADAM10 can indeed
be stimulated by ROS [142, 143]. PDIs attack the CKVC

motive in theMPD of ADAM17, which is evolutionarily con-
served in vertebrates, but not present in animals such as pike,
hamadryad, or drosophila. ADAM10 on the other hand con-
tains the CHVC motif that is also conserved in evolutionary
higher animals. This indicates that during evolution with
increased complexity and potential higher risks of uncon-
trolled substrate release, a regulatory mechanism of the pro-
tease became essential. Note that the posttranslational
regulation of proteins by a thiol switch in their ectodomains
is not unique for metalloproteases. For example, CD30 con-
tains no CKVC or CHVC motive and is targeted by Trx1
which results in an altered ligand binding [144], whereas
ADAM17 becomes inactivated by the thiol switch, and β1
and β3 integrins become activated [145]. Intriguingly, this
can be catalyzed by identical PDIs, such as PDIA1 and
PDIA6. Since β1 and β3 integrins contain numerous CXXC
motives, but not a CKVC motive, PDIs may recognize differ-
ent CXXC motives.

3.2.3. The Immunomodulatory Functions of HMGB1 Are
Regulated via Three Cys Residues. HMGB1 comprises the
HMG A box essential for DNA binding, the HMG B box
essential for DNA binding and proinflammatory functions
(i.e., amino acids 89 to 108), and an acidic C-terminus
[146]. HMGB1 conducts various functions depending on its
localization. Nuclear HMGB1 is, for instance, involved in
DNA organization and gene transcription; cytosolic HMGB1
regulates the inflammasome, pyroptosis, and the autophagy/
apoptosis balance; and extracellular HMGB1 has been
described as one of the first DAMPs with proinflammatory
activities in distinct cell culture and animal models, as well
as in patients suffering from sterile or infectious inflamma-
tion (reviewed in [147]). LPS-stimulated monocytes secrete
HMGB1 nonclassically via exocytosis of secretory lysosomes
induced by lysophosphatidylcholine that is produced compa-
rably late during inflammation [148]. Interestingly, oleanolic
acid is a natural inhibitor of HMGB1 release by LPS-
stimulated RAW264.7 macrophages. Even though the exact
mechanism is not fully understood, it involves the activation
of Nrf2 that binds to the ARE of heme-oxygenase-1 [149].
HMGB1 is also released during necrosis or cell damage, how-
ever, not during apoptosis [150]. HMGB1 leakage has also
been associated with high levels of superoxide and peroxyni-
trite [151]. HMGB1 has three Cys residues in the positions
23, 45, and 106. We have recently shown that TNFα-induced
HMGB1 secretion from HEK293 cells does not depend on
the redox state of the protein [51]. Note that the translocation
from the nucleus to the cytosol depends on posttranslational
modifications such as acetylation and potentially also thiol
oxidation [152, 153]. Especially, the substrate interaction
and the distinct functions of HMGB1 are redox-regulated.
An intramolecular disulfide between Cys23 and Cys45, as
well as the reduced Cys106, located in the HMG B box, is
essential for TLR4/MD2 binding, macrophage activation,
and cytokine release. Fully oxidized, that is, three sulfonates
and fully reduced HMGB1 do not affect TLR4 signaling
[154, 155]. However, the latter shows chemotactic activity
by interacting with the chemokine CXCL12 that binds to
the chemokine receptor CXCR4. Interestingly, a redox-
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inactive mutant, containing three Ser residues instead of Cys
residues, is even more active in terms of leukocyte recruit-
ment than the fully reduced protein [151, 156, 157]. Even
though the redox state of the protein has been linked to par-
ticular substrates and functions in different compartments,
the regulation of the thiol switches of HMGB1 has not been
fully understood. It is however clear that these switches con-
stitute physiological mechanisms to regulate and modulate
the inflammatory activities of the protein. Interestingly,
HMGB1 was shown to interact with the oxidoreductase glu-
taredoxin [153] and also Trx1 was shown to be able to reduce
the intramolecular disulfide [153, 158].

3.2.4. Extracellular Redoxins Act as Immune Mediators.
Distinct members of the Trx family of proteins have been
described to be secreted in various cell and animal models,
as well as in patients suffering, for example, from inflam-
matory diseases (reviewed in [1]). Trx1 was originally
known as T-cell leukemia-derived factor that was shown
to induce the IL2 receptor [159] and the expression of var-
ious cytokines [160]. In addition, the truncated Trx80, for-
merly characterized as eosinophil cytotoxicity-enhancing
factor, has been shown to be secreted functioning as cyto-
and chemokine [161]. Apart from its cytokine and che-
moattractant functions, there are also controversial find-
ings that imply an anti-inflammatory role. One potential
mechanism could involve the regulation of the proinflam-
matory macrophage migration inhibitor factor (MIF).
Interestingly, MIF also belongs to the Trx family of pro-
teins and is involved in the innate immune response
[162]. Prx2 is a highly expressed intracellular peroxidase
that is released from myeloid cells in response to inflam-
matory stimuli. Once released from cells, Prx2 has proin-
flammatory activity, essentially behaving as a DAMP
[52]. Intriguingly, the release of Prx2 from cells under
inflammatory conditions is mediated by two types of thiol
modifications involving all three cysteine residues. Prx2 is
released from LPS-stimulated mouse macrophages in a
glutathionylated form [52]. A second thiol redox change
involves oxidation of two cysteine residues forming a
disulfide bond, which induces protein dimerization and
results in its release from the cell via exosomes [51].
Mutation of either one of the Cys residues involved in
the disulfide bridge prevents secretion of the enzyme.
Recombinant Prx2 is able to stimulate the release of TNFα
from both mouse macrophages and primary human
monocytes [51, 52]. Prx1 is also released from mouse mac-
rophages in response to LPS. It was detected in the secre-
tome of LPS-stimulated cells in a glutathionylated form and
also exhibits the reliance on Cys oxidation for the release
from cells. Thus, it appears that redox modulation regulates
the release of these enzymes from cells contributing to the
local inflammatory response. In addition, redox changes pro-
vide a novel mechanism by which proteins are processed for
export from cells during inflammation, at least for Prx1 and
2. As such, there is the potential for the development of novel
therapeutic strategies for modulating the redox environment
in order to dampen the inflammatory response. Note that
also Trx1 was detected in the proteomic analysis.

4. Clinical Significance

Biomarkers for inflammatory disorders include oxidative
modifications of DNA, proteins, and lipids and have been
reviewed in [25]. Even though the redox state of particular
proteins is not easily accessible in patient material due to a
general lack of specific tools, the expression, localization,
and activity of redox enzymes, for example, Trx family pro-
teins have been studied in various diseases (Table 2) [1].
Moreover, different redox enzymes have been identified as
potential targets for therapy in a number of diseases, includ-
ing inflammatory disorders. The neutrophil-derived myelo-
peroxidase is known as one of the most potent oxidant-
producing proteins. Increased MPO activity and excessive
production of hypochlorous acid contribute to chronic
inflammation and organ damage in many tissues [163,
164]. Elevated expression was described in cardiovascular
disease [165, 166], presumably due to its oxidation of low-
and high-density lipoprotein [167], as well as rheumatoid
arthritis [168]. MPO also seems to be a risk factor in heart
failure and acute coronary syndrome [169]. In tracheal aspi-
rates, elevated levels of chlorinated proteins, trace markers of
MPO activity, are believed to contribute to chronic lung
infection in infants [170]. Accordingly, many studies have
been conducted in search of nontoxic, reversible MPO inhib-
itors preferably binding the native protein [171–173]. Inter-
estingly, neutrophil extracellular traps are decorated with
active MPO [174] and are associated with chronic inflamma-
tion in many diseases too [175]. Neuron-derived MPO seems
to contribute to Alzheimer’s disease, a neurodegenerative
disorder that has also been linked to neuroinflammation
[176]. It is worth mentioning that elevated MPO activity is
associated with an overall better outcome in specific cancer
chemotherapy [177]. However, MPO is tightly linked to
many clinical observations but redox signaling pathways
beyond localized HOCl-mediated oxidation remain to be
studied in most pathologies.

The heme protein lactoperoxidase is found in secretion
liquids such as tears, milk, and saliva [178]. Saliva in particu-
lar has been thoroughly investigated in different oral diseases.
The effect of orally administered LPO was weak on periodon-
titis and bacteriological profile [179]. However, LPO activity
itself seems to be increased in periodontitis [180] although
thiocyanate is not increased in this disease [181]. There is
no association between recurrent aphthous stomatitis and
salivary thiocyanate levels [182] but patients with aphtous
ulcers have significantly lower oral LPO levels [183]. Xylitol
increases oral LPO activity but not thiocyanate levels, and
this may account for the cariostatic effect of xylitol. Also,
compounds with a 3,4-dihydroxyphenyl structure signifi-
cantly enhance LPO activity [184] but the clinical implication
of this finding remains to be elucidated. Frequent tobacco
consumption puts people at risk for oral cancer [185]. Saliva
levels of thiocyanate are strongly increased in smokers [186]
whereas LPO activity is blocked by tobacco smoke [187].
Whether LPO is crucial in oral carcinogenesis currently
remains unknown.

The seven NOX members generate superoxide and sec-
ondarily H2O2. In chronic granulomatous disease, that is, a
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Table 2: Clinical implications of redox enzymes.

Protein Reactive species Pathology Levels/role Reference

Myeloperoxidase
Production of

hypochlorous and
hypobromous acid

Alzheimer’s disease,
Parkinson’s disease

Beneficial [172, 258]

Arteriosclerotic plaques Increased [259]

Breast cancer and
chemotherapy

Activity increased/beneficial [177]

Cardiovascular disease Increased (plasma) [165]

Chronic lung infection
in preterm infants

Increased (tracheal aspirates) [170]

Rheumatoid arthritis Increased (plasma, synovial fluid) [168]

Lactoperoxidase
Production of

hypothiocyanate
Chronic peridontitis

Oral LPO administration had
no effect on disease

[179]

Peridontitis in diabetes
mellitus type I

Activity increased (saliva) [180]

Recurrent aphtous stomatitis Decreased (saliva) [183]

Smoking Activity decreased (saliva) [187]

NADPH oxidase
Production of superoxide
and secondary hydrogen

peroxide
Acute myocardial infarct

Increased (heart tissue), activity
increased (heart tissue), increased

(saphenous vein)
[192–194]

Cardiovascular disease Increased (serum)/detrimental [202]

Chronic granulomatous
disease

Activity decreased (peripheral
blood neutrophils)/detrimental

[189]

Diabetes nephropathy Increased/phase II trial completed [199]

Melanoma
Similar (melanoma tissue)/no
correlation with invasiveness

[201]

Retinopathy Increased/detrimental [260]

Nitric oxide
synthase

Production of nitric oxide Asthma
Inhibition detrimental/inhibition
beneficial/inhibition had no effect

[224–226]

Breast cancer Increased/none [234]

Head and neck cancer
Increased/detrimental

(in respective cancer tissue)
[235]

Heart disease and rejected
transplants

Increased (heart tissue) [228–232]

Melanoma Increased/detrimental [233]

Migraine
Inhibition beneficial/inhibition

had no effect
[220–222]

Rheumatoid arthritis Increased/inhibition beneficial [227]

Sepsis
Inhibition detrimental/beneficial/no

effect (serum)
[213–217]

Peroxiredoxins
Decomposition of H2O2,

redox signaling
Alzheimer’s disease

Prx1/Prx2 increased (brain tissue),
Prx2 activity decreased (blood),
Prx3 decreased (brain tissue)

[241–243, 248]

Cataracts Prx6 decreased (eye tissue) [250]

Diabetes mellitus type II Prx4 increased (serum) [252]

Diabetic retinopathy Prx1 increased (vitreous biopsy) [251]

Glaucoma Prx6 increased (eye tissue) [249]

Lung cancer
Prx1 increased, Prx3 increased

(cancer tissue)
[254, 255]

Parkinson’s disease Prx2 increased [244]

12 Oxidative Medicine and Cellular Longevity



group of hereditary defects that result in an increased suscep-
tibility to various bacterial and fungal infections, a functional
NOX attenuation leads to life-threatening infections [188].
Hereby, the degree of attenuation governs patient prognosis
[189]. Genetic defects in components of NOX2 have been
linked to chronic granulomatous disease [69, 84, 190].
NOX proteins have been associated with cardiovascular risk
factors contributing to atherosclerosis, vascular dysfunction,
hypertension, vascular hypertrophy, and thrombosis [191].
An upregulation of NOX2 was detected upon myocardial
infarct in cardiomyocytes [192] and in failing, however not
in nonfailing hearts [193] as well as in saphenous veins of
patients with heart failure [194]. NOX2-enriched veins may
contribute to endothelial dysfunction [195]. Accordingly,
targeting NAPDH oxidases in cardiovascular disease was
suggested to be of clinical benefit [196]. NOX can be activated
in the blood vessel walls via angiotensin II [197] causing car-
diovascular disease [198]. NOX is also a target in diabetic
nephropathy [199], and an orally administrable inhibitor
(GKT137831) has completed phase 2 trial (NCT02010242)
but results have not yet been published. NOX1 inhibition is
also a therapeutic strategy against hypertension [200] that is
tested in clinical trials for cardiovascular conditions [201].
Particularly, the NOX inhibitor Dextromethorphan reduced
hypertension in a multicenter trial [202]. In malignancies,
NOX4 is elevated in brain, colorectal, gastric, lung, and pan-
creatic cancer [203]. Accordingly, NOX enzymes also consti-
tute promising targets in cancer therapy [204]. Gentian
violet, a NOX1 inhibitor, showed promising effects in the pal-
liation of a melanoma patient [205]. Yet, NOX1 does not cor-
relate with melanoma invasiveness [201]. This substance was
also successfully used to treat the inflammatory skin condi-
tion erythema multiforme [206].

The importance of NO.in human health was first sug-
gested in human ileostomy effluents showing elevated nitrite
concentrations [207]. Its role in acute and chronic inflamma-
tion [208] has been investigated ever since [209]. Elevated
levels of NO contribute to pathologies linked to inflamma-
tion, for example, asthma, arthritis, multiple sclerosis, trans-
plant rejection, stroke, and neurodegenerative diseases
[30, 210]. Glucocorticoids inhibit NOS [211] and thereby
production of NO• that has been implicated in sepsis [212].
However, clinical trials on NOS inhibition gave inconclusive
results demonstrating either a negative [213], a positive
[214], or no effect [215] on survival of septic patients.
Short-term improvement was shown following methylene
blue administration [216] whereas LNNA was ineffective
[217]. NOS inhibition with L-arginine analogues such as

LNMMA gave a more confident response with regard to car-
diovascular parameters in septic patients [218]. However, the
mortality rate in a phase III trial was elevated [219]. Nonethe-
less, this substance was shown to be effective in treating
migraine attacks in a placebo-controlled clinical study
[220]. Clinical trials using the NOS inhibitor GW274150
did not confirm these results, neither as early intervention
[221] nor in a prophylactic therapy [222]. NOS genotype
(high numbers of trinucleotides) and exhaled NO• are associ-
ated with asthma [223]. The NOS inhibitor L-NIL-TA
strongly reduced the amount of exhaled NO• in asthmatic

patients without measurable vascular side effects [224]. This
finding was confirmed in another clinical trial using
GW274150 with no significant improvement of the asth-
matic symptoms [225]. Administration of LNMMA ampli-
fied bradykinin-induced asthma in volunteers [226].
GW274150 also reduced synovial joint thickness and vascu-
larity in patients with rheumatoid arthritis [227]. In general,
NOS is linked to heart disease [228]. NOS is elevated in heart
tissue of patients experiencing hibernating myocardium
[229], in transplanted coronary arteries [230], in rejected
transplants [231], and in tissue from human heart failure
[232]. NOS expression also promotes melanoma cell prolifer-
ation and is associated with poor patient survival [233]. In
breast cancer [234] but not head and neck cancer [235],
NOS expression corresponds to stage and invasiveness.

Oxidants have long been suggested to play a role in the
central nervous system [236]. Inflammation is a key event
in the onset and stage of brain disease, such as multiple scle-
rosis [237]. Prx1 is expressed in glial cells, whereas Prx2
expression was predominantly found in neurons [238–240].
The expression levels of both Prx1 and Prx2 are elevated in
patients suffering from Alzheimer’s disease [241, 242]; more-
over, Prx2 and Prx6 are more oxidized in the brain [243].
Additionally, Prx2 peroxidase activity was found to be inhib-
ited by S-nitrosylation [244] and phosphorylation [245] in
Alzheimer’s disease. Prx2 expression is also increased in
Parkinson’s disease [246, 247], whereas the Prx3 expression
is decreased in the latter [248]. Prx expression is also regu-
lated in ocular pathologies. Alongside with inflammation,
Prx6 is increased in the trabecular meshwork in glaucoma
patients [249] and correlates negatively with severity of cata-
racts [250]. Diabetic retinopathy is associated with elevated
levels of Prx1 [251], with the diabetic risk being associated
with increased serum concentrations of Prx4 [252]. Peroxir-
edoxins are regulated in cancer, a condition that heavily
modulates the inflammatory environment to enhance growth
[253]. Tissue and serum of lung cancer patients showed
elevated levels of Prx1 and Prx3, respectively [254, 255].
Autoantibodies against Prx6 have also been shown to be of
prognostic value in esophageal cancer [256]. So far, no
therapeutic strategies to target Prxs were conducted.

5. Future Perspective

It is of great interest to understand the mechanisms of cellu-
lar signaling and how they are regulated under physiological,
but generally also under pathological conditions. Even
though it has been established that redox regulation and oxi-
dative Cys modifications are essential for signal transduction
and cellular processes, the identification and characterization
of specific thiol switches and their enzymatic regulation con-
stitute a big challenge in the field. Particularly, the field lacks
time- and spatial-resolved in vivo techniques for the analysis
of (i) the levels and distribution of different ROS and RNS,
(ii) the particular redox state of proteins, and (iii) the impact
of redox signaling on complex signaling circuits and net-
works. The innate and the adaptive immune responses are
tightly controlled and depend on the enzymatic production
of superoxide, hydrogen peroxide, hydrogen sulfide, and
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nitric oxide. However, not many redox-regulated protein
substrates are known. Future research will identify these sub-
strates and particular thiol switches, including intracellular,
as well as membrane and extracellular proteins and the
underlying regulatory mechanisms. Intriguingly, the extra-
cellular space contains redox-active enzymes and molecules
such as glutathione. It is tempting to speculate that the
inflammatory response does not only constitute intracellular
redox-signaling cascades but also depends on extracellular
signal transduction within the microenvironment of distinct
cell types.
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Background. The interaction of asbestos with macrophages drives two key processes that are linked to malignancy: (1) the
generation of reactive oxygen species (ROS)/reactive nitrogen species (RNS) and (2) the activation of an inflammation cascade
that drives acute and chronic inflammation, with the NLRP3 inflammasome playing a key role. Synthetic secoisolariciresinol
diglucoside (SDG), LGM2605, is a nontoxic lignan with anti-inflammatory and antioxidant properties and was evaluated for
protection from asbestos in murine peritoneal macrophages (MF). Methods. MFs were exposed to crocidolite asbestos±LGM2605
given 4 hours prior to exposure and evaluated at various times for NLRP3 expression, secretion of inflammasome-activated
cytokines (IL-1β and IL-18), proinflammatory cytokines (IL-6, TNFα, and HMGB1), NF-κB activation, and levels of total
nitrates/nitrites. Results. Asbestos induces a significant (p < 0 0001) increase in the NLRP3 subunit, release of proinflammatory
cytokines, NLRP3-activated cytokines, NF-κB, and levels of nitrates/nitrites. LGM2605 significantly reduced NLRP3 ranging
from 40 to 81%, IL-1β by 89–96%, and TNFα by 67–78%, as well as activated NF-κB by 48-49% while decreasing levels of
nitrates/nitrites by 85–93%. Conclusions. LGM2605 reduced asbestos-induced NLRP3 expression, proinflammatory cytokine
release, NF-κB activation, and nitrosative stress in MFs supporting its possible use in preventing the asbestos-induced
inflammatory cascade leading to malignancy.

1. Introduction

Recent studies have indicated that the pathogenesis of
asbestos-induced cancers involves chronic inflammation
which is facilitated by the cytokines interleukin-1 beta (IL-
1β), the chemokine tumor necrosis factor alpha (TNFα),
and high mobility group box-1 (HMGB1) and eventual
oxidative tissue damage caused by persistent asbestos fibers
[1, 2]. Inhaled asbestos fibers permeate into the lung and ulti-
mately to the pleural surface, where they are taken up by

tissue phagocytes, primarily macrophages [3, 4]. Macro-
phages exposed to asbestos then undergo frustrated phagocy-
tosis of elongated fibers [5]. Frustrated phagocytosis of
asbestos fibers by macrophages and mesothelial cells gener-
ates intracellular reactive oxygen species (ROS) and reactive
nitrogen species (RNS) which, besides being deleterious due
to direct oxidative damage, also activate proinflammatory
transcription factors such as NF-κB, leading to the genera-
tion of numerous proinflammatory cytokines. Furthermore,
oxidants and inflammatory moieties contribute to DNA
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damage and ultimately lead to malignant transformation of
mesothelial cells [6]. Asbestos-activated macrophages also
contribute to tumorigenesis by overproduction of ROS/RNS
that can in turn induce further DNA damage and lead
to potential genomic instability [7]. Work by Yang and
coworkers expanded the old hypothesis of ROS-induced
tumorigenesis to attribute a key role for HMGB-1 in this
process [8].

Inflammation plays a key role in the pathology of
asbestos-induced lung cancers; indeed, asbestos-induced
inflammation is considered to be a critical event in the devel-
opment of malignant mesothelioma (MM) [9, 10]. This
inflammation has largely been attributed to the activation
of the NF-κB and subsequent induction of inflammatory
genes. Lately, there is increasing evidence of a role for the
activated NLRP3 inflammasome in sustaining and amplify-
ing inflammation caused by asbestos [11–13].

The NLRP3 inflammasome is part of the innate immune
system. The NLRP3 subunit is a receptor on immune and
other cells and forms a macromolecular complex in response
to external stimuli. This complex, which is comprised of the
NLRP3 subunit and adaptor proteins, functions as a scaffold
for inactive caspase-1 that is activated upon binding to the
inflammasome. Active caspase-1 cleaves the proinflamma-
tory IL-1 family of cytokines into their bioactive forms, IL-
1β and IL-18. These active cytokines are primary drivers of
cell death and inflammation. We have shown in our previous
work [14] that LGM2605 inhibits asbestos-induced cell death
in murine macrophages.

Thus, a well-tolerated and safe agent with anti-
inflammatory properties that targets the NLRP3 inflammasome
could potentially be used to prevent the onset of inflammation
signals that lead to the development ofmalignantmesothelioma
(MM) in asbestos-exposed populations. MM is on the rise
across the US and Western Europe [15] with more than 7000
reported cases annually. This necessitates the identification of
a protective agent which can block the pathology of MM.

Previous studies in various models of inflammation-
induced lung disease, including ischemia/reperfusion [16]
and radiation-induced fibrosis [17], suggested that the flax-
seed lignan secoisolariciresinol diglucoside (SDG) has these
requisite anti-inflammatory and antioxidant properties
[18, 19]. We thus hypothesized that SDG or an SDG-rich
flaxseed lignan component (FLC) formulation administered
via the diet might be useful in the chemoprevention of
asbestos-induced malignant mesothelioma and have begun
a series of studies to test the validity of this idea. Earlier, we
carried out an in vivo study in which we evaluated the useful-
ness of an FLC-supplemented diet in a murine model of acute
asbestos-induced peritoneal inflammation. Three days after
intraperitoneal instillation of asbestos into mice, we observed
both inflammation and oxidative/nitrosative stress in the
peritoneal fluid. The FLC diet led to marked reductions in
total white blood cell influx and proinflammatory IL-1β,
IL-6, TNFα, and HMGB1 cytokine release [20].

These findings indicated a protective role for SDG-rich
formulations in asbestos-induced inflammation; however,
the mechanisms or cell types that conferred this protection
were not clear. The contribution of the main flaxseed lignan,

that is, the purified compound SDG, was also not known. The
effect of SDG in combating asbestos-induced inflammation
signaling needs to be studied to facilitate the use of SDG as
a preventive or protective agent against asbestos-induced
lung damage. SDG was chemically synthesized (LGM2605)
by a proprietary pathway [18], to enable evaluation through
animal testing in anticipation of eventual clinical usefulness.
Synthetic secoisolariciresinol diglucoside (SDG), LGM2605,
is a nontoxic lignan with anti-inflammatory and antioxidant
properties and was evaluated for protection from asbestos in
murine peritoneal macrophages (MF). LGM2605 was found
to be similar to natural SDG (extracted from whole grain
flaxseed), acting as a free radical scavenger and an antioxi-
dant, with DNA-protective activity [19]. Importantly, our
recent study also found that LGM2605 possessed potent cell
protective properties [21] and, when tested on asbestos-
activated elicitedmurinemacrophages, it induced cell protec-
tive defenses, such as cellular Nrf2 activation and the expres-
sion of phase II antioxidant enzymes, HO-1 and Nqo1, and
reduced asbestos-induced ROS generation and markers of
oxidative stress [14]. Thus, we carried out the present study
to determine whether inhibition of inflammasome activation
was implicated in the mechanism of LGM2605 protection
from asbestos exposure of macrophages. Our objectives were
(1) to characterize the inflammatory pathway triggered in
murine peritoneal macrophages following asbestos exposure,
(2) to evaluate the effect of LGM2605 in modulating this
inflammation, and (3) to evaluate the chemopreventive
properties of LGM2605 by determining whether it acts via
inhibition of asbestos-induced inflammasome activation.

2. Materials and Methods

2.1. Harvesting of Murine Peritoneal Macrophages. Murine
peritoneal macrophages (MF) were harvested from the peri-
toneum following elicitation using thioglycollate broth
according to the method described by Zhang et al., [22]
whereby a uniform MF population is obtained. Mice were
used at 13 weeks of age under animal protocols approved
by the Institutional Animal Care and Use Committee
(IACUC) of the University of Pennsylvania (Philadelphia,
PA). Animals were housed in conventional cages under stan-
dardized conditions with controlled temperature and humid-
ity, and a 12-12-hour day-night light cycle. Animals had free
access to water and mouse chow. Mice were injected, via
intraperitoneal (IP) injection, with 1ml of a 3% solution of
thioglycollate broth in 0.5ml phosphate-buffered saline
(PBS). Three days following thioglycollate exposure, mice
were euthanized using an overdose of ketamine (160mg/
kg) and xylazine (25mg/kg). Peritoneal lavage (PL) was then
performed through a 20-gauge angiocatheter (BD Pharmin-
gen, San Diego, CA, USA), with the intraperitoneal instilla-
tion of 3ml Hank’s balanced salt solution (HBSS, Ca2+,
Mg2+ free). An aliquot of peritoneal lavage fluid (PLF) was
immediately separated to measure total cell counts (cells/ml
PLF) using a Coulter Cell and Particle Counter (Beckman
Coulter, Miami, FL, USA). Murine peritoneal macrophages
were pooled and plated in 1ml of cell culture medium (phe-
nol-free RPMI supplemented with 1% FBS and supplemented
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with penicillin (100 units/ml) and streptomycin (100μg/ml)
and L-glutamine (2mm)) in a 6-well plate (2× 106 cells/well)
and allowed to adhere to the bottom of the wells. Overall, 10–
20 million cells are obtained from each mouse. Elicited peri-
toneal macrophages were used to determine the effects of
LGM2605 in preventing asbestos-induced inflammasome
activation, cytokine secretion, antioxidant response, and
asbestos-induced cytotoxicity.

2.2. Crocidolite Asbestos Exposure. Elicited peritoneal macro-
phages were exposed to sterile UICC crocidolite (SPI
Supplies, West Chester, PA, USA) asbestos fibers that were
baked overnight, resuspended in 1X PBS at a stock concen-
tration of 800μg/ml, and sonicated for 30 minutes. The solu-
tion of asbestos fibers was exposed to ultraviolet light prior to
use in cell culture experiments. For all experiments, murine
peritoneal macrophages were exposed to crocidolite asbestos
fibers at a concentration of 20μg/cm2 based on our previous
studies [14].

2.3. LGM2605 Exposure. Chemical synthesis of secoisolaricir-
esinol diglucoside has been previously described [18]. Briefly,
LGM2605 was synthesized from vanillin via secoisolariciresi-
nol and a glucosyl donor (perbenzoyl-protected trichloroace-
timidate under the influence of TMSOTf) through a concise
route that involved chromatographic separation of diastereo-
meric diglucoside derivatives. LGM2605 was reconstituted to
a stock concentration of 10mM, and cells were exposed to
50μM LGM2605 4 hours prior to asbestos exposure (see
Figure 1). The 50μM dose of LGM2605 exposure was selected
based on an earlier study in which this dose was sufficient to
diminish asbestos-induced ROS generation by macrophages
to levels that were comparable to naïve macrophages [14].

2.4. Microscopic Visualization of the NLRP3 Subunit of the
Inflammasome in Murine Macrophages by Fluorescence
Imaging. Elicited murine peritoneal macrophages exposed
to crocidolite asbestos fibers at a concentration of 20μg/cm2

were assessed for induction of the NLRP3 inflammasome
24 hours following asbestos exposure. This was done by
fixing the cells (1 : 1 methanol-acetone fixation) and immu-
nostaining for the NLRP3 subunit by using polyclonal anti-
NLRP3 primary antibody (catalogue number 15101S, Cell

Signaling Technology, Danvers, MA, USA) and the goat
anti-rabbit-Alexa 488 secondary antibody (Abcam,
Cambridge, MA, USA) followed by imaging on a Zeiss
LSM510 scanning laser microscope. All images were
acquired at the same exposure and offset settings using
LSM Metamorph Imaging® software (Molecular Devices,
Sunnyvale, CA, USA). The fluorescent images of cells were
processed and quantitated for NLRP3 expression by the use
of ImageJ software (NIH). The intensity of cells in each field
was integrated to obtain the total fluorescence intensity of a
particular field. Three to four fields were imaged for each
condition (control, LGM2605 only, asbestos treated, asbes-
tos, and LGM2605) for n = 3 independent experiments.

2.5. Determination of Asbestos-Induced Proinflammatory
Cytokine Release from Murine Peritoneal Macrophages.
Levels of proinflammatory cytokines, IL-1β, IL-6, IL-18,
tumor necrosis factor alpha (TNFα), and high mobility group
box 1 (HMGB1), were determined in cell culture medium at
multiple time points post asbestos exposure (0, 0.5, 1, 2, 4, 6,
8, 12, and 24 hours post asbestos) using enzyme-linked
immunosorbent assays (ELISA). Samples were run undiluted
in triplicate, and assays were performed according to manu-
facturer’s instructions. Levels of IL-1β, IL-6, IL-18, and
TNFα are reported as picograms per milliliter (pg/ml) of cul-
ture medium, and levels of HMGB1 released into the culture
medium are reported as nanograms per milliliter (ng/ml).
ELISA kits (TNFα and IL-1β) were purchased from BD biosci-
ences (San Jose, CA, USA), MBL International (Woburn, MA,
USA) (mouse IL-18 ELISA Kit), R&D systems (Minneapolis,
MN, USA) (mouse IL-6 Quantikine ELISA Kit), and
Chondrex Inc. (Redmond,WA, USA) (HMGB1Detection Kit).

2.6. Analysis of Nitrate/Nitrite Levels in Cell Culture Medium.
Levels of nitrates and nitrites, metabolites of nitric oxide, in
the culture medium were determined using a nitrate/nitrite
colorimetric assay kit (Cayman Chemical, Ann Arbor, MI,
USA) according to the manufacturer’s protocol. The assay
kit quantifies levels of total nitrates/nitrites (stable break-
down products of nitric oxide) by first converting nitrates
to nitrites using nitrate reductase and then measuring total
nitrites by adding Greiss Reagent to the reaction mixture,
which produces a purple azo compound in the presence of

50 �휇M

(LGM2605)

Time
(hour)

‒4

0.5

0 +24+12+10
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Figure 1: The LGM2605 pretreatment regimen used in this study. Macrophages subjected to asbestos exposure with or without LGM2605.
Elicited murine peritoneal macrophages were exposed to 50 μM LGM2605 4 hours prior to exposure to crocidolite asbestos fibers
(20 μg/cm2). Culture medium and cells were harvested at 0, 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 hours post asbestos exposure.
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nitrites that can be measured spectrophotometrically. The
absorbance of the azo chromophore was measured at
540nm measured using a SpectraMax i3x Multi-Mode
microplate reader (Molecular Devices, Sunnyvale, CA,
USA). Cell culture medium samples were run undiluted,
and the data are reported as the concentration (μM) of total
nitrate/nitrites in the cell culture medium.

2.7. NF-κB Transcription Factor Analysis. The presence of
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) p65 subunit was determined in nuclear extracts
isolated from macrophages exposed to asbestos and har-
vested at 1, 2, 4, 6, 8, and 12 hours post asbestos exposure.
Cytoplasmic and nuclear extracts were prepared using a
commercially available nuclear extraction kit (Cayman
Chemical, Ann Arbor, MI, USA). Transcription factor assay
kits (Cayman Chemical, Ann Arbor, MI, USA) were used
to detect nuclear NF-κB. The transcription factor assay kits
utilize a specific double-stranded DNA sequence containing
the NF-κB response element. The data are reported as the
ratio of the absorbance at 450nm (OD450) to the protein
extract concentration (μg).

2.8. RNA Isolation and Gene Expression Analysis. Total RNA
was isolated from murine peritoneal macrophages using a
commercially available kit, RNeasy Plus Mini Kit, supplied
by Qiagen (Valencia, CA, USA). Total RNA was quantified
using a NanoDrop 2000 apparatus (ThermoFisher Scientific,
Waltham, MA, USA). Reverse transcription of RNA to
cDNA was then performed on a Veriti® Thermal Cycler
using the high capacity RNA to cDNA kit supplied by
Applied Biosystems. Quantitative polymerase chain reaction
was performed using TaqMan® Probe-Based Gene Expres-
sion Assays supplied by Applied Biosystems, Life Tech-
nologies (Carlsbad, CA, USA). Individual TaqMan gene
expression assays were selected for proinflammatory cyto-
kines (IL-1β, IL-6, IL-18, TNFα, and HMGB1), for inducible
nitric oxide synthase (iNOS) and for NF-κB. Quantitative
real-time PCR was performed using 50 ng of cDNA per
reaction well on a StepOnePlus™ Real-Time PCR System
(Applied Biosystems, Life Technologies, Carlsbad, CA,
USA). Gene expression data were normalized to β-actin
RNA housekeeping gene and calibrated to the control
samples (CTL at time 0) according to the ΔΔCT method as
previously described [14].

2.9. Western Blot Analysis. Immunoblot analysis of murine
peritoneal macrophages at 0, 8, and 24 hours post asbestos
exposure was performed as previously described [21] using
primary antibodies against NLRP3 (catalogue number
15101S, Cell Signaling Technology, Danvers, MA, USA)
and iNOS (catalogue number 13120, Cell Signaling
Technology, Danvers, MA, USA). Membranes were devel-
oped using Western Lighting Chemiluminescence Reagent
Plus (PerkinElmer Life Sciences, Boston, MA, USA) and
quantified by densitometric analysis of 110 kDa band for
NLRP3 and 130 kDa band for iNOS. Densitometric analysis
of western blots with β-actin normalization of protein

expression was performed using Gel-Pro Analyzer software
(version 6.0, MediaCybernetics, Silver Spring, MD, USA).

2.10. Statistical Analysis. All data were analyzed using two-
way analysis of variance (ANOVA) to test for the main effects
of time and treatment on study outcome measures. Posttests
(Tukey’s multiple comparison tests) were conducted analyz-
ing significant differences among treatment groups (CTL,
LGM2605, ASB, and ASB+LGM2605) within each respec-
tive time point. Statistically significant differences were deter-
mined using GraphPad Prism version 6.00 for Windows,
GraphPad Software, La Jolla, California, USA. Results are
reported as mean± the standard error of the mean (SEM)
from three separate experiments. Levels of target gene
mRNA are reported as the mean fold change± SEM from
CTL macrophages at time 0 (not exposed to asbestos and
not treated with LGM2605). Statistically significant differ-
ences were determined at p value < 0.05.

3. Results

To determine the usefulness of LGM2605 in preventing
asbestos-induced inflammation and oxidative cell damage,
we utilized elicited murine peritoneal macrophages (MFs)
as a model of tissue phagocyte response to the presence of
asbestos in the pleural space using a regimen as outlined
in Figure 1.

3.1. LGM2605 Blunts the Asbestos-Induced Expression of the
Inflammasome. The NLRP3 subunit of the inflammasome
was observed to be expressed at low levels in naïve cells (green
fluorescence). Upon asbestos treatment, NLRP3 expression
increased significantly (p < 0 05) as observed from the
increased green fluorescence intensity in cells (Figures 2(a)
and 2(b)). Green fluorescence was reflective of the expression
of the NLRP3 subunit, while propidium iodide was used to
delineate the nuclei of the cells. The fluorescence signal was
along the cell membrane and also within intracellular struc-
tures. Pretreatment with LGM2605 reduced NLRP3 expres-
sion (by 40–81%) to levels comparable to untreated cells.

Induction of the inflammasome by asbestos and inhibi-
tion by LGM2605 were also confirmed by Western blot-
ting (Figures 2(c) and 2(d)). Specifically, levels of NLRP3
increased on average 1.63± 0.06-fold over control at 24
hours post asbestos exposure. LGM2605 treatment signifi-
cantly (p < 0 01) reduced asbestos-induced NLRP3 expres-
sion (1.11± 0.09-fold over control). Data are presented as
mean± SEM.

3.2. LGM2605 Blunts the Asbestos-Induced Release and
Expression of Inflammasome-Activated Cytokines. Asbestos
exposure has been reported to activate the NLRP3 inflamma-
some and lead to the production and release of proinflamma-
tory cytokines, IL-1β and IL-18 [11, 12]. Levels of IL-1β and
IL-18 thus were determined up to 24 hours post asbestos
exposure, along with their respective gene expression levels
(Figure 3). Minimal IL-1β or IL-18 was released by control
(nonasbestos treated) cells or by cells treated with LMG2605
alone. Levels of IL-1β rapidly increasedwithin thefirst 6 hours
post asbestos exposure (from 4.04± 0.13 pg/ml at baseline
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to 586.13± 4.61 pg/ml) and then plateaued through 24 hours
(Figure 3(a)). Levels of IL-18 increased linearly over time up
to 24 hours post asbestos (from 1.65± 0.10 pg/ml at baseline
to 424.62± 8.80 pg/ml) (Figure 3(c)). Pretreatment with
LGM2605 significantly (p < 0 0001) reduced levels of IL-1β
(Figure 3(a)) and IL-18 (Figure 3(c)) by 89–96% and
84–95%, respectively. We also determined mRNA levels of
IL-1β and IL-18 from treated macrophages at 8 and 24 hours
post asbestos exposure. Although gene expression levels of
both IL-1β and Il-18 were elevated (mean fold change

ranging from 1.58- to 2.26-fold increase from CTL at
time 0), treatment with LGM2605 significantly (p < 0 05)
reduced levels of both IL-1β and Il-18 (by ~89–96%), similar
to baseline values (Figures 3(b) and 3(d)). Data are presented
as mean± SEM as well as activated NF-κB by 48-49% while
decreasing levels of nitrates/nitrites by 85–93%.

3.3. Asbestos-Induced Proinflammatory Cytokine Release and
Expression Is Ameliorated by LGM2605. The inflammatory
response post asbestos exposure was further characterized
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Figure 2: LGM2605 blocks the induction of the NLRP3 subunit of the inflammasome. Murine peritoneal macrophages exposed to LGM2605
4 hours prior to exposure to asbestos fibers were assessed for NLRP3 inflammasome by monitoring the induction of the NLRP3 subunit
(green fluorescence) by laser scanning fluorescence microscopy at 24 hours as compared to 0 hours (a). A nuclear stain in the form of
propidium iodide (PI) was used to delineate the cells. Magnification 200x; scale is 10μm. Enlarged inset is at magnification 600x; scale is
30μm. Grey arrows indicate asbestos fiber engulfed by the macrophage. Quantification of NLRP3 immunostaining (b). Date are presented
as arbitrary fluorescence units and as mean± SEM. Protein levels of the NLRP3 subunit of the inflammasome were evaluated by Western
blotting for NLRP3 (c and d). (c) depicts a representative Western blot from three separate experiments at 24 hours. (d) displays
mean± SEM fold change of NLRP3 from CTL. ∗Statistically significant difference (p < 0 05) between ASB- and CTL-treated cells.
#Statistically significant difference (p < 0 05) between ASB- and ASB+ LGM2605-treated cells.
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by determining the protein and mRNA levels of the proin-
flammatory cytokines IL-6, TNFα, and HMGB1 (Figure 4).
Minimal amounts of IL-6, TNFα, and HMGB1 were released
by control (nonasbestos treated) cells or by cells treated with
LMG2605 alone. Protein levels of IL-6 (Figure 4(a)) and
TNFα (Figure 4(c)) peaked at 24 hours post asbestos
exposure (455.99± 3.03 and 695.34± 5.80 pg/ml, resp.) and
were significantly (p < 0 0001) reduced by 62 and 66%,
respectively, among macrophages treated with LGM2605
(172.98± 2.76 and 227.89± 3.30 pg/ml, resp.). Although the
asbestos-induced increase in levels of IL-6 and TNFα
followed similar kinetics, levels of HMGB1 peaked 30
minutes post asbestos exposure (39.85± 1.12 ng/ml) and

gradually decreased over time (16.24± 0.25 ng/ml at 24
hours post asbestos) (Figure 4(e)). The initial increase in
HMGB1 at 30 minutes post asbestos exposure was signifi-
cantly (p < 0 0001) reduced by LGM2605 (ranging from 73
to 75%). Additionally, although levels of IL-6 (Figure 4(b)),
TNFα (Figure 4(d)), and HMGB1 (Figure 4(f)) mRNA from
asbestos-exposed macrophages were significantly (p < 0 05)
elevated (1.92-, 5.81-, and 1.87-fold) from untreated macro-
phages at 24 hours post asbestos exposure, mRNA levels from
LGM2605-treated macrophages (1.25-, 2.10-, and 1.00-fold
from control, resp.) were significantly (p < 0 05) decreased
from mRNA levels of asbestos-only-exposed macrophages.
Data are presented as mean± SEM.
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Figure 3: Inflammasome activation following asbestos exposure leads to IL-1β and IL-18 secretion via activated caspase-1. Release of IL-1β
(a) and IL-18 (c) was determined at 0, 1, 2, 4, 6, 8, 12, and 24 hours post asbestos exposure. Samples were run undiluted in triplicate, and
cytokine concentrations (pg/ml) are presented as mean± SEM. Macrophage mRNA expression of IL-1β (b) and IL-18 (d) was determined
at 0, 8, and 24 hours post asbestos exposure using qPCR. Levels of target gene mRNA were normalized to 18S ribosomal RNA, and values
are expressed as mean fold change from CTL at time 0. Data are presented as mean± SEM. ∗Statistically significant difference (p < 0 05)
between ASB- and CTL-treated cells. #Statistically significant difference (p < 0 05) between ASB- and ASB+ LGM2605-treated cells.
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Figure 4: Asbestos-induced proinflammatory cytokine secretion is blunted by LGM2605. Release of IL-6 (a), TNFα (c), and HMGB1 (e) was
determined at 0, 1, 2, 4, 6, 8, 12, and 24 hours post asbestos exposure. Samples were run undiluted in triplicate, and cytokine concentrations
(pg/ml for IL-6 and TNFα and ng/ml for HMGB1) are presented as mean± SEM. Macrophage mRNA expression of IL-6 (b), TNFα (d), and
HMGB1 (f) was determined at 0, 8, and 24 hours post asbestos exposure using qPCR. Levels of target gene mRNA were normalized to β-actin
RNA, and values are expressed as mean fold change from CTL at time 0. Data are presented as mean± SEM. ∗Statistically significant
difference (p < 0 05) between ASB- and CTL-treated cells. #Statistically significant difference (p < 0 05) between ASB- and ASB
+ LGM2605-treated cells.
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3.4. LGM2605 Prevents Asbestos-Induced Oxidative/
Nitrosative Stress and Activation of NF-κB. We evaluated
levels of total nitrates and nitrites in the cell culture medium
as a marker of nitrosative stress following asbestos expo-
sure (Figure 5(a)). Minimal nitrates/nitrites were released
by control (nonasbestos treated) cells or by cells treated
with LMG2605 alone. Asbestos exposure led to a signifi-
cant increase in the concentration of nitrates/nitrites
(465.99± 4.20μM at 24 hours post asbestos) that was sig-
nificantly blunted (by 85–93%) by the administration of
LGM2605 (34.87± 0.55μM (Figure 5(a)).

We further investigated the observation of decreased
nitrosative stress with LGM2605 treatment by determining
protein and mRNA levels of inducible nitric oxide synthase
in asbestos-exposed macrophages. After 8 and 24 hours of
exposure to asbestos, mRNA levels of iNOS were significantly
(p < 0 05) elevated above untreated macrophages (5.41
± 0.38- and 8.78± 0.85-fold change, resp.) (Figure 5(b)).
Alternatively, iNOS gene expression was significantly
decreased among LGM2605-treated macrophages exposed
to asbestos at both 8 and 24 hours post asbestos (1.84
± 0.09- and 2.20± 0.32-fold change, resp.). Furthermore,
although we were able to detect levels of iNOS in macro-
phages exposed to crocidolite asbestos fibers, iNOS was not
detectable in asbestos-exposed macrophages treated with
LGM2605 (Figure 5(c)).

The observed decreased expression of iNOS prompted us
to further explore molecular targets upstream of iNOS that
may be altered by LGM2605. We measured levels of active
NF-κB in macrophage nuclear extracts and determined the
kinetics of NF-κB nuclear accumulation following asbestos
exposure. Following asbestos exposure, we saw significantly
(p < 0 0001) increased levels of NF-κB present in nuclear
extracts from asbestos-exposed macrophages, with the high-
est concentration occurring after 2 hours postexposure
(Figure 5(d)). Gene expression levels of nuclear NF-κB were
further induced by asbestos when measured after 8 and 24
hours of exposure (1.67± 0.20- and 6.64± 0.47-fold change,
resp.) (Figure 5(e)). Importantly, treatment of macrophages
with LGM2605 significantly (p < 0 05) reduced asbestos-
induced activation and expression of NF-κB (by ~48%).

4. Discussion

Asbestos exposure is a well-established driver of malignant
mesothelioma (MM) via an inflammation cascade. Chronic
inflammation is believed to play a critical role in the onset
and development of MM [6, 9]. In recent years, it has become
clear that one of the key inflammatory moieties driving
asbestos-induced damage and fibrosis is the induction of
the inflammasome [10–13]. As there is no current cure for
asbestos-related lung/pleural diseases, blocking the inflam-
masome may be a potential strategy to reduce the onset of
inflammation [23].

Asbestos fibers have been shown to participate in redox
reactions to generate several free radicals, including hydroxyl
radicals, generated either through a redox reaction or by
catalyzing a Fenton-like reaction in exposed cells [24]. These
species, collectively called ROS, induce direct oxidative and

nitrosative stress besides activating inflammation-signaling
pathways. Asbestos fiber internalization generates a signifi-
cant increase in intracellular ROS, and there is considerable
evidence that asbestos-initiated chronic oxidative stress
contributes to carcinogenesis and fibrosis by promoting
oxidative DNA damage and regulating redox signaling
pathways in exposed cells [25].

LGM2605 is a synthetic version of the lignan secoisolari-
ciresinol diglucoside (SDG) which is derived from the natural
plant flaxseed. After ingestion, SDG is converted to secoiso-
lariciresinol, which is further metabolized to the entero
lignans enterodiol and enterolactone. Our previous work on
SDG (and SDG metabolites) shows that this compound can
provide protection against oxidative lung injury via multiple
mechanisms such as its ability to scavenge ROS and other
active radicals and upregulate antioxidant genes via
induction of Nrf2 (the transcription factor that regulates
antioxidant defense), as well as by reducing the expression
and activity of proinflammatory moieties [14, 19, 26].

Our earlier in vivo study showed that an SDG-rich for-
mulation given in the diet reduced abdominal inflammation
in asbestos-exposed mice. This work is a follow-up investiga-
tion to evaluate the mechanisms by which SDG (LGM2605)
reduces inflammation in vivo. We used murine peritoneal
macrophages as an in vitromodel, as peritoneal macrophages
are the major cell type that contributes to both local and
systemic inflammatory responses upon contact with foreign
agents/pathogens. In this capacity, these cells often drive
various inflammatory pathologies. Furthermore, they are
involved in the clearance of foreign particles and cellular
debris, as well as pathogenic agents. The dose of LGM2605
used here was 50μM based on an earlier study where this
dose was sufficient to scavenge ROS in asbestos-treated
macrophages [14]. Even lower doses (<1μM) were shown
to be effective in ROS scavenging, such as ROS generated
from radiation exposure of cells [17].

Our findings highlight the pluripotent properties of
LGM2605 (see Figure 6) in an in vitro model of asbestos
exposure. Specifically, redox signaling following asbestos
exposure is thought to occur through 3 primary mechanisms:
(1) ROS release from macrophages following frustrated
phagocytosis of the asbestos fiber [27], (2) generation of reac-
tive oxygen species (especially the DNA-damaging hydroxyl
radical) due to the high iron content (~27–30%) of crocido-
lite asbestos [28, 29] that can be redox activated, and (3)
mitochondrial-derived ROS release from macrophages fol-
lowing asbestos exposure. Furthermore, asbestos fibers have
been shown to induce the generation of hydrogen peroxide,
superoxide radical, and reactive nitrogen species that may
lead to both extracellular cell signaling (ROS interaction with
the TNF receptor) and intracellular cell signaling (NLRP3
inflammasome activation).

Thus, in the current study, we observed the ability of
LGM2605 to blunt asbestos-induced inflammation and alter
the inflammatory processes that contribute to cytokine
production and secretion. Importantly, LGM2605 inhibited
activation of NF-κB although the mechanism by which this
occurs is not clear. We presume that reduced activation of
NF-κB is via the scavenging of ROS (either directly or by
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Figure 5: LGM2605 inhibits NF-κB expression and prevents asbestos-induced iNOS expression and nitric oxide production by murine
peritoneal macrophages. The concentrations (μM) of nitrates and nitrites (a) were determined in cell culture medium at 0, 1, 2, 4, 6, 8, 12,
and 24 hours post asbestos exposure. Macrophage mRNA expression iNOS (b) was determined at 0, 8, and 24 hours post asbestos
exposure using qPCR and protein levels of iNOS were evaluated by Western blotting for iNOS (c) (molecular weight 130 kDa). Levels of
active nuclear NF-κB (d) were determined at 0, 1, 2, 4, 6, 8, and 12 hours post asbestos exposure, while mRNA expression of NF-κB (e)
was determined at 0, 8, and 24 hours post asbestos exposure using qPCR. Levels of target gene mRNA were normalized to β-actin RNA,
and values are expressed as mean fold change from CTL at time 0. Data are presented as mean± SEM. ∗Statistically significant difference
(p < 0 05) between ASB- and CTL-treated cells. #Statistically significant difference (p < 0 05) between ASB- and ASB+ LGM2605-treated cells.
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exposure leads to the production of ROS (such as H2O2,

.OH) that activates an inflammatory cascade, of which the NLRP3 inflammasome
is involved. NLRP3 activation leads to the release of cytokines IL-1β and IL-18. These cytokines drive inflammation-induced cell death.
Under these conditions, the damage-associated molecular pattern protein HMGB1 is either released by dead cells or passively secreted
from inflamed cells. HMGB1 release can also lead to a feed forward cycle of IL-1β and IL-18 induction and activation. Importantly,
asbestos-induced inflammation is largely driven by HMGB1 and the NLRP3 inflammasome. Frustrated phagocytosis of asbestos fibers
may lead to cell necrosis and the subsequent release of HMGB1, which promotes the activation of the NLRP3 inflammasome. Asbestos-
induced ROS generation exacerbates this signaling cascade and further promotes malignant transformation. Combined, HMGB1 and
NLRP3 inflammasome activation, induces a proinflammatory signaling cascade that ultimately leads to IL-1β and TNFα secretion and
NF-κB activation. LGM2605 exhibits a pluripotent role in preventing ROS/RNS generation and inflammation following asbestos exposure
through several mechanisms: (1) LGM2605 directly scavenges free radicals (ROS, such as H2O2,

.OH) and mitigates asbestos-induced
ROS/RNS generation, (2) LGM2605 inhibits the proinflammatory NF-κB pathway presumably via reduced levels of ROS (either due to
direct scavenging or due to increased antioxidant enzyme expression) or via direct inhibition of the transcription factor. LGM2605
decreased the levels of NLRP3 inflammasome (protein), HMGB1 (protein and mRNA), and the levels of iNOS (protein and mRNA), and
(3) LGM2605 activates Nrf2 and induces the expression of cellular antioxidant and detoxification enzymes.
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increased cellular antioxidant status) or via inhibiting the
transcription factor itself. Inhibition of NF-κB caused the
lowering of key inflammasome-activated cytokines IL-1β
and IL-18, suggesting further modulation of the NLRP3
inflammasome by LGM2605. LGM2605 reduced HMGB1
(protein and mRNA) levels indicating that HMGB1 induced
the secretion of inflammatory cytokines. Asbestos-induced
ROS generation may lead to NF-κB activation through ROS
signaling via the TNF receptor. Asbestos induces a multitude
of redox cell signaling pathways through direct interaction of
the asbestos fiber with the cell membrane, extracellular ROS
generation and interaction with cell receptors, and intracel-
lular ROS generation. Ultimately, the cell signaling pathways
influenced by asbestos fiber exposure are key pathways
implicated in gene expression and cell fate. The inflamma-
tory cascade initiated within the macrophage involves both
asbestos-induced NALP3 inflammasome activation and
ROS-induced TNFα and NF-κB signaling. Secretion of IL-1β
and TNFα is directly implicated in asbestos-induced carcino-
genesis. Pretreatment with LGM2605 not only decreases
asbestos-induced ROS generation but also reduces levels of
HMGB1andTNFα,which are implicated inNF-κBactivation.

Additionally, LGM2605 reduced levels of asbestos-
induced oxidative and nitrosative stress by decreasing
expression of iNOS and enhancing levels of key antioxidant
enzymes involved in the detoxification of reactive oxygen
species. We have previously reported on the ROS scavenging
ability of LGM2605 in asbestos-exposed macrophages
[14]. Specifically, LGM2605 significantly reduced asbestos-
induced ROS and upregulated expression of Nrf2 phase II
detoxification enzymes, ultimately reducing cellular injury
and cell death indicated by LDH release.

Based on our earlier work, it is clear that several free
radicals (H2O2, O2, and ·OH), collectively called ROS, are
scavenged by LGM2605 in cell-free systems. In asbestos-
treated cells, we have previously reported a decrease in
H2O2 production [14], but the effect on other radicals per
se was not studied. The contribution of peroxynitrite versus
ROS-induced damage with asbestos treatment is also not
very clear. However, based on our studies, it emerges that
LGM2605 is protective against asbestos-induced damage by
blocking key elements of oxidative and nitrosative stress that
have been reported elsewhere to participate in inflammation,
cell death, and tissue damage.

Asbestos exposure leads to increases in the levels of ROS,
such as superoxide anion (O2−·), hydroxyl radical (·OH), and
hydrogen peroxide (H2O2) both inside the cell and in the
extracellular matrix due to the surface reactivity of the
crocidolite asbestos. The hydroxyl radical (·OH) scavenging
ability of SDG has previously been reported by Prasad
[30, 31]. Furthermore, Kitts and colleagues evaluated the
hydroxyl and peroxyl radical scavenging activity of SDG
[32] and reported on the effectiveness of SDG in reducing
lipid peroxidation and deoxyribose oxidation. Hu et al.
reported on the effectiveness of SDG against 1,1-diphenyl-2-
picrylhydrazyl (DPPH·) and 2,2′-azo-bis (2-amidinopropane)
dihydrochloride (AAPH) peroxyl radicals [33]. Furthermore,
we have previously reported on the antioxidant properties of
synthetic SDG (LGM2605) showing powerful scavenging

activity against hydroxyl radicals, peroxyl radicals, and
DPPH radicals [18].

Taken together, via a multiprong mechanism of action
described in Figure 6, LGM2605 reduced asbestos-induced
NLRP3 inflammasome expression, proinflammatory cyto-
kine release, and markers of injury and nitrosative stress
in murine peritoneal macrophages supporting its possible
use in preventing the asbestos-induced inflammatory cas-
cade. Combined, our findings support the usefulness of
LGM2605 as a potential chemopreventive agent in reducing
the early inflammatory and cytotoxic effects that occur
following asbestos exposure.

SDG, an antioxidant isolated from flaxseed, is metabo-
lized by intestinal bacteria to enterodiol (ED) and enterolac-
tone (EL) which are bioactive. However, SDG also has strong
direct antioxidant properties in vitro without the need for
metabolic activation [17]. The antioxidant activities of these
three lignans (SDG, EL, and ED) were shown by their ability
to inhibit linoleic acid lipid peroxidation, indicating direct
hydroxyl radical scavenging activity [31, 32]. Since oxidant
stress is implicated in the etiology of cancer, the therapeutic
or preventive use of dietary flaxseed or flaxseed-derived
lignans has been considered in certain malignancies such as
in lung cancer [34, 35].

Our initial findings showed that treatment with the
LGM2605 significantly inhibited the release of inflammasome-
activated cytokines, IL-1β and IL-18. However, macrophages
treated with LGM2605 also displayed significantly reduced
levels of other proinflammatory cytokines, such as TNFα
and IL-6, suggesting that both the NF-κB system and NLRP3
inflammasome pathway are blocked by LGM2605. Addition-
ally, LGM2605 blocked the asbestos-induced release of
HMGB1, which is either released passively by dead cells or
secreted actively by stressed cells. Our earlier data showed
that asbestos induces cell death (LDH release) which is ame-
liorated by the action of LGM2605, so clearly, cell death does
presumably play a role in the increase of HMGB1 levels. Our
current study shows HMGB1 mRNA and protein levels
declined with LGM2605 treatment indicating that this agent
blocks the induction of this danger-associated molecular pat-
tern (DAMP) protein (Figures 4(e) and 4(f)). However,
regardless of the mechanism of its release, HMGB1 outside
the cell behaves as a DAMP protein or alarmin that activates
the innate immune system either alone or in conjunction
with cytokines and appears to be critical in the malignant
transformation of mesothelial cells. HMGB1 amplifies the
inflammatory response in general (by chemotaxing leu-
kocytes (including neutrophils and mast cells [36]) and
activating NF-κB) but also serves as an important protu-
morigenic cytokine that enhances the growth, survival,
and invasiveness of the mesothelial cells [1]. Therefore,
the fact that LGM2605 reduces HMGB1 via either reducing
its release by stressed cells or by reducing cell death implies
that this agent (LGM2605) can effectively “block” the
asbestos-induced inflammatory signaling cascade that leads
to activation of innate immune response and subsequent
malignant transformation.

The activation of the NLRP3 inflammasome that
drives maturation of proinflammatory cytokines such as
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interleukin-1β (IL-1β) and IL-18, and leads to cell death
(pyroptosis) has been reported elsewhere to be ROS regu-
lated. Indeed, ROS have been reported to be crucial in
triggering NLRP3 inflammasome formation and activation
in response to both exogenous stimuli and endogenous sig-
nals in the form of damage-associated molecular patterns
secreted by apoptotic cells [37]. Inhibition of NADPH
oxidase-derived ROS prevented ATP-induced caspase-1 acti-
vation and IL-1β production in alveolar macrophages [38].

Our previous work shows increased ROS generation fol-
lowing asbestos exposure, which presumably participates in
NLRP3 induction, as pretreatment with the ROS scavenger
LGM2605, which reduced its activation as monitored by IL-
1β and IL-18. Earlier studies reported the importance of
NADPH oxidase-derived ROS in activating NLRP3 in
response to ATP, asbestos, and silica [11]. Indeed, monocyte
THP-1 cells that produced caspase 1 (i.e., showed NLRP3
inflammasome activation) in response to asbestos or silica
showed a blunted response in specific knockdown of
NADPH oxidase subunit p22phox or when treated with
ROS scavengers (N-acetylcysteine and ammonium pyrrol-
idine dithiocarbamate) [11].

While induction and activation of the NLRP3 inflamma-
some are accepted to be redox regulated, the exact mecha-
nism by which this occurs is not clear. One possibility is
via the thioredoxin-interacting protein (TXNIP) that has
been shown elsewhere to be associated with NLRP3 as a
binding partner in a NLRP3-TXNIP complex [39]. TXNIP
is a negative regulator of the antioxidant thioredoxin
(TRX), and the dissociation of TXNIP from TRX is a ROS
dependent process [39]. Thus, high levels of ROS lead to
dissociation of TXNIP from TRX thus potentially allowing
TXNIP to bind to NLRP3.

We report the ability of LGM2605 to both scavenge free
radicals and detoxify ROS through direct and indirect molec-
ular effects. We have previously reported the direct free rad-
ical scavenging ability of LGM2605 in a murine endothelial
cell model of gamma radiation-induced ROS [17] and, there-
fore, studied this potential mechanism in our system. As
shown in Figure 6, LGM2605 likely acted as a direct free rad-
ical scavenger and antioxidant in a dose-responsive manner.
In addition to the direct free radical scavenging ability of
LGM2605, we have shown that flaxseed, and its bioactive lig-
nan component, can activate Nrf2 [16, 17, 21, 40]. Nrf2 is a
master transcriptional regulator of carcinogen detoxifying
and antioxidant enzymes (such as HO1 and NQO1) and
plays a major role in tissue protection. These findings
are in agreement with those of Velalopoulou et al., where
LGM2605 protected normal lung cells from radiation-
induced DNA damage through direct free radical scaveng-
ing and boosting of endogenous antioxidant enzyme gene
expression [21].

5. Conclusion

An ideal agent used for the chemoprevention of asbestos-
induced mesothelioma must be nontoxic, tolerable, and
effective in interfering in asbestos-induced carcinogenesis.
LGM2605 reduced proinflammatory cytokine release and

markers of oxidative and nitrosative stress in murine peri-
toneal macrophages and may impede the asbestos-induced
inflammatory cascade on the way to malignancy. Impor-
tantly, the ability of LGM2605 to interfere in multiple
molecular pathways (boosting antioxidant defenses and
blocking inflammation) provides strong evidence for its
potential usefulness in chronic in vivo models of asbestos-
induced mesothelioma.
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Cold atmospheric plasma (CAP) has shown its antitumor activity in both in vitro and in vivo systems. However, the mechanisms at
the basis of CAP-cell interaction are not yet completely understood. The aim of this study is to investigate CAP proapoptotic effect
and identify some of the molecular mechanisms triggered by CAP in human T-lymphoblastoid leukemia cells. CAP treatment was
performed by means of a wand electrode DBD source driven by nanosecond high-voltage pulses under different operating
conditions. The biological endpoints were assessed through flow cytometry and real-time PCR. CAP caused apoptosis in Jurkat
cells mediated by p53 upregulation. To test the involvement of intrinsic and/or extrinsic pathway, the expression of Bax/Bcl-2
and caspase-8 was analyzed. The activation of caspase-8 and the upregulation of Bax and Bcl-2 were observed. Moreover, CAP
treatment increased ROS intracellular level. The situation reverts after a longer time of treatment. This is probably due to
compensatory cellular mechanisms such as the posttranscriptional upregulation of SOD1, CAT, and GSR2. According to
ROS increase, CAP induced a significant increase in DNA damage at all treatment conditions. In conclusion, our results
provide a deeper understanding of CAP potential in the oncological field and pose the basis for the evaluation of its
toxicological profile.

1. Introduction

Previous researches have repeatedly proven the anticancer
effects of cold atmospheric plasmas (CAPs). Plasma effect
on cancer cells is mediated by biologically active factors such
as electric field [1–3], charged particles (ions and electrons),
photons and UV radiations, free radicals, and reactive
oxygen and nitrogen species (RONS) [4], including atomic
oxygen (O), hydroxyl radical (·OH), superoxide (O2

−),
hydrogen peroxide (H2O2), atomic nitrogen (N), and nitric
oxide (NO), generated both in gas and liquid phases [5].
Moreover, this blend of reactive species plays a major role in
the induction of apoptosis in cancer cells directly exposed to
CAP [6–9] or indirectly treated by means of plasma-
activated liquids [10–18]. In particular, plasma treatment

of complete cell medium induces the increase of extracellular
RONS concentration [19] and this plays a crucial role in the
effects of CAP on cells [20]. The anticancer effects mediated
by reactive species are imputable to biochemical changes
induced in the cells by the gas phase RONS and liquid phase
RONS products [21]. Different studies demonstrated that
RONS generated by plasma treatment can trigger cell signal-
ing pathways involving JNK and p38 [22] and p53 [23], thus,
promoting mitochondrial perturbation and activation of
caspases [8], finally leading to apoptosis. The alteration of
redox signaling induced by CAP treatment correlates not
only with the induction of apoptosis but also with DNA
damage [24], via DNA strand break formation and conse-
quent activation of DNA damage checkpoints [8]. The anti-
tumor effect of CAP was also explored on in vivo models.
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Vandamme et al. [25] evaluated the potential antitumor
effect of an in vivo plasma treatment on a U87-luc glioma
tumor xenograft, showing a significant reduction of tumor
mass after 5 days of plasma treatment. Likewise, Chernets
et al. demonstrated that plasma induced tumor suppression
of subdermal melanoma in mouse model, via the increase of
RONS levels [7]. Furthermore, a significant inhibition of
tumor growth in in vivo model was shown by plasma-
activated Ringer’s lactate solution [12] and plasma-activated
cell culture medium [26, 27]. Several studies demonstrated
that the antitumor effect of plasma-activated liquids can be
attributable to RONS and to the activation of solution
component (e.g., L-sodium lactate) [12].

Clinical applications of plasma in the treatment of tumor
are still missing, but a recent work of Metelmann et al. [28]
reported a superficial partial remission of tumor on patients
afflicted with advanced squamous cell carcinoma after CAP
treatment. Recent papers proposed CAP as a promising anti-
cancer strategy not only for its cytotoxic potential but also for
its ability to simultaneously activate the immune system
against cancer, which in turn determines the long-term
success of anticancer therapy system [29]. In fact, redox
molecules, such as, NO and ROS, and redox chemistry have
a key role as immunomodulators in tumor and pathogen
killing [30]. The optimization of plasma parameters would
allow the induction of immunogenic cell death in tumors
locally that will trigger a specific and protective immune
response systematically [31].

Thus, plasma could be proposed as an interesting anti-
cancer treatment, but it is necessary to deepen the under-
standing on the mechanisms and the specific components
of CAP responsible of its anticancer effects. In this study,
we investigated the proapoptotic effect of CAP and its ability
to modulate the oxidative stress pathway in human T-
lymphoblastoid leukemia cells (Jurkat cells) and identified
some of the molecular mechanisms triggered by CAP
treatment. We demonstrated that the exposure of complete
medium to CAP produced by a nanosecond-pulsed DBD
induced the generation of several RONS; among these
species, nitrites and hydrogen peroxide are considered
the most significant RONS contributing to plasma toxicity
on cancer cells.

2. Materials and Methods

2.1. Cell Culture. Jurkat cells were purchased from LGC
Standards (Teddington, UK) and cultured in RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum,
1% antibiotics [penicillin 5000 IU/streptomycin 5mg/mL],
and 1% L-glutamine solution (all purchased from Biochrom,
Billerica, MA, USA). Cultured cells were maintained in 5%
CO2 and humidified air at 37°C.

2.2. Detection of Hydrogen Peroxides and Nitrites in Plasma-
Treated Medium. The Amplex® Red Hydrogen Peroxide
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA)
and Nitrate/Nitrite Colorimetric Assay (Roche, Basel,
Switzerland) were used according to the manufacturer’s
protocol to measure the concentrations of hydrogen peroxide

and nitrites induced by plasma treatment in 1mL complete
cell culture medium. Plasma-treated medium was diluted
100-fold in PBS immediately after treatment, to obtain a
solution with hydrogen peroxide concentration below
10μM and avoid any influence of pH on the measurement.
The absorbances were measured photometrically with a
microplate reader (Rayto, Shenzhen, P.R. China).

2.3. Cell Treatment with CAP. 5× 105 cells in 1mL complete
medium were seeded in a monolayer through centrifugation
and directly exposed to plasma treatment in a 24-well plate.
The adopted plasma source is a nanosecond-pulsed dielectric
barrier discharge (DBD) consisting of a cylindrical internal
brass electrode covered by a glass test tube with a semi-
spherical tip as dielectric (1mm thick) [32]. Two operating
conditions were selected following preliminary experi-
ments, as already reported by the authors [11]; the first
one consists in a 60″ treatment keeping a distance of
1.25mm between the tip of plasma source and the surface
of the cell medium (gap) (T1); while the second treatment
condition consisted in a 120″ treatment performed setting
the gap at 2.50mm (T2). For each of the two operating
conditions, preliminary experiments were performed, dem-
onstrating that for the achievement of similar cellular
effects, it is necessary to increase the exposure times when
using greater distances and reduce them when using
smaller distances [11]. During treatment time, peak voltage
(PV) and pulse repetition frequency (PRF) were kept constant
at 20 kV and 500Hz, respectively.

2.4. Analysis of Cell Death Mechanisms. After treatment,
aliquots of 2.0× 104 cells were stained with Guava Nexin
Reagent (100μL) (MerckMillipore, Billerica,MA, USA), con-
tainingannexinVphycoerythrin and7-amino-actinomycinD
(7-AAD). Three cell populations can be detected: nona-
poptotic live cells (annexin−/7-AAD−), early apoptotic cells
(annexin+/7-AAD−), and late apoptotic or necrotic cells
(annexin+/7-AAD+). Cells were incubated for 20min at
room temperature in the dark and analyzed by flow cytome-
try. H2O2 300μM was used as positive control.

2.5. Detection of Intracellular ROS. 3 or 6h after CAP
treatment, cells were incubated with 2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCFDA, 10μM) (Sigma-Aldrich, St.
Louis, Missouri, USA) for 20min at 37°C, 5% CO2 in the dark.
H2DCFDA is a nonpolar and nonfluorescent molecule able to
diffuse in living cells, where it is hydrolyzed at 2′,7′-diclodihy-
drofluorescrin (H2DCF) by intracellular esterases and trapped
into cells. In the presence of ROS, H2DCF is oxidized to the
fluorescent molecule 2′,7′-diclorofluorescein (DCF), which
can be detected by flow cytometry. The fluorescence intensity
of DCF is proportional to intracellular ROS levels.

2.6. DNA Damage Assays. A complementary experimental
approach was used to detect the primary DNA damage
(H2A.X histone phosphorylation assay), as opposed to the
mutational effects (micronucleus test) that can result from
DNA damage.

Phosphorylation of histone p-H2A.X was used as marker
of CAP genotoxic potential using FlowCellect™ Histone
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H2A.X Phosphorylation Assay Kit (Merck Millipore), 6 and
24 h after treatment with CAP. The kit components include
the fixation buffer (Part number CS202122) and 1x perme-
abilization buffer (Part number CS203284), both ready to
use. After washing, 1 × 106 cells were suspended in 1mL
fixation buffer and incubated 20min on ice. After washing
with 1x assay buffer, samples were permeabilized using
1mL permeabilization buffer and incubated for 20min on
ice according to the manufacturer’s instructions. After wash-
ing, each sample was resuspended in 95 μL of assay buffer
and 5μL of anti-histone H2A.X antibody. The antibody used
to detect H2A.X phosphorylated was 20x anti-histone
H2A.X-Alexa Fluor® 488 (Part number CS208216). Samples
were incubated for 30 minutes in the dark at room tempera-
ture. After washing, cells were suspended in 1x assay buffer
and analyzed via flow cytometry. Ethyl methanesulphonate
(EMS) 240μg/mL was used as positive control. Some
experiments were performed with N-acetylcysteine (NAC)
(1 h, 10mM).

2.7. MN Assay. For micronucleus test, Jurkat cells were
treated with CAP and incubated for 24 h to allow cell replica-
tion. At the end of the incubation, 0.5× 106 cells were stained
according to the manufacturer’s instruction of the in Vitro
Microflow kit (Litron Laboratories, Rochester, NY, USA).
Briefly, cells were first stained with nucleic acid dye A solu-
tion (300μL), containing ethidium monoazide (EMA) that
crosses the compromised membrane of apoptotic and
necrotic cells. Since EMA needs photoactivation to covalently
bind DNA, cells were kept on ice and photoactivated.
Complete lysis solution 1 (500μL) was added to digest the
cytoplasmatic membrane and release nuclei and micronuclei
(MN). To complete membrane lysis and obtain the complete
release of nuclei and MN, cells were then treated with
complete lysis solution 2 (500μL). Both cell lysis solutions
contain the dye SYTOX green that labels chromatin. The
double staining with EMA and SYTOX green of chromatin
allows discriminating nuclei and MN in living cells (SYTOX
green+) from fragments derived from damaged chromatin of
dead/dying cells (EMA+/SYOTX green+). At the end of the
incubation, cells were analyzed by flow cytometry. MN were
distinguished from nuclei for their smaller dimension and
thus for their lower fluorescence: MN exhibit 1/100th to
1/10th of the intensity of duplicated nuclei [33]. EMS
(240μg/mL) was used as positive control. The gating strategy
is carefully described in the protocol of the in Vitro Micro-
flow kit (Litron Laboratories). Using a negative control for
setup, samples were acquired adjusting forward scatter
(FSC) and side scatter (SSC) voltages to bring nuclei into
view. The lower bounds of the region were approximately 2
logs lower in FSC and SSC than the bottom left edge of the
nucleus events. Then, EMA fluorescence was set according
to discriminate nuclei from healthy and dead cells. The posi-
tion of the “FSC versus SYTOX” region was adjusted until
nuclei were positioned. Much of the chromatin associated
with dead/dying cells fell above an appropriately located
“FSC versus SYTOX” region. Then, the position of the “SSC
versus SYTOX” region was adjusted until nuclei were posi-
tioned. Much of the chromatin associated with dead/dying

cells fell above an appropriately located “SSC versus SYTOX”
region. The final plot gave results on the number of MN and
nucleated cells, showing SYTOX green versus FCS. From this
test, cell cycle perturbations were recorded by studying
fluorescence histograms of SYTOX green, a nucleic acid dye.

To validate the results obtained by in Vitro Microflow kit,
the analysis of MN in binucleated cells was performed by
adding cytochalasin B (Sigma-Aldrich; final concentration
of 6μg/mL) after 44 h of culture [34]. At the end of the 72h
incubation period, Jurkat cells were fixed with ice-cold meth-
anol/acetic acid (1 : 1). The fixed cells were put directly on
slides using a cytospin and stained with May-Grünwald-
Giemsa. All slides were coded before scoring. The criteria
for scoring micronuclei were as described by Fenech [35].
At least 2000 binucleated lymphocytes were examined per
concentration (two cultures per concentration) for the
presence of one, two, or more micronuclei.

2.8. Analysis of p53, Bax, Bcl-2, and Caspase-8 Protein Levels.
24 and 48h after cell treatment, the analysis of protein levels
involved in the apoptotic process was performed. Briefly,
0.5× 106 cells were fixed using a 4% paraformaldehyde solu-
tion in PBS 1x and permeabilized in 90% ice-cold methanol
solution. Cells were then incubated with the following anti-
bodies: p53 (1 : 200, Santa Cruz Biotechnology, Dallas, TX,
USA), Bax (1 : 200, Santa Cruz Biotechnology), and Alexa
Fluor 488-labeled Bcl-2 (1 : 200, BioLegend, San Diego, CA,
USA). The cells, except those stained with Bcl-2, were
washed, incubated with fluorescein isothiocyanate-labeled
secondary antibody (1 : 100, Sigma-Aldrich), and analyzed
by flow cytometry. Sulforaphane was used as positive control.
Mean fluorescence intensity values were calculated. Nonspe-
cific binding was excluded by isotype-matched negative
control (1 : 100, eBioscience, San Diego, CA, USA). The
expression of caspase-8 was detected by using leucine-
glutamic acid-threonine-aspartic acid (LETD) caspase-8-
preferred substrate linked to a fluoromethylketone (FMK)
that reacts covalently with the catalytic cysteine residue in
the active enzymatic center. 6-Carboxyfluorescein (FAM)
was used as fluorescent reporter. 24 and 48 h after CAP treat-
ment, nonpermeabilized cells were stained with 10μL of
freshly prepared 10x working dilution of FAM-LETD-FMK
solution (Merck Millipore) and incubated for 1 h at 37°C in
the dark. At the end of incubation, cells were washed and sus-
pended in 150μL of 7-AAD diluted 1 : 200 in 1x working
dilution wash buffer (Merck Millipore), incubated for 5min
at room temperature in the dark, and analyzed via flow
cytometry. Staurosporine was used as positive control.

2.9. Real-Time PCR. Total RNA was isolated using Agilent
Total RNA isolation Mini Kit (Agilent Technologies, Santa
Clara, CA, USA), according to the manufacturer’s instruc-
tions. Briefly, 350μL of lysis buffer was added to cell pellet
and the cell homogenate centrifuged through a miniprefiltra-
tion column. The eluate was mixed with an equal volume of
70% ethanol solution, incubated for 5min at room tem-
perature, and centrifuged through a mini-isolation column.
The eluate was discharged, and after column washing, the
RNA was eluted by adding nuclease-free water and stored
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at −20°C. cDNA was synthesized using High Capacity
cDNA Reverse Transcription Kit (Life Technologies,
Carlsbad, CA, USA). Briefly, 200 ng total RNA was added to
10μL reaction kit mixture with RNAse inhibitor, according
to manufacturer’s recommendations. Changes in mRNA
expression were measured by using TaqMan® gene expres-
sion assay (Life Technologies) and Real-Time PCR (Step
One, Life Technologies). The variation in the expression of
the following genes was analyzed: TP53 (Hs01034349_m1),
Bax (Hs00180269_m1), Bcl-2 (Hs00608023_m1), SOD1
(Hs00533490_m1), CAT (Hs00156308_m1), and GSR2
(Hs00167317_m1). 18S ribosomal RNA and actin beta
(ACTB) (Hs99999901_s1 and Hs99999903_m1, resp.) were
used as endogenous controls. Each measurement was
performed in triplicate. Data were analyzed through the
2−ΔΔCt method.

2.10. Statistical Analysis. The results are expressed as mean±
SEM of at least 3 independent experiments. Statistical
analysis was performed using repeated ANOVA, followed
by Bonferroni as posttest, using GraphPad InStat version
5.00 (GraphPad Prism, La Jolla, CA, USA). P < 0 05 was
considered significant.

3. Results

3.1. CAP Induces Hydrogen Peroxide and Nitrite Production
in Treated Medium. Since the effects of plasma on cancer
cells seem to be mediated by reactive species, we first studied
the ability of CAP to produce H2O2 and NO2- in medium. In
Figure 1, we show the concentrations of hydrogen peroxides
and nitrites in 1mL of complete cell culture medium after
plasma treatments, recorded by a specific colorimetric kit.
Hydrogen peroxides and nitrites are not present in the
untreated medium. Both CAP treatment conditions, T1 and
T2, induced the production of similar concentrations of
hydrogen peroxides (about 310μM). On the other hand,
nitrites concentration induced by T2 was significantly higher
(up to about 1068μM) compared to the concentration
produced by T1 (about 556μM).

3.2. CAP Induces Apoptosis in Jurkat Cells. One of the most
relevant mechanisms of action of anticancer drugs is the
induction of apoptosis. Thus, we investigated the ability of
CAP to induce apoptosis by flow cytometry. A significant
increase in apoptotic cells was found in samples after treat-
ment under both the tested CAP operating conditions. As
an example, 17.1% of apoptotic cells was observed 24 h after
CAP exposure at T1 (versus 6.0% of the untreated cells) and
26.6% 48h after CAP exposure at T2 treatment condition
(versus 11.3% of the untreated cells) (Figure 2).

To evaluate the apoptotic mechanisms evoked by CAP,
the expression of key genes involved in the apoptotic path-
way was analyzed. CAP increased p53 protein expression
48 h after treatment. p53 expression in cells treated under
condition T2 resulted in a 1.74-fold increase compared to
the untreated cells, whose expression was normalized to 1
(Figure 3(a)). No modulation for p53 was observed at RNA
level for all tested treatment conditions (Figure 3(b)).

To explore the involvement of the intrinsic and/or extrin-
sic pathway in CAP-induced apoptosis, the expression of
Bax/Bcl-2 and caspase-8 was analyzed. An increase in Bax
and Bcl-2 expression was observed, with the highest effect
in cells treated under the T2 condition and 48 h after CAP
exposure. Bax and Bcl-2 expression resulted 1.66-fold and
1.63-fold higher, respectively, than the untreated cells
(Figures 3(c) and 3(e)). Sulforaphane, used as positive con-
trol, increased the expression of Bax by about 3 times after
48 h treatment versus the untreated cells. Of note, the Bax/
Bcl-2 ratio was not significantly changed following CAP
treatment (Figure 3(g)). Any variation was observed for
RNA expression of Bax neither 6 nor 24 h after CAP treat-
ment (Figure 3(d)). The modulation of Bcl-2 by CAP treat-
ment was more complex. Bcl-2 was downregulated 6 h after
treatment using both the operating conditions but upregu-
lated 24 h after CAP treatment (Figure 3(f)). The expression
of caspase-8 was significantly increased both 24 and 48 h after
CAP treatment and in both conditions. In particular, after
24 h T1 CAP treatment, the expression was 1.36-fold higher
than the untreated cells (Figure 3(h)). Staurosporine, used
as positive control for caspase-8, induced a 4-fold increase
after 48 h of treatment, compared to the untreated cells.

3.3. CAP Increases Intracellular ROS Levels and Modulates
the Oxidative Stress Pathway. We previously demonstrated
that CAP produces H2O2 and NO2- in medium. For this
reason, we studied the effects of CAP on the modulation of
intracellular ROS levels. The cytofluorimetric measurement
of 2′,7′-diclorofluorescein (DCF) indicated a significant
increase in intracellular ROS levels after CAP treatment. In
particular, 3 h after CAP exposure, ROS levels were 1.89-fold
and 1.45-fold higher in cells treated at T1 and T2 operative
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Figure 1: Hydrogen peroxide and nitrite concentration in plasma-
treated complete medium, measured by specific colorimetric kits.
Shown data are the mean of three different experiments. ∗P < 0 05
versus T1 nitrite.
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conditions, respectively, compared to control (Figure 4(a)).
However, 6 h after CAP treatment, a significant reduction
of intracellular ROS levels was observed in both the investi-
gated cases (Figure 4(a)). Thus, the ability of CAP treatment
to modulate the oxidative stress pathway was analyzed. A
posttranscriptional modulation of SOD1 was observed, as
indicated by the 1.5-fold higher expression than the untreated
cells 24 h after treatment at the T2 condition (Figure 4(b)). An
upregulation of CAT and GSR2 was also detected after CAP
exposure. The highest effect was observed for both genes
24 h after the T2 CAP treatment (3.52- and 2.31-fold higher
than the untreated cells, resp.) (Figures 4(c) and 4(d)).

3.4. CAP Has a Genotoxic and Mutagenic Effect. Since we
demonstrated that CAP is able to generate RONS, its geno-
toxic potential should be carefully examined. For this reason,
in the final part of our study, we used different tests of geno-
toxicity with the aim to detect the net and actual mutagenic
effect of the plethora of lesions caused by CAP and to directly
relate the DNA damage to the mutagenic effect. To investigate
whether CAP was able to induce DNA damage, the phosphor-
ylation of H2A.X (p-H2A.X) was analyzed. 6h after CAP
exposure, a 2.16-fold increase in p-H2A.X compared to the
untreated cells was observed. 24h after CAP treatment, the
level of p-H2A.X was significant only under the T2 condition
(Figures 5(a) and 5(b)). In order to assess the role of ROS on p-
H2A.X assay, we pretreated cells with N-acetylcysteine (NAC)
10mM for 1h and then with CAP. After 6h from treatment,
we observed a decrease in p-H2A.X in cells pretreated with
NAC and then exposed to CAP compared to cells treated only
with CAP at the T1 condition (1.61-fold versus 1.9-fold
compared to the untreated cells) (Figure 5(c)).

To understand whether CAP causes retained alterations
in DNA sequence and thus a mutagenic effect, the generation
of micronuclei (MN) was analyzed. 24 h after CAP exposure,

a 3.2-fold increase in the frequency of MN was observed at
the T1 condition (MN 0.24% versus 0.08% of the untreated
cells) and a 10.2-fold increase at the T2 (MN 0.78%), com-
pared to the untreated cells. The increase in MN frequency
induced by EMS, used as positive control, was 5.3-fold
compared to the untreated cultures (Figures 6(a) and 6(b)).
The correlation index between the p-H2A.X expression and
the MN frequency calculated by GraphPad InStat version
5.00 at 24 h posttreatment was 0.79. The 0.79 value indicates
a strong positive linear relationship between the genotoxicity
and mutagenicity of CAP. The MN test performed on
binucleated cells by microscopic analysis confirmed the
mutagenic effect of CAP (Figure 6(c)).

By analyzing the fluorescence histograms of SYTOX
green, a nucleic acid dye, we demonstrated that the treatment
of Jurkat cells with CAP inhibited cell-cycle progression and
induced an accumulation of cells in the G2/M phase. For
example, both CAP treatments under T1 and T2 conditions
increased the percentage of cells in G2/M phase (69% and
72%, resp., versus 40% of the untreated cells), with a compen-
satory decrease of cells in S phase (6% and 9%, resp., versus
22% of control) and G0/G1 phase (25% and 19%, resp.,
versus 38% of the untreated cells).

4. Discussion

The effects of CAP on cancer cells were observed in an
in vitro leukemia model. Complete medium containing
serum was treated by means of DBD with two different oper-
ative conditions using different treatment time and gap that
are known to play a crucial role in the RONS generation, as
reported by Kuchenbecker et al. [36]. The plasma treatments
induced the production of similar concentrations of hydro-
gen peroxide and higher concentration of nitrite in the T2
condition (120″). This difference on RONS concentrations
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Figure 2: (a) % of apoptotic cells 6, 24, and 48 h after CAP treatment of Jurkat cells under T1 (1.25mm 60″) and T2 (2.50mm 120″) conditions
(mean of three different experiments). H2O2 300 μM was used as positive control. (b) Representative dot plot of annexin V (yellow
fluorescence) versus 7-amino-actinomycin D (7AAD, red fluorescence) for the untreated cells and cells 24 h after CAP treatment under T1
condition. ∗P < 0 05; ∗∗P < 0 01 versus the untreated cells.
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Figure 3: Continued.
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could be related to the presence of serum in the treated
medium that is known to scavenge hydrogen peroxide [24]
while not affecting the nitrite accumulation. Furthermore,
we hypothesize that the increase in nitrite concentration
after T2 treatment could be ascribed to the higher gap
(2.50mm), which enhances the interaction between plasma
and nitrogen in air.

The observed overexpression of p53 indicates the contri-
bution of this protein to CAP-induced apoptosis. Apoptosis
could be mediated by mitochondrial/intrinsic pathway or
receptor/extrinsic pathway [37]. p53, a crucial protein in
both mechanisms, has been identified as one of the most tar-
getable molecules for developing anticancer treatment. Its
activation, usually in response to DNA damage, and relevant
signaling are key steps to induce apoptosis [38]. Apoptosis is
a defense mechanism against stressed, damaged, and/or stim-
ulated cells, and different regulatory pathways are involved to
orchestrate this mechanism of cell death [37]. The involve-
ment of the intrinsic pathway on CAP-induced apoptosis
was verified through the analysis of Bax and Bcl-2 expression.
Bax and Bcl-2 are two of the major proteins of Bcl-2 family
and their ratio, meaning the balance of the expression
between pro- and anti-apoptotic pathways determines apo-
ptosis execution in response to external stimuli, thus, cell fate
[39, 40]. The protein expression of Bax resulted significantly
upregulated after CAP treatment, but no modulation was
observed at RNA level. Moreover, CAP provoked an upregu-
lation of Bcl-2 at protein level, but the effect was different at
RNA level. In fact, mRNA expression was downregulated
6 h after treatment and upregulated longer time (i.e., 24 h)
after CAP treatment. To understand how cells respond to
stress, we quantified both protein and RNA expression. The
different modulation of Bax and Bcl-2 at mRNA and protein
levels recorded in our study could be due to the tiny

mechanisms involved in the posttranscriptional regulation
to turn mRNA into protein and the different time of proteins’
turnover [41]. The observed increase in Bcl-2 protein
observed in our experimental setting may also serve as a
compensatory protection of Jurkat cells upon CAP insult.
The increase in Bcl-2 expression could be justified by its
involvement in the modulation of cellular oxidative stress,
beside its well-established role as antiapoptotic protein [42].
In fact, it has been demonstrated that Bcl-2-overexpressing
cells show a significant, but subpathological, enhancement
of ROS output that, in turn, stimulates the antioxidant
defense. Furthermore, the different regulations of Bcl-2
mRNA at different time points may be due to the different
mechanisms of compensation triggered by stress or adapta-
tion signaling in cancer cells, such as epigenetic mechanisms
[43]. Other studies showed how CAP treatment reduced the
mitochondrial membrane potential, downregulated the
expression of Bcl-2 that, in our experimental system, we
observed at RNA level, activated PARP, and released
apoptosis-inducing factor from the mitochondria [13]. How-
ever, some limitations in our study deserve a consideration.
The activation of the proapoptotic function of Bax can be
regulated by interdependent mechanisms including post-
translational modifications like phosphorylation. Protein
kinase Cζ plays a critical role in promoting cell survival. It
may phosphorylate and interact with Bax. Through these
mechanisms, it leads to sequestration of Bax in cytoplasm
and abrogation of its proapoptotic function [44]. We did
not analyze the phosphorylation status of Bax with regard
to protein and mRNA expression and its role in the modula-
tion of apoptosis induced in cells treated with CAP.

The significant increase in caspase-8 activation and p53
upregulation indicates the involvement of the extrinsic path-
way by CAP treatment. The cross talk between extrinsic and
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Figure 3: Effects of CAP on gene involved in the apoptotic pathway in Jurkat cells. Relative protein expression of (a) p53, (c) Bax
(sulforaphane was used as positive control), and (e) Bcl-2 after 24 and 48 h after CAP exposure. mRNA expression of (b) p53, (d) Bax,
and (f ) Bcl-2 6 and 24 h after CAP exposure at T1 and T2 conditions. 18S ribosomal RNA and actin beta (ACTB) were used as
endogenous controls. (g) Bax/Bcl-2 ratio. (h) Relative expression of caspase-8 24 and 48 h after CAP treatment. Staurosporine was used as
positive control. Data are the mean of at least three different experiments. ∗P < 0 05; ∗∗P < 0 01; ∗∗∗P < 0 001 versus the untreated cells.
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intrinsic pathways of apoptosis is regulated by Bid, a proa-
poptotic member of Bcl-2 family. The cleavage of Bid is
mediated by caspase-8, which induces apoptosis by releasing
cytochrome c from the mitochondria [37]. Other studies on
DBD plasma demonstrated that the increased transcription
of Bax and caspase-8 on U937 (human monocytic lym-
phoma) cells contributes to plasma-induced apoptosis [45].

Our results are in the agreement with previous studies on
the effects of plasma on Jurkat cells. Bundscherer and col-
leagues investigated the effects of nonthermal plasma, using
the kinpen, in Jurkat cells and demonstrated an increase in
apoptotic events, depending on plasma treatment time. They
confirmed the proapoptotic effect of plasma, which is due to
the activation of caspase-3 and MAPK signaling pathway
[46]. Cell death induced by CAP on Jurkat cells was also
reported using a volume barrier discharge device in which
the target is located between the two electrodes. No effects
were observed when low energy (128 J/cm2) was used to

generate plasma discharge, but an apoptotic pattern was reg-
istered for medium energy (255 J/cm2) and a purely necrotic
pattern for high energy (425 J/cm2) [47]. In our experimental
system, a significant increase in necrotic events was observed
when cells were treated with DBD for longer time (i.e., 120″)
at the shortest distance from the medium (1.25mm) after
24 h from treatment.

Oxidative stress has a major role in many biological
processes [48]. The increase in ROS levels is involved in
different physiological processes, such as proliferation and
differentiation, while, over a certain intracellular level, ROS
are responsible for cytotoxic and cytostatic effects [49].
Targeting oxidative equilibrium of tumor cells is currently a
recognized approach to kill cancer cells [50, 51]. In fact,
tumor cells are usually characterized by an increased basal
oxidative stress, making them vulnerable to chemotherapeu-
tic agents that further enhance ROS levels [52]. RONS gener-
ation has been actually proposed as a new theory behind CAP
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Figure 4: Effect of CAP on ROS levels and antioxidant enzymes. (a) Intracellular levels of ROS in Jurkat cells after CAP exposure for 3 and 6 h,
measured via 2′,7′-diclorofluorescein (DCF) fluorescence. Relative mRNA expression of (b) SOD1, (c) CAT, and (d) GSR2 6 and 24 h after
CAP treatment. 18S ribosomal RNA and actin beta (ACTB) were used as endogenous controls. Data are the mean of three different
experiments. ∗∗P < 0 01; ∗∗∗P < 0 001 versus the untreated cells.
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Figure 5: (a) Relative expression of p-H2A.X in Jurkat cells 6 and 24 h after CAP exposure. Ethyl methanesulfonate (EMS) was used as
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selectivity [53]. We observed a significant increase in
intracellular ROS levels after CAP treatment, according to
literature data [23, 54], hence, potentially leading to a selec-
tive death of tumor cells. In our experimental settings, CAP
modulated the intracellular ROS levels 3 h after treatment,
whereas 6 h after plasma treatment, ROS were restored at
levels similar or even lower than those of the pretreatment
condition. This may be probably due to cellular compensa-
tory mechanisms [55], such as the observed posttranscrip-
tional regulation of SOD1, CAT, and GSR2. The major
cellular defense against O2

•− and peroxynitrite is a group of
oxidoreductases known as SODs, which catalyze the dismu-
tation of O2

•− into oxygen and H2O2 that is detoxified to

water by catalases and peroxidases [56]. GSH and GSH-
dependent enzymes including GSR play a key role in cellular
detoxification processes that enable organism to cope with
various internal and environmental stressors [57]. The anti-
oxidant response is therefore orchestrated from different
enzymes that together in combined action give the antiox-
idant effect. The observed upregulation of SOD1, CAT, and
GSR2 enzymes at RNA level supports the hypothesis that
the combined interaction of plasma constituents, electric
field, ions, and electrons with the biological cellular compo-
nents induces oxidative stress.

However, the detailed biological mechanisms by which
CAP can induce apoptosis is not yet clear [58]. As
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Figure 6: Induction of micronuclei (MN) 24 h after CAP exposure in Jurkat cells. Ethyl methanesulfonate (EMS) was used as positive control.
(a) % of MN recorded flow cytometrically by SYTOX green/EMA. Data are the mean of three different experiments. (b) Representative results
of the final gate of SYTOX fluorescence (GRN) versus forward scatter (FSC) of control, EMS, and CAP treatments under T1 and T2
conditions. (c) MN recorded microscopically on binucleated cells. ∗P < 0 05; ∗∗P < 0 01; and ∗∗∗P < 0 001 versus the untreated cells.
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previously mentioned, CAP affects cells both via direct and
indirect treatments. In particular, H2O2-cooperating active
species seem to be responsible to induce membrane alter-
ation, increasing the permeability to other extracellular
reactive species and further modulating intracellular ROS
levels [13].

Due to the capacity of CAP to generate RONS, we evalu-
ated its genotoxic potential through the analysis of premuta-
tional and mutational events. The phosphorylation of H2A.X
is a reliable marker of genotoxicity and useful to predict the
genotoxic potential of a compound [59]. In our study, CAP
treatment induced a significant increase in the level of p-
H2A.X under all tested treatment conditions, with higher
values at 6 h as compared to 24 h after plasma treatment.
Notably, the phosphorylation assay is a clear index of the
ability of a xenobiotic, or in this case, a physical treatment,
to interact with the DNA, thus causing a premutational
lesion that could still be repaired by the DNA repair systems
[60]. Furthermore, the decrease in DNA damage recorded
24 h after CAP exposure could be justified by the decrease
in intracellular ROS levels observed at the same time point
[61]. The reduction in p-H2A.X expression recorded after
pretreatment of cells with NAC suggests that intracellular
ROS levels play a role in the DNA damage induced by
CAP. The evidence that scavenging proteins limited the effect
of nonthermal plasma was previously reported. For example,
Ma and colleagues showed that the cytotoxic effect of CAP is
dose dependently reduced by the presence of ROS scavengers
[23]. However, in our experimental settings, NAC did not
fully abolish H2A.X phosphorylation. This means that other
CAP components may interact with DNA. Furthermore, a
growing body of evidence demonstrated that p-H2A.X is
always induced when DNA double-strand breaks (DSBs)
are provoked, but p-H2A.X should not be considered an
unequivocal marker of DSBs and could not be a participant
in the DNA damage response [62, 63]. To understand
whether the CAP-induced DNA lesions are turned into
mutations, the MN test was performed. To the best of our
knowledge, this is the first report describing that CAP expo-
sure significantly increased the frequency of MN on Jurkat
cells at both exposure conditions, thus indicating a
mutagenic and irreversible effect for CAP. The recovery of
damaged cells under conditions where cell death occurred
by apoptosis [64] suggests that the destruction of genetically
damaged cells by the apoptosis effector pathways is not
completely efficient. A huge amount of data demonstrated
the genotoxic effects of plasma treatments in both prokary-
otic and eukaryotic systems, but due to the complexity of
DNA-plasma interaction, sometimes conflicting results are
reported. Some studies showed the lack of mutagenic effect
of plasma. For example, the treatment with the argon plasma
jet kinpen did not display a mutagenic potential [65–67].
Taking into account the heterogeneity of plasma composi-
tion, each plasma source should be tested for both efficacy
and safety aspects [24].

In conclusion, our results provide a deeper understanding
of the potential of CAP as a promising physic-pharmacologic
strategy in the oncological field and pose the basis for the
evaluation of its toxicological profile.
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In childhood acute lymphoblastic leukemia, treatment failure is associated with resistance to glucocorticoid agents. Resistance to
this class of drugs represents one of the strongest indicators of poor clinical outcome. We show that leukemic cells, which are
resistant to the glucocorticoid drug methylprednisolone, display a higher demand of glucose associated with a deregulation of
metabolic pathways, in comparison to sensitive cells. Interestingly, a combinatorial treatment of glucocorticoid and the glucose
analog 2-deoxy-D-glucose displayed a synergistic effect in methylprednisolone-resistant cells, in an oxygen tension-independent
manner. Unlike solid tumors, where 2-deoxy-D-glucose promotes inhibition of glycolysis by hexokinase II exclusively under
hypoxic conditions, we were able to show that the antileukemic effects of 2-deoxy-D-glucose are far more complex in leukemia.
We demonstrate a hexokinase II-independent cell viability decrease and apoptosis induction of the glucose analog in leukemia.
Additionally, due to the structural similarity of 2-deoxy-D-glucose with mannose, we could confirm that the mechanism by
which 2-deoxy-D-glucose predominantly acts in leukemia is via modification in N-linked glycosylation, leading to endoplasmic
reticulum stress and consequently induction of the unfolded protein response.

1. Introduction

Acute lymphoblastic leukemia (ALL) is the second most
common cause of death in children and adolescents, behind
accidents. Significant advances have been made in the
successful treatment of childhood-ALL (ch-ALL), leading to
an overall survival rate approaching 90% in children [1].
Despite this success, a subset of patients remains refractory
to chemotherapy and suffers from relapse which is associated
with poor outcome. The conventional ch-ALL treatment
consists of several classes of chemotherapeutic agents includ-
ing glucocorticoids (GCs) and fails in approximately 20% of
the patients [2–4]. Resistance to GCs, such as methylprednis-
olone (MP), is related to unfavorable prognosis. Therefore, it
is important to develop alternative therapies that can over-
come MP resistance. Previous reports have suggested that

leukemic cells from ALL patients resistant to GC treatment
present an increase in glycolytic rate [5, 6]. Moreover, it has
been shown that solid tumors have altered rates of glucose
transport and glycolysis in comparison to their nonmalig-
nant counterparts [7–10]. The treatment of ch-ALL with
the glycolysis inhibitor 2-deoxy-D-glucose (2-DG) provided
the first evidence that ALL have a similar metabolic shift as
solid tumors [11]. 2-DG has been extensively described to
competitively inhibit hexokinase (HK) and glucose phos-
phoisomerase (PGI) in solid tumors [12]. Indeed, 2-DG can
enter into the cell through glucose transporter GLUT-1,
where it is converted to 2-deoxy-D-glucose-6-phosphate
(2-DG6P) by HK. Unlike the endogenous substrate, G6P,
2-DG6P cannot be further metabolized by the second enzyme
in the glycolytic pathway, PGI. It has been shown that in solid
tumors, 2-DG6P accumulation inhibits glycolysis which
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represents the main mechanism of 2-DG cytotoxicity [13].
Furthermore, it has been previously reported that in cancer
cells growing under hypoxic conditions, 2-DG causes
apoptosis by inhibiting glycolysis [12]. In this study, we
demonstrate that, in contrast to solid tumors, 2-DG induces
apoptosis in ch-ALL cell lines in combination with MP
under normal oxygen tension. In addition, we report that
the cytotoxic activity of 2-DG in leukemia cell line is not
primary through glycolysis inhibition, since silencing of
HKII does not interfere with 2-DG-mediated decrease in
cell viability. We hypothesize that, in leukemia cells, 2-DG
predominantly acts as an inhibitor of N-linked glycosyla-
tion (NLG) due to its structural similarity with mannose.
2-DG can be fraudulently incorporated in the place of man-
nose on the oligosaccharide chain and lead to accumulation
of misfolded proteins [12]. The accumulation of misfolded
proteins in the lumen of the endoplasmic reticulum (ER)
leads to ER stress and, as a consequence, the induction of
the unfolded protein response (UPR) [13]. Taken together,
the cytotoxic activity of 2-DG in selected ch-ALL cells
under aerobic conditions is caused by interfering with
NLG rather than inhibition of glycolysis. Furthermore, we
discovered an additional mechanism of 2-DG action, which
involves glycogen synthase kinase-3 (GSK-3) in the context
of MP resistance in ch-ALL cell lines.

2. Material and Methods

2.1. Calculation of Synergy. Synergistic effects of drugs were
evaluated as equipotent drug concentrations by the equation
developed by Berenbaum [14]. A dose-response curve was
constructed for each single drug and combinations of two
drugs together. The values calculated according to the
Berenbaum equation are referred to as a synergy factor (Fsyn).
A value< 1 indicates synergy, Fsyn equal to 1 indicates an
additive effect, and Fsyn> 1 represents an antagonist effect.

2.2. Glucose-Consumption Assay. Glucose levels were mea-
sured with the glucose assay kit (Sigma, Buchs, Switzerland),
as described by the manufacturer. Briefly, 5× 105 cells were
cultured and after 96 h medium was collected and incubated
for 30 minutes with glucose assay buffer (1.5mM NAD,
1mM ATP, 1U/ml hexokinase and 1U/ml glucose-6-
phosphate dehydrogenase). During this time, glucose is
phosphorylated to glucose-6-phosphate (G6P), and the latter
is then oxidized to 6-phosphate glucoronate in the presence
of NAD. Conversion of NAD to NADH was measured by
the increase in absorbance at 340 nm, which is directly pro-
portional to the glucose concentration. To calculate glucose
consumption, values were compared with media (RPMI or
IMDM) glucose levels and corrected for cell growth.

2.3. Flow Cytometry. Apoptosis was assessed by fluorescence-
activated cell sorting (FACS) after treatment with MP and
2-DG or the combination of drugs. Cells were harvested,
pelleted by centrifugation, and washed with phosphate-
buffered saline (PBS). Subsequently, leukemic cells were
resuspended in 100μl of binding buffer (1.4M NaCl,
25mM CaCl, 0.1M Hepes; pH 7.4) and stained with

FITC-labeled Annexin-V-fluorescein isothiocyanate (Bio-
tium, Hayward, CA, USA) and 7-Aminoactinomycin D
(7-AAD) according to the manufacturer’s protocol (BD
Biosciences, Mississauga, ON) and analyzed on a Becton-
Dickinson LSR II flow cytometer using BD FACSDiva soft-
ware (version 6.1.3; Becton Dickinson AG, Allschwil,
Switzerland) and FlowJo software (version 5.4+; Three Star
Inc., Ashland, OR, USA). PE Active Caspase-3 Apoptotic
kit (BD Pharmigen, San Diego, CA, USA) according with
manufacture’s instruction was used to confirm apoptosis.
Flow cytometry analysis measurements were performed in
singlet with three repetitions of each individual experiment.

2.4. Nucleofection. Silencing ofHKII gene by small interfering
RNA (siRNA) was performed by nucleofection using the
Amaxa Nucleofector II (Amaxa Biosystems, Cologne,
Germany), following the manufacturer’s instructions. Each
sample was transfected with 300 nM siRNA (HKII: siRNA
IDs 6562) (Ambion, Applied Biosystem, USA) using the
program X-01 of the Nucleofector II. The transfection
efficiency was evaluated by quantitative RT-PCR after 24 h.
Following the same procedure, protein extracts were ana-
lyzed by Western blotting 48 h after transfection, and the
impact on cell viability was evaluated by using the MTS assay
(Promega, Madison, WI, USA).

2.5. Microarray Analysis. The raw data in the form of
Affymetrix.CEL hybridisation files from the dataset of
Haferlach et al. [15] were downloaded from the ArrayEx-
press database (accession E-GEOD-13159). The data was
background-corrected and normalized using the Robust
Microarray Analysis method. Gene summarization was done
using the alternative CDF files provided by Dai et al. [16].
Differential gene expression of 121 ch-ALL samples carrying
the translocation t(9;22) (Philadelphia chromosome positive)
and 236 ch-ALL samples without this translocation com-
pared to 72 healthy bone marrow samples was calculated
using the limma R-package.

2.6. Metabolite Profiling.A total of 234 samples from SUP-15,
SD1, and REH leukemia cell lines were treated with vehicle
(Benzyl alcohol, AB), MP, and 2-DG or the combination
for 0, 6, 12, 18, 24, and 48 h. Cells were extracted using a
modified version of a previously described protocol. Briefly,
rapid inactivation of metabolism was obtained by a two-
step process consisting of initial quenching of the cells,
followed by extraction of the metabolites. Quenching
procedure: 2× 106 cells were washed twice with 150μl of
ammonium carbonate (75mM, pH 7.4) prewarmed at 75°C
and shaken on a heating block. Cells were pelleted by
centrifugation and snap-frozen in liquid nitrogen. For
metabolite extraction, pellets were treated twice with 150μl
of hot extraction solution (75°C, 70% v/v pure ethanol) and
placed in a heating block (75°C) for 3 minutes. The collected
supernatants were completely dried under vacuum. Dry
extracts were stored at −80°C until metabolomics analy-
sis. Nontargeted metabolome profiling was done by flow
injection—time-of-flight analysis in negative mode on an
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Agilent 6550 QTOF instrument (Agilent, Santa Clara
CA, USA).

2.7. Clustering Analysis and Metabolite Pathway Analysis.
The ion intensities were first log-transformed and then
averaged over all technical replicates per condition, result-
ing in a matrix with 60 columns for 4 treatments, 3 cell
lines and 5 time points, and 827 rows for as many ions.
For each noncontrol condition—that is, any treatment
with MP, 2-DG, or 2-DG+MP—log-fold change values
were calculated by subtracting the log-transformed intensi-
ties from the corresponding, that is, same cell line and time
point, control sample. This operation resulted in a matrix
with 45 columns—3 cell lines x 3 treatments x 5 time
points—and 827 rows. Of these 827 ions, we retained only
those with significantly changing intensities, either over time
or across different treatments compared to the control treat-
ment, using the limma method [17]. Using an adjusted
p value cutoff of 0.01, 649 ions were retained. Next,
k-medoids clustering was performed to detect groups of sim-
ilarly regulated ions using the correlation distance as distance
metric. Using the silhouette width quality score, the optimal
number of clusters to create was found to be 5. We then used
the SetRank algorithm to look for overrepresented pathways
in each cluster, using metabolite annotation from the KEGG
and Reactome databases [18, 19].

2.8. High-Throughput Protein Kinase Inhibitors Screen. REH
and SD1 leukemia cells were screened with a library of 365
GlaxoSmithKline Published Kinase Inhibitor Set (GSK, PLC
United Kingdom) [20]. The cells were plated at a minimum
density of 30,000 cells per well, in 96-well plates in tripli-
cates. Cells were treated with MP (150μg/ml for REH and
100μg/ml for SD1) alone and/or in combination with the
kinase inhibitors at the final concentration of 1μM. Dimethyl
sulfoxide (DMSO, Sigma-Aldrich Chemie Gmbh, Buchs,
Switzerland) as a negative control was added to each plate
of the library. Validation of the hit candidates was evaluated
after 72 h using the MTS assay. SB-360741 a 3-anilino-4-
arylmalemide, GSK-3 inhibitor was selected and further
validated in SD1 and REH cell lines.

2.9. Statistical Analysis. All statistics were performed in
GraphPad Prism software (La Jolla, CA, USA). The statistical
significance of differences between groups was assessed
by two-way analysis of variance (ANOVA) correct for
Bonferroni’s multiple comparison test. p values of <0.05
were considered significant.

3. Results

3.1. 2-DG Modulates MP-Induced Cytotoxicity in Resistant
ch-ALL Cell Lines. 2-DG, a synthetic glucose analog with a
primary function to inhibit glycolysis, has been reported to
synergize with standard anticancer treatments in the induc-
tion of cell death in several carcinoma types [10, 21, 22].
MP resistance in leukemia has been associated with an
increased expression of genes involved in glucose metabo-
lism. Moreover, inhibition of glycolysis was shown to
sensitize leukemia cells to prednisone [5]. Single treatment

with MP was administrated to three leukemia cell lines, and
according to their responses, they were classified as sensitive
(SUP-B15), intermediate (SD1), and resistant (REH) cells
toward MP (Figure 1). To determine the effects of 2-DG,
SUP-B15, SD1, and REH, cells were exposed to increasing
concentration of the glucose analog and their growth and
cytotoxic responses were assessed (Figure 1). SUP-B15 and
SD1 displayed a dose-dependent decrease in cell viability
(Figures 1(a) and 1(b)) in response to the glycolysis inhibitor.
The REH cell line showed a higher resistance towards 2-DG
(Figure 1(c)). Thus, it was necessary to increase the dose of
the glucose analog in order to obtain the same biological
effect. To further investigate if the observed synergism of
chemotherapy and 2-DG reported in carcinoma cells could
also be observed in the case of GCs sensitization towards
MP, 2-DG was administrated with sublethal concentrations
of MP. Coincubation of 2-DG and MP displayed increased
cytotoxicity in all leukemia cell lines tested. All three
leukemia cell lines displayed synergistic effects between the
two drugs, with values of Fsyn = 0 86, 0.95, and 0.58 for
SUP-B15, SD1, and REH, respectively (Figure 2). Moreover,
SD1 displayed a dose-dependent viability decrease upon
combinatorial treatment with all three concentrations of
2-DG tested (Figure 2(b)), while the effect on REH cell line
was independent of the dose of 2-DG (Figure 2(c)). In con-
trast, the synergistic effect in SUP-B15 was observed only at
the higher concentration of 2-DG (0.25mM) (Figure 2(a)).

3.2. 2-DG Inhibits Glucose Consumption, Utilization, and
Uptake. To determine whether metabolic changes are associ-
ated with glucocorticoid resistance in ch-ALL and to further
investigate the hypothesis that this cancer relies on glycolysis
to produce ATP and biomass, we analyzed the glucose uptake
in a panel of leukemia cell lines (Figure 3). The cells were
cultured in normal media in the presence or absence of single
drugs or combinatorial drug treatments. Despite the broad
spectrum of treatment concentrations, the SUP-B15 cell line
did not display any differences in glucose uptake upon
treatment with MP (Figure 3(a)), 2-DG (Figure 3(b)), or
the combination suggesting that the survival of this cell line
does not rely exclusively on glycolysis (Figure 3(d)). This
observation can be in part explained by SUP-B15 sensitivity
to MP. In contrast, SD1 and REH cells displayed an increase
in glucose consumption and a significant rescue of the glu-
cose uptake upon 2-DG treatment (Figures 3(b) and 3(c))
at the concentration of 1mM. Moreover, the combinatorial
treatment of MP (50μg/ml) and 2-DG (0.5mM) was able
to revert the glucose uptake significantly, after 96 h exposure
(Figures 3(e) and 3(f)).

3.3. 2-DG Sensitizes Resistant ch-ALL Cell Lines to MP-
Induced Apoptosis. To analyze the mechanism of action of
the combinatorial treatment of 2-DG and MP as a cause of
cell viability decrease, a flow cytometry analysis of apoptotic
markers (Annexin-V, 7-AAD) was performed. Induction
of apoptosis was detected in all three leukemia cell lines
after 12 h and 24h (Figures 4(a) and 4(b)). An increase
in early apoptosis (Annexin-V-positive cells) was observed
after 12 h in the intermediate and resistant cell lines
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Figure 1: Effects of MP and 2-DG single treatment in a panel of ch-ALL cell lines. Cell viability was evaluated in (a) SUP-B15, (b) SD1, and
(c) REH cells treated for 72 h with MP and 2-DG at the indicated concentrations. Error bars represent the SD of the mean of three
independent experiments (n = 3).
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(Figure 4(a)). Unlike SD1 and REH, SUP-B15 displayed an
increase in late apoptosis upon 12 h of treatment. Inter-
estingly, combinatorial treatments induced early and late
apoptosis in all three leukemia cell lines (Figure 4(b)). Taken
together, these results confirm that MP treatment in combi-
nation with 2-DG not only leads to increased apoptotic
activity in leukemia cell lines, but also tends to overcome
MP-resistance in SD1 and REH by inducing a decrease in
cell viability. This supports the hypothesis that inhibition
of metabolism with 2-DG impairs proliferation and triggers
cell death in ch-ALL cells. To confirm our data, we measured
apoptotic markers upon single and combinatorial treatment
at the protein level. An induction of apoptosis was observed
in all three leukemia cell lines upon 24 h of treatment, indi-
cated by the increased levels of cleaved PARP protein, a
nuclear enzyme involved in DNA repair (Figure 4(c)).
SUP-B15 displayed a similar induction of cleaved PARP

upon single or combinatorial treatment while SD1 demon-
strated an induction of apoptosis upon 2-DG treatment
and the combinatorial treatment (Figure 4(c)). REH dis-
played apoptosis only following combinatorial treatment
(Figure 4(c)). Moreover, the levels of active caspase-3 were
assessed after 24 h of treatment. In line with our previous
results, activation of caspase-3 in the SUP-B15 cell line was
found upon all treatment conditions, while in SD1 and
REH, a significant activation was observed only upon
combinatorial treatment (Figure 4(d)). Regression analysis
confirmed that the reduction in cell viability is in part due
to the induction of apoptosis (Additional file 1: Figure S1
available online at https://doi.org/10.1155/2017/2487297).

3.4. 2-DG-Induced Cytotoxicity Is Exerted in a Hexokinase-
Independent (HK) Manner in Leukemia Cell Lines. We used
the cDNA microarray data set from Haferlach et al. [15] to
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Figure 2: Synergistic effect of MP and 2-DG in ch-ALL cell lines. The responses of a panel of leukemia cell lines to MP alone and in
combination with 2-DG: (a) 0.1mM, 0.2mM, and 0.25mM of 2-DG for SUP-B15 and (b, c) 0.5mM, 1mM, and 2.5mM of 2-DG for SD1
and REH was measured after 72 h using the MTS assay. Cell viability was normalized to untreated cells (100%). Data represent the SD of
the mean of three independent experiments (n = 3). ∗p ≤ 0 05, ∗∗p ≤ 0 01, ∗∗∗p ≤ 0 001 compared to single treatment (−2-DG) as
determined by two-way ANOVA analysis of variance using Bonferroni’s multiple comparison test.
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analyze differences in gene expression in patients of two
ch-ALL subgroups in comparison with healthy bone
marrow samples. The wide cohort of ch-ALL patient sam-
ples analyzed in our laboratory (data not shown) displayed
a general downregulation of the genes involved in the gly-
colytic pathway (Additional file 1: Figures 2a and 2b). Sur-
prisingly, all three hexokinase isoforms (HKI, HKII, and
HKIII) are significantly downregulated in both ch-ALL
subgroups examined compare to healthy bone marrow

(all p value >10−10) (Additional file 1: Figure 2a). The
hexokinase isoforms II (HKII) and III (HKIII) are enzymes
responsible for the conversion of glucose to glucose-6-
phosphate (G6P), which is considered as the first limiting
step of glycolysis. In line with this result, further evidence
revealed that in our panel of leukemia cell lines, the
expression of HK isoforms was downregulated (Additional
file 1: Figure 2c). We thus speculated that in our leukemia
in vitro model, HKII is not required for 2-DG-mediated
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Figure 3: Glucose consumption in a panel of ch-ALL cell lines. The absolute glucose levels were measured in the cell media after incubation
with MP, 2-DG, or combinatorial treatment. Kinetic measurements of glucose uptake were performed; only data from 96 h are shown.
(a) SUP-B15, (b) SD1, and (c) REH cell lines were treated with increasing concentration of MP (left graph) and 2-DG (right graph).
RPMI and IMDM controls represent the amount of glucose present in the culture medium incubated for 96 h in the absence of
treatment. The effects of combined drug treatments on glucose levels are shown in (d), (e), and (f) for SUP-B15, SD1, and REH,
respectively. The conversion of glucose to glucose-6-phosphoglucoronate (G6P) and NADH was evaluated. The concentration of
NADH was measured. Graphs represent the SD of the mean of at least two independent experiments (n = 2). ∗p ≤ 0 05 using two-way
analysis of variance (ANOVA) using Bonferroni’s multiple comparison test.
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apoptosis induction. Since leukemic cell can circulate freely
through normoxic and hypoxic environments, we investi-
gated whether in normal and decreasing oxygen tension, 2-
DG leads to the same biological effect. Upon treatment with
2-DG, the cells were incubated either in normoxia or in

hypoxia (pO2 1%). No significant differences in the impact
of 2-DG on cell viability were observed (Additional file 1:
Figure 3). Thus, 2-DG treatment leads to cell viability impair-
ment independently of the oxygen levels in ch-ALL cells. To
confirm that HK is not crucial for the effects of 2-DG in
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Figure 4: Induction of apoptosis upon MP, 2-DG, and combinatorial treatments. Apoptotic markers analysed by fluorescence-activated-cell-
sorting (FACS) and western blot in a panel of ch-ALL after treatment with MP and 2-DG. FACS quantification of single (light grey) or double
positive cells for Annexin-V and 7-AAD (white) after (a) 12 h and (b) 24 h treatment with MP and 2-DG. The percentage of living cells is
represented in dark grey color. (c) Protein expression analysis by Western blot of cleaved-PARP in leukemia cell lines treated with MP,
2-DG, and MP+2-DG for 24 h is shown. (d) Caspase-3 activation was assessed by FACS in all three leukemia cell lines treated as
described previously. Error bars represent the SD of the mean of at least two independent experiments (n = 2). ∗∗p ≤ 0 01, ∗∗∗p ≤ 0 001,
two-way analysis of variance (ANOVA) using Bonferroni’s multiple comparison test.
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leukemia cell lines, we performed HKII silencing in all three
leukemia cell lines (Figure 5 and Additional file 1: Figure 4).
Due to low transfection efficiency in SUP-B15 and SD1
cell lines and since REH appeared to be the most resistant
cell line, further experiments were carried out only in
REH. The siRNA transfection efficiency at the mRNA level
was measured after 24 h (Figure 5(a) and Additional file 1:
Figure 4b) and confirmation of HKII silencing at the pro-
tein level was measured after 48 h by Western blot analysis
(Figures 5(a) and 5(b)). To gain further insight on the
role of HKII in REH cells, we performed cell viability
assays after HKII knockdown. Silencing HKII did not sig-
nificantly change the treatment response to either 2-DG
(Figure 5(c)) or MP (Figure 5(d)), implying that the cytotoxic
effect of 2-DG in this ch-ALL cell line is not dependent on its
ability to inhibit glycolysis. Therefore, we focused our
attention on identifying additional molecular targets of
2-DG in leukemia cell lines.

3.5. 2-DG Interferes with N-Linked Glycosylation (NLG) and
Induces Changes in the Metabolic Profile of Leukemic Cells
In Vitro. 2-DG is known as a structural analog of mannose
and acts as a potent inhibitor of N-linked glycosylation
(NLG), by competition with the endogenous substrate and
by fraudulent incorporation into dolichol-pyrophosphate
(lipid)-linked oligosaccharides, which are the precursors of
NLG [23]. To investigate whether the antiproliferative effects
of 2-DG in normoxia predominantly occur through inhibi-
tion of NLG and not through an HK-dependent block in
glycolysis, we performed a cytotoxicity assay in the presence
or absence of mannose (2.5mM) (Figure 6(a)). Mannose
treatment significantly reversed 2-DG-induced cytotoxicity,
leading to the hypothesis that the effects of 2-DG in leuke-
mia cells in normoxia are primarily due to interference
with NLG. Moreover, a metabolomics analysis of the leu-
kemia cell lines under study showed that a significant
decrease in several metabolites involved in hexosamine
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Figure 5: Gene expression analysis. REH transfection with siRNA was performed using nucleofection and gene expression was assessed.
(a) Expression of HKII after silencing was measured in REH cells line at the mRNA level (24 h) and (b) at the protein level (48 h). The
effects of (c) 2-DG or (d) MP on cell viability were measured in the presence or absence of HKII expression. The fold change was
calculated via normalization to the scrambled control. Error bars represent the SD of the mean of at least three independent
experiments (n = 3).
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Figure 6: Continued.
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Figure 6: Metabolic profiles upon treatment with 2-DG and MP in ch-ALL. (a) Reversal effects of 2-DG on cell viability by exogenous
mannose (2.5mM). (b) Principal component analysis (PCA) score plot of SUP-B15 (●), SD1 (▲), and REH (■). Representative data are
shown; the size of each condition is proportional to the treatment exposure. (c) The hierarchical clustering heat map shows consistent
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the UDP-N-acetyl-glucosamine pathway in a matrix of 60 columns for 4 treatments (ctrl, 2-DG, MP, and 2-DG+MP) and 5 time points
(0, 6, 12, 18, 24, and 48 h). Error bars represent the SD of the mean of at least three independent experiments (n = 3). ∗p ≤ 0 05,
∗∗p ≤ 0 01, ∗∗∗p ≤ 0 001, two-way analysis of variance (ANOVA) using Bonferroni’s multiple comparison test.
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biosynthesis pathway (HBP) and in the genesis of N-linked
glycans was observed upon 48 h of combinatorial treatment
(Figure 6(b)). UDP-N-acetyl-hexosamine, N-acetyl-hexosa-
mine-phosphates, and UDP-hexosamine, which are all
involved in the generation of glycosaminoglycans, proteogly-
cans, and glycolipids, were significantly downregulated upon
combinatorial treatment (all p value <10−15) (Figure 6(c)). As
a consequence, the glycans are not transferred to the nascent
products (e.g., glycoprotein), leading to a block in protein
synthesis. As can be seen from Figure 6(c), the general trend
of metabolites in UDP-N-acetyl-hexosamine pathway is
upregulated at 24h and downregulated at 48h.

In addition, depending on the cell line used, UDP-N-
acetyl-hexosamine levels stay the same or are increased
upon treatment with 2-DG, apart from a slight decrease
at 6 h. However, treatment with MP results in a general
decrease in UDP-N-acetyl-hexosamine, with the exception
of REH. The combined treatment shows a more compli-
cated picture, with generally increased levels of the UDP-
N-acetyl-hexosamine until 24 h and then falling sharply
at 48 h (Figure 6(d)). Together, these results demonstrate
the importance of the deregulation of NLG for the biolog-
ical effects of 2-DG in ch-ALL. It has been described that
impaired NLG leads to the accumulation of unfolded pro-
teins within the endoplasmic reticulum (ER) and to the
induction of the unfolded protein response (UPR) [24–26].
To investigate whether 2-DG treatment alone or in combina-
tion with MP triggers the UPR, leukemia cell lines were
exposed to both drugs as single agents or in combination.
Moreover, treatments with 2-DG and mannose (2.5mM)
were assessed. The impact of these drugs on the UPR was
evaluated by measuring the expression of glucose-regulated
protein 78 (GRP78). In addition, the activation of the
UPR-mediated apoptotic pathway was investigated after
24 h treatment by measuring the expression of DNA
damage-inducible transcript 3 protein (also called CHOP)
(Figure 7). 2-DG alone induced an increase in GRP78
expression leading to the activation of the UPR response,
in particular in the REH resistant cell type (Figure 7(a)).
Surprisingly, in this cell line, the combination of 2-DG
and MP did not lead to any additional increment in the
expression of GRP78. SUP-B15 and SD1 displayed a sig-
nificant increase in the levels of GRP78 in cells cotreated
with 2-DG and MP, compared to single treatments. Sur-
prisingly, in SD1 cells treated with a single dose of MP
(150μg/ml), the level of GRP78 was increased to the same
extent as for the 2-DG single treatment. The activation of
UPR-mediated apoptosis via CHOP was evaluated and we
were able to show that, for SUP-B15 and SD1, the cotreat-
ment with 2-DG and MP led to a significant increase in
the expression of CHOP. In contrast, in REH, the same
trend was observed for GRP78, indicating that the treat-
ment with 2-DG alone at 1mM was sufficient to increase
the expression of both genes (GRP78 and CHOP). More-
over, mannose (2.5mM) cotreatment with 2-DG was able
to reverse the effects of the latter drug on GRP78 and
CHOP levels in all three leukemia cell lines (Figure 7).
These results indicate that in the leukemic cell lines under
study, 2-DG induces its biological effects by interfering

with NLG leading to UPR induction and subsequent acti-
vation of the UPR-mediated apoptotic pathway.

3.6. High-Throughput Screen with 365 Protein Kinase
Inhibitors Identifies GSK-3 as a Potential Target in
Leukemia. To better understand the mechanism of action
of MP in resistant leukemic cells, we screened 365-protein
kinase inhibitors in SD1 and REH cells. The outcome of the
screen revealed 57 hit compounds, which acted synergisti-
cally with MP. Surprisingly, the majority of those inhibitors
targeted kinases involved in metabolism such as p38-
mitogen-activated protein kinase (p38/MAPK), insulin-like
growth factor-I receptor (IGF-IR), and inhibitor of nuclear
factor kappa-B kinase subunit α and β (IKK-α/β). Interest-
ingly, among these hit compounds, 14 targeted glycogen
synthase kinase-3 (GSK-3). Considering the impact of MP
on cell metabolism and the relevance of GSK-3 inhibition
in our screen, we decided to investigate the role of this kinase
in MP-resistant ch-ALL cells in more detail. We selected the
GSK-3 inhibitor SB-360741, a 3-anilino-4-arylmalemide,
for further analysis, due to its robust synergistic effects
with MP (Fsyn = 0 47 and 0.88 for REH and SD1, resp.)
[27]. A significant decrease in REH cell viability was observed
after 72 h of treatment (Figure 8(a)). Comparable results were
observed in the SD1 cell line (data not shown). In order to
investigate the mechanism of cell death induced by MP and
SB-360741, we further analyzed the expression levels of
several apoptotic markers, which revealed that this process
is the main mechanism underlying the observed cytotoxicity.
Upon 24h of single SB-360741 treatment, we observed a
slight increment in cells in early apoptosis (Annexin-V-
positive cells).However, when SB-360741was combinedwith
MP, theapoptotic rate increased significantly in comparison to
single treatments (Additionalfile 1: Figure 5). Interestingly,we
observed similar biological effects of SB-360741 and 2-DG
when coadministrated with MP. We hypothesize a possible
link between these two pathways. Therefore, we investigated
the effect of 2-DG treatment on GSK-3 activity more in
details. Upon single treatment with 2-DG, GSK-3 phosphor-
ylation status remained unchanged, while the combinatorial
treatment with MP led to the inhibition of GSK-3 activity
via phosphorylation at Ser21 of the α isoform. Together,
these results reveal the existence of 2-DG- and/or GSK-3-
mediated pathway acting synergistically with MP, leading
to the induction of cell death and apoptosis in ch-ALL.

4. Discussion

Within the last years, a large variety of different solid
tumors have been associated with increased metabolic activ-
ity [8, 28]. Although there are many examples of solid tumors
having altered metabolism, it has been only recently reported
that this phenomenon also occurs in hematological malig-
nancies [21, 22, 29, 30]. Therefore, targeting the metabolic
pathways could represent an innovative approach to sensitize
leukemic cells to chemotherapeutic drugs and potentially
lead to a better patient outcome [31, 32]. One of the most
important prognostic factors in ch-ALL is the response to
the GCs treatment. Thus, strategies aiming to reverse GCs
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resistance could improve the survival of children suffering
from leukemia. Recent data investigating the mechanisms
involved in MP resistance showed a tight correlation between
rapid leukemic growth and a high glycolytic ratio [5]. There-
fore, it is of interest to further analyze the impact of glycolysis
inhibitors in leukemia, since several in vitro and in vivo
studies have demonstrated their efficacy as anticancer drugs
[33]. Moreover, some of these inhibitors have been already
selected as candidates for clinical trials [21, 29, 34, 35]. In
our study, the glucose analog 2-DG was selected principally
because of its strong activity in depleting the production of
ATP at the first limiting step of glycolysis. The investigation
of the impact of 2-DG, as an antileukemic agent led us to
the hypothesis that leukemia cells, like solid tumors, might
have an altered metabolism, a phenomenon termed as
“aerobic glycolysis” [36]. Indeed, the inhibition of the glucose

consumption by 2-DG was paralleled by a decrease in cell
viability and enhanced apoptosis in our in vitro leukemia
model. However, a general downregulation of the expression
of genes involved in glycolysis was revealed by cDNA
microarray data analysis performed on a cohort of ch-ALL
patients. A remarkable decrease was particularly observed
in the expression of HK isoforms responsible for the biolog-
ical effect of 2-DG. Furthermore, the cytotoxic effects of
2-DG in cancer appears to be higher under hypoxic condi-
tions, or in cells presenting mitochondrial defects [37, 38].
Since leukemia cells have the capacity to circulate freely
through normoxic and hypoxic environments, it was of
importance to investigate the different mechanisms involved
in 2-DG-induced cytotoxicity. Our data show that the
glucose analog acts in an HKII-independent manner to
reduce cell growth in leukemia. In support of our findings,
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Figure 7: UPR induction by 2-DG in sensitive and resistant ch-ALL cell lines. (a) GRP78/Bip and (b) CHOP mRNA expression was assessed
by real-time RT-PCR (SYBR-green) in leukemia cells treated with 2-DG (dark grey bar), MP (light grey bar), 2-DG+MP (grey striped bar), or
2-DG+Mann (white striped bar). Error bars represent the SD of the mean of at least three independent experiments (n = 3). β-Actin was used
as a control to normalize the samples. p < 0 05 (ns), ∗∗∗p ≤ 0 001 using two-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparison test.
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candidates from the drug screen upon single and cotreatment with MP. SB-360741, a powerful GSK-3 inhibitor, is indicated by a red
arrow. The values shown were calculated as a percentage of the DMSO-treated control. Protein expression profiles of leukemia cell lines,
SD1 and REH, upon single or combinatorial treatment with (b) MP and SB-360741or (c) MP and 2-DG.
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several reports have suggested a more complex mechanism of
action of 2-DG [12, 39, 40]. In this context, we were able to
show that a significant fraction of the 2-DG-mediated cell
death can be rescued by coadministration of exogenous
mannose. These data suggest that the observed antileukemic
effects of 2-DG potentially involve NLG. By interfering with
this process and consequently with protein folding, 2-DG
promotes ER stress leading to UPR induction and protein
synthesis inhibition [41, 42]. In addition, prolonged ER stress
triggers an irreversible UPR-mediated apoptotic response
[43]. The deregulation of NLG via 2-DGmight serve as a sen-
sor linking metabolism with the activation of oncogenic
pathways. In line with this, a screen of 365 protein kinase
inhibitors performed in two leukemia cell lines revealed that
most of the kinases synergistically acting with MP were
involved in metabolism. The selected kinase inhibitor target-
ing GSK-3 (SB-360741) was able to induce the same biologi-
cal effects as 2-DG in combination with MP. GSK-3 is known
to regulate apoptosis and proliferation in cancer and its role
appears to be distinct, not only between physiological and
pathological conditions but also depending on cell type and
tissue context [44–46]. Moreover, in neuroblastoma, 2-DG
exposure triggered an energy depletion in a GSK-3-
mediated manner resulting in attenuation of the mitochon-
drial biogenesis, a particular form of stress adaptation [47].
In leukemia cell lines, we were unable to show a direct regu-
lation of GSK-3 by 2-DG. Nevertheless, the combinatorial
treatment of the glucose analog with MP highly affected
the activity of the kinase. In conclusion, this study pro-
vides new insights into the intimate connection between
GCs resistance and altered metabolism in ch-ALL. There-
fore, it will be of a great interest to investigate alternative
roles of 2-DG in a wider metabolic context, besides its
function as a glucose analog. In addition, investigating of
the role of GSK-3 in leukemia metabolism will provide
further essential knowledge about the mechanisms under-
lying MP resistance. This research work provides evidence
of the intimate connection between GCs resistance and
altered metabolism in ch-ALL. Therefore, the current and
the future challenge in the field of cancer metabolism is
to dissect these complex metabolic changes and interpret
them as a result of global metabolic interactions.
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The role of altered redox status and high reactive oxygen species (ROS) is still controversial in cancer development and progression.
Intracellular levels of ROS are elevated in cancer cells suggesting a role in cancer initiation and progression; on the contrary, ROS
elevated levels may induce programmed cell death and have been associated with cancer suppression. Thus, it is crucial to consider
the double-face of ROS, for novel therapeutic strategies targeting redox regulatory mechanisms. In this review, in order to derive
cancer-type specific oxidative stress genes’ profile and their potential prognostic role, we integrated a publicly available oxidative
stress gene signature with patient survival data from the Cancer Genome Atlas database. Overall, we found several genes
statistically significant associated with poor prognosis in the examined six tumor types. Among them, FoxM1 and thioredoxin
reductase1 expression showed the same pattern in four out of six cancers, suggesting their specific critical role in cancer-related
oxidative stress adaptation. Our analysis also unveiled an enriched cellular network, highlighting specific pathways, in which
many genes are strictly correlated. Finally, we discussed novel findings on the correlation between oxidative stress and cancer
stem cells in order to define those pathways to be prioritized in drug development.

1. Introduction

Reactive oxygen species (ROS) are commonly identified as
oxygen reactive molecules associated with a wide variety of
physiologic events [1] as well as cancer, diabetes, obesity, neu-
rodegeneration, and other age-related diseases [2, 3]. A
reduction-oxidation (redox) reaction concerns the transfer of
electrons (reducing power) from a more reduced (nucleo-
philic) to more oxidized (electrophilic) molecules. ROS can
be classified in two groups: (1) free radical ROS containing
one or more unpaired electron(s) in their outer molecular
orbitals (i.e., superoxide radicals and hydroxyl radicals); (2)
nonradical ROSwhich are chemically reactive and can be con-
verted to radical ROS (i.e., hydrogen peroxide), although they
do not have unpaired electron(s). In both cases, ROS can be
produced by either enzymatic reactions (i.e., NADPHoxidase,
metabolic enzymes such as the cytochrome P450 enzymes,

lipoxygenase, and cyclooxygenase) or by nonenzymatic reac-
tions, such as during the mitochondrial respiratory chain.
These considerations highlight the concept that the source of
ROS is extremely heterogeneous. Indeed, ROS can be found
in the environment, as pollutants, tobacco smoke, and iron
salts, or generated inside the cells through multiple mecha-
nisms [4]. Within cells, mitochondria, cytosol, single
membrane-bound organelles (peroxisomes, endosomes, and
phagosomes), or exosomes shed from plasma membranes, as
well as extracellular fluids, including plasma, are all involved
in ROS generation [3, 5, 6]. Mitochondria are the main ROS
producers, principally because they are the site of the respira-
tory chainwhenelectron leakage can reactwithmolecular oxy-
gen, resulting in the formation of superoxide, which can
subsequentlybe converted tootherROSmolecules. Then, gen-
erated ROS either can be detoxified or can leave the organelle
through channels such as voltage-dependent anion channels

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 2597581, 18 pages
https://doi.org/10.1155/2017/2597581

https://doi.org/10.1155/2017/2597581


(VDAC) or aquaporin, or by small vesicles such as exosomes
[3, 5, 7]. However, ROS can also be the product of β-oxidation
in peroxisomes, of prostaglandin synthesis and detoxification
reactions by cytochrome P450, or of NADPH-mediated
reaction in phagocytes [4, 5].

ROS are biologically important in a variety of physiolog-
ical systems, including adaptation to hypoxia, regulation of
autophagy, immunity, differentiation, and longevity. They
regulate many signal transduction pathways by directly
reacting with proteins and by modulating transcription
factors and gene expression [1]. At low levels, ROS promote
cellular proliferation, differentiation, and migration as well
as cellular stress-responsive survival pathways such as
nuclear factor-κB (NF-κB), thus inducing proinflammatory
cytokines [4, 8]. Because of ROS’ highly reactive potential
toward biological molecules, excessive ROS levels can dam-
age cellular components such as DNA, proteins, and lipids.
To counteract these effects, cells activate “ROS adaption”

mechanisms, involving several antioxidant ROS scavengers,
as glutathione peroxidase (GPx), thioredoxin (Trx), catalase
(CAT), superoxide-dismutase (SOD), and the nuclear factor
erythroid 2 (NRF2) pathway [4, 7]. If a further increase in
ROS levels occurs, then the cells undergo apoptotic cell death
(Figure 1). Therefore, under physiological conditions, in
order to guarantee cellular redox homeostasis, cells regulated
intracellular ROS levels by applying a tight regulation of ROS
generation and of ROS detoxifying pathways.

In this review, we first summarized the role of oxidative
stress molecules in cancer initiation and progression and the
proposed oxidative stress-targeted anticancer approaches.
Next, in order to derive cancer-type specific oxidative stress
gene profiles and their potential prognostic role, we integrated
a publicly available oxidative stress gene signature [9] with the
data extracted from the Cancer Genome Atlas (TCGA) data-
base. Then, we reviewed some of those genes/pathways corre-
latingwith patient’s survival, in order to define potential novel

Oxidative damage
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to DNA
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peroxidation

Altered gene
regulation

Altered signal
transduction

Loss of DNA repair
activity

Mutation
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growth,

differentiation,
and apoptosis

Stress
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ROS accumulation

Cell
death
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Figure 1: Redox stress activation in physiology. The production of abnormally large amounts of ROS leads to persistent changes in signal
transduction and gene expression that, in the last instance, could give to cell death. The steady-state levels of ROS are determined by the
rate of ROS production and their clearance by scavenging mechanisms.
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anticancer therapeutic targets. Finally, we highlighted novel
findingson the correlationbetweenoxidative stress andcancer
stem cells (CSC).

2. The Role of Oxidative Stress Molecules in
Cancer Initiation and Progression

A link between ROS and cancer progression dates back to
1981 when increased levels of H2O2, induced by insulin were
shown to promote tumor cell proliferation. Almost three
decades later, several studies sustained this hypothesis,
reporting increased levels of oxidative damage products in
clinical tumor specimens and plasma as well as in cancer cell
lines [5]. Based on these evidences, to date, the idea that
altered redox balance and deregulated redox signaling are
strongly implicated in any steps of carcinogenesis as well as
in the resistance to treatment, by affecting many, if not all,
hallmarks of cancer is widely accepted [10, 11]. Indeed, cur-
rently, the role of ROS in cancer initiation and progression
through the modulation of cell proliferation, apoptosis,
angiogenesis, and the alteration of the migration/invasion
program is well described [7, 12, 13]. For example, ROS
may affect proliferation by a ligand-independent transactiva-
tion of different receptor tyrosine kinase via ERK activation
and may induce tissue invasion and metastatic dissemination
by activation of metalloproteinases. Moreover, the release of
vascular endothelial growth factor and angiopoietin induced
by ROS promote tumor angiogenesis and anoikis [12, 14].

Nonetheless, the exact origin of ROS generation during
cancer development and disease progression and how this
event could be druggable remains still unclear. Increasing
evidences reported a link between ROS activation and the
presence of some oncogenes, such as Ras, c-Myc, or Bcr-
Abl [2, 15, 16]. Activation of oncogenic signaling might
contribute to the increase of ROS levels, which in turn by
promoting genomic instability could affect both nuclear
and mitochondrial DNA. The consequent activation of anti-
oxidants’ signalingwithin tumor cells can also promote cancer
progression and metastasis [2, 15–18]. Furthermore, cancer
cells undergo metabolic changes to counteract the oxidative
stress, also contributing to metastatic program [5, 19, 20].

Loss of functional p53 is involved in ROS induction, due
to p53 “genome guardian” role in sensing and removing
oxidative damage to DNA, thus preventing genetic instability
[5, 21]. Anyhow, unlike oncogenes, the role of tumor sup-
pressors in the modulation of ROS is more complex, depend-
ing on the specific tumor suppressor itself. For example,
ataxia-telangiectasia mutated (ATM) is a cellular damage
sensor that by regulating cell cycle and DNA repair preserves
genomic integrity. Deficiency of ATM gene, either in patients
or in mice, has been shown to produce elevated ROS levels
and a chronic oxidative stress status. Recently, cytoplasmic
ATM is described to activate a pathway leading to autophagy
through repression of mammalian target of rapamycin com-
plex 1 (mTORC1) in response to elevated ROS levels [22, 23].
Another example regards the loss of PTEN that determines
AKT hyperactivation and inactivation of the forkhead
homeobox type O (FoxO) transcription factor and therefore
enhanced susceptibility to oxidative stress [24].

Less evidences are available about the regulation of ROS
by microenvironment; however, new efforts have been
recently focused in this field [5, 12]. In this regard, Chan
et al. demonstrated that cancer-associated fibroblast- (CAF-)
derived ROS are able to induce the acquisition of an oxidative
CAF-like state on normal fibroblasts. Then, these oxidatively
transformed normal fibroblasts promoted the development
of aggressive tumors via a TGFβ1-mediated Smad3 signaling,
suggesting an important relationship between the extracellu-
lar redox state and cancer aggressiveness [25].

3. Targeting Oxidative Stress as Anticancer
Therapy

The first approach to prevent or treat cancer, by targeting
ROS, was based on the use of antioxidant reagents [11, 15].
In one of the first trials, based on supplementation of sele-
nium, vitamin E and β-carotene on the diet showed a reduc-
tion of overall mortality and cancer rates [26]. However, a
following trial not only failed to obtain consistent results
but also indicated that in certain cases, antioxidants can
rather promote cancer initiation and progression. Concor-
dantly, two trials of cancer prevention, the CARET on male
smokers, treated with vitamin A and/or β-carotene and the
SELECT trial, on older males treated with vitamin E and/or
selenium, resulted in an increased incidence of lung and
prostate tumors, respectively [27–29]. Similar contradictory
results were shown in the trials using antioxidant treatment
as adjuvant therapy [30].

Based on these results, almost a decade ago, ROS
inducers were proposed as anticancer strategy, in order to
overcome the specific threshold of ROS level beyond which
cancer cells undergo ROS-mediated cell death [4, 5]. The first
agents used are those improving electrons leak from the
respiratory complexes in the mitochondria, such as the arse-
nic trioxide, or conventional chemotherapeutic drugs such as
doxorubicin. Indeed, patients treated with those agents
showed lipid peroxidation in their plasma as well as low
levels of vitamin E, vitamin C, and β-carotene in the blood
[4]. The mechanism of action of these agents seems to be
related to their ability to generate ROS directly from the
mitochondria. Indeed, doxorubicin and arsenic trioxide pen-
etrate in the inner membrane of the mitochondria and
induce superoxide radical production by modulating the
electron transport chain. Also 5-fluorouracil increases mito-
chondrial ROS with a different mechanism, mediated by
p53 [4, 31]. Ionizing radiations represent other important
ROS inducers, because they are able to promote by them-
selves high level of ROS and also because they might increase
NADPH oxidase, an important source of ROS [32]. More-
over, we and others have demonstrated, in different models
and in different combination settings, that oxidative injury
played a significant functional role in the antitumor effect
of histone deacetylase inhibitors (HDACi), a class of epige-
netic antitumor compounds currently in clinical practice in
haematological malignancies [7, 13, 33–42].

Recently, a new ROS inducer compound, Elesclomol
(STA-4783), has been developed and tested, both in
in vitro and in vivo preclinical studies as well as in clinical
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trials [5, 43]. Interestingly, the result from a phase II trial
using Elesclomol in combination with chemotherapy, in
malignant melanoma patients, showed ROS generation and
oxidative damage associated with prolonged progression-
free survival [44]. Unfortunately, these results were not rep-
licated in a phase III trial, where Elesclomol treatment was
suspended due to adverse toxic effects [45]. The reason of
this failure could be ascribed, at least in part, to cancer cells’
capability to activate ROS adaptionmechanisms by increasing
levels of ROS scavengers, especially at advanced stages. This
event is particularly efficacious in CSC, as described in the last
paragraph of this review. To counteract the ROS adaptation
mechanisms, a plausible solution could be the combination
of ROS inducers either with another ROS inducer or with
compounds that suppress cellular antioxidants, to overcome
the threshold useful to induce cell death, The latest approach
was tested by using an inhibitor of the scavenger SOD2, 2-
Me, in combination with arsenic trioxide in lymphocytic
leukemia and urothelial carcinoma cells [46, 47]. Similarly,
the combination between the inhibitor of the antiapoptotic
protein bcl2 ABT-737 and the ROS inducer, N-(4-hydroxy-
phenyl) retinamide, or the combination between an NRF2
inhibitor and a glutathione-depleting agents, showed increas-
ing therapeutic efficiency compared to single-agent treatment
[48, 49]. Based on these data, several clinical trials of combina-
tion treatment between ROS inducers and scavenger inhibi-
tors are ongoing, including a multicenter phase II trial with
the iron chelator Triapine and gemcitabine in advanced
non-small-cell lung cancer [5].

4. Bioinformatics Correlation between
Oxidative Stress Gene Expression and
Prognosis in Solid Cancer Patients

Although the biological role of oxidative stress pathways has
been extensively demonstrated, it is still unclear which and
how oxidative stress genes predict bad prognosis and if their
modulation is cancer-type specific. Here, to address this
question, we took advantage of Cancer Genome Atlas
(TCGA) database that, by profiling RNA expression levels
and DNA mutational status for thousands of genes, has gen-
erated comprehensive maps of the key genomic changes in
several types of cancer, enabling correlative analysis of criti-
cal cellular pathways involved in each type of cancers [50,
51]. In details, we compared cancer patient overall survival
(OS) and the mRNA levels of 73 oxidative stress genes,
selected from a public available oxidative stress signature
[9], in different solid tumors. Specifically, the signature
included peroxidases, which are represented by glutathione
peroxidases (GPx) and peroxiredoxins (TPx); genes impli-
cated in ROS metabolism (i.e., DUSP1, FoxM1, and
HMOX1); and genes involved in superoxide metabolism,
such as superoxide dismutase (SOD). Starting from the selec-
tion of the 73 oxidative stress genes, bioinformatics investiga-
tions were performed as described in Figure 2.

In details, bioinformatics analysis was made by SynTar-
get online tool (http://www.bioprofiling.de/PPISURV) using
the following public datasets: TCGA_PAAD for pancreatic

cancer, TCGA_COAD for colon cancer, TCGA_HNSCC
for head and neck cancer (HNSCC), GSE31210 for lung can-
cer, TCGA_PRAD for prostate cancer, and METABRIC for
breast cancer [52, 53]. PPISURV automatically derives the
currently known interactome for a gene of interest and corre-
lates expression levels of its interactome, with survival out-
come in multiple publicly available clinical expression data
sets containing microarray expression data set annotated
with survival data. In details, as reported by Antonov et al.
[54], in the case of the option “single gene survival analyses
on a single data set,” the PPISURV program exploits rank
information from expression data sets that reflect the relative
mRNA expression level. The samples are grouped with
respect to expression rank of the gene in order to correlate
survival information to the expression level of a gene in a par-
ticular data set. The groups are then subdivided in basis to
“low expression” and “high expression” where expression
rank of the gene is less or more than average expression rank
across the data set, respectively. This separation of patients
into “low” and “high” groups in the data set along with sur-
vival information is then used to find any statistical differ-
ences in survival outcome and to draw Kaplan-Meier plot.
Hence, PPISURV establishes a correlation of the selected
gene with survival and assesses the sign of the effect and if
the gene deregulation is associated with positive or negative
outcome.

Notably, a significant number of oxidative stress genes
were negatively correlated with survival in solid carcinomas,
reinforced the idea that oxidative stress plays a crucial role in
cancer cells (Figure 3). Furthermore, going deep to our bioin-
formatics analysis, we observed that breast, lung, and
HNSCC cancers were those more susceptible to oxidative
stress gene expression fluctuations. To explain these data,
one hypothesis could be that all these tumors are more vul-
nerable to external insults (i.e., pollutants) that, as mentioned
above, are an important source of ROS. Furthermore, we
speculate that this phenomenon could be also related to the
high mutational load of those tumors. Indeed, several studies
showed that either breast (particularly triple-negative sub-
group) or lung cancer exhibited an elevated mutational load
which is closely associated to mutations in DNA damage
repair genes as well as to intrinsic genomic instability
[55–57]. Similarly, recently it has been demonstrated that
the overall mutational loadwas higher in oldHNSCC patients
that represent a high percentage of all HNSCC cancers, com-
pared to younger patients [58]. On the contrary, pancreatic,
prostate, and even colon (with exception of microsatellite
instability (MSI) high subgroup) cancers are described as less
hypermutated and thus, we speculate, are also less dependent
to the oxidative stress and genomic instability [59–61].

A further detailed analysis of our correlation between
oxidative gene expression signature and OS unveiled that
the behavior of modulated genes was different among the
cancers examined, with the exception of two genes involved
in ROS metabolism, such as FoxM1 and TXNRD1, found
as statistically significantly high in poor prognosis patients
in four out of six of the tumor types analyzed (Figures 3
and 4). For this reason, those two genes are described below
in details in two specific sections of the review. Other five
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genes, DUSP1, EPHX2, NUDT1, RNF7, and SEPP1, demon-
strated a statistically significant modulation in poor progno-
sis patients in three out of six tumor types (Figure 3 and
Suppl. Figure S1 available online at https://doi.org/10.1155/
2017/2597581). Briefly, DUSP1 is a dual-specificity phospha-
tase-1, which is recognized as a key player for inactivating
different MAPK isoforms. Recently, a role of DUSP-1 as cen-
tral redox-sensitive regulator in monocytes has been demon-
strated [62]. EPHX2 is a cytosolic epoxide hydrolase, implied
in cancer progression and metastasis, in differentially man-
ner based on the stages of carcinogenesis. Indeed, Bracalante
et al. demonstrated that in A7 melanotic cells, resembling less
aggressive tumor cells, anti-oxidant genes, including EPHX2,
were upregulated in response to oxidative stress, while they
were downregulated in G10 metastatic melanoma cells [63].
NUDT1, nudix hydrolase 1, is the most prominent mamma-
lian enzyme among other enzymes responsible for hydrolyz-
ing oxidized DNA precursors. NUDT1 is commonly
upregulated in a wide variety of tumors to avoid incorpora-
tion of oxidized nucleotides that, in turn, induce DNA

damage and cell death [64]. RNF7 (RING finger protein-7)
acts as a metal chelating protein, a scavenger of ROS at the
expense of self-oligomerization. RNF7 was found overex-
pressed in several tumor types, especially in lung carcinoma,
and associated with poor prognosis [65].

SEPP1 is a selenoprotein 1, involved in cellular incorpo-
ration of the selenium circulating in the plasma. Moreover,
SEPP1 has some antioxidant activity, as target of NRF2 fam-
ily. In agreement, Bae et al. showed that some antioxidant
genes known also as NRF2 targets, including SEPP1, were
also transcriptionally modulated by the oncosuppressor
BRCA1, thus suggesting that BRCA1 regulates the activity
of NRF2 and protects cells against oxidative stress [66].

Finally, in order to identify a more relevant oxidative
stress family in our setting, we performed an additional bio-
informatics analysis where, independently from their trend
of expression associated to poor prognosis, all modulated
genes were analyzed in the biological database STRING, a
resource of known and predicted protein-protein interaction.
As shown in Figure 5, our analysis reveals an enriched

73 oxidative
stress genes

PPISURV
tool

Correlation between negative overall survival
(OS) and mRNA levels of genes showed by

heat map and Kaplan-Meier curves

TGCA data in solid
cancers

String analyses

Enriched cellular networks

Figure 2: Bioinformatics analyses. Flow chart reporting step-by-step bioinformatics approach to unveil the most important genes/pathways
involved in the correlation between oxidative stress and cancer.
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Figure 3: Bioinformatics correlation between oxidative stress gene expressions and poor prognosis in 6 different tumor types. Heat map in
which we report in red or in green if the high or low expression of genes was negatively correlated with survival, respectively. Moreover, we
evidenced in yellow when the correlation is statistically significant (with p value <0.05). In the first column, we evidenced in magenta, the
genes similar modulated among cancers and in blue those oxidative stress family extracted from STRING analysis. Notably TXNRD1
showed a central role in both analyses.
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cellular network, in which many genes, including GPx, SOD,
and Trx pathways (the latter including TXNRD1), are
strongly correlated, as demonstrated by both experimental
studies and text mining (see red and green lines, resp.). Sim-
ilar analyses were also performed for each tumor type sepa-
rately, or considering high or low gene expression
individually, confirming in almost all tumor types GPx,
SOD, and Trx signaling as those predominant (Suppl.
Figures S2 and S3).

Based on these analyses, together with TXNRD1, we
decided to review the correlated pathways enriched in the
network, in details (see below), analyzing their role in cancer
and the possible therapeutic strategies to hit them.

5. FoxM1, a Critical Regulator of Oxidative
Stress during Tumorigenesis

The highly conserved transcription factor FoxM1 belongs to
the forkhead box transcription factor family, similarly to the
best knownmember of FoxO family. However, different from
themembers of FoxO family, FoxM1 is expressed only in pro-
liferative cells. Indeed, FoxM1 as a target of the cyclinD-
CDK4/6 kinases, is reactivated when quiescent cells reenter
in the cell cycle and reach a maximal level in S-phase which is
maintained throughout G2 and mitosis [67, 68]. Beyond this
role on proliferation, FoxM1 regulates metastasis, apoptosis,
and DNA damage repair [69–71]. Furthermore, FoxM1 has
been shown to prevent oxidative stress-dependent premature
senescence. Park et al. showed how ROS themselves are
inducers of FoxM1 expression, which in turn is able to stimu-
late antioxidant genes. The authors proposed the inhibition of
FoxM1 as a new therapeutic strategy to kill cancer cells selec-
tively [71]. In agreement, FoxM1 knocking-down was
reported to sensitize humanpluripotent stemcells to oxidative
stress, as a consequence of activated-CAT5 downregulation, a
FoxM1 antioxidant target gene [69].

A growing body of evidences reported high FoxM1 as fre-
quently related to poor prognosis in multiple cancers, con-
cordantly with our bioinformatic results [50]. To date,
several mechanisms have been proposed to explain the activ-
ity of FoxM1 in cancer progression, including the activation
of FoxM1 by several oncogenic protein and signalling path-
ways, such as c-Myc, Ras, and PI3K/AKT [72].

Hereafter, we discussed the role of FoxM1 in the four
tumor types where we found statistically significant associa-
tion of FoxM1 expression and poor prognosis.

The impact of FoxM1 in breast cancer progression is
widely demonstrated. Indeed, its high level has been corre-
lated with large tumor size, lymphovascular invasion, lymph-
node metastases, and high stage. Two independent studies
carried out on ER+ patients, reported that low FoxM1
expression, compared to high FoxM1 expression, is associ-
ated to better survival. Another study proved a positive cor-
relation between HER2 status and FoxM1 expression in
breast cancer tissue compared to normal breast counterpart
[73–75], suggesting that FoxM1 is a downstream target of
HER2 and could be used as a marker of HER2 overexpres-
sion. However, molecular basis underling the described roles
of FoxM1 in cancer progression still needs to be clarified and

different mechanisms have been proposed. For example, the
induction of EMT by activation of Slug [76], stabilization of
Smad3/Smad4 complex, and activation of TGFβ pathway
[77] as well as the modulation of extracellular matrix by
affecting the levels of uPA, uPAR, MMP-2, MMP-9, and
VEGF have been proposed [78, 79]. Moreover, FoxM1 coop-
erates with survivin and nuclear XIAP in the promotion of
chemoresistance [80]. Finally, further studies demonstrated
that FoxM1 induces resistance to all the therapeutics tested
in breast cancer (including cisplatin, paclitaxel, and trastuzu-
mab) by several mechanisms: (1) acting on DNA-damage
repair pathways, (2) promotion of cell cycle progression,
(3) inhibition of cell cycle checkpoints, and (4) apoptosis
induction [72].

FoxM1 gene is widely described as amplified also in lung
cancer, regulating cell proliferation by promoting both G1/S
and G2/M transition, differentiation, and transformation
[81] as well as inhibition of apoptosis [82]. Recently, a direct
link between FoxM1-induced ROS and lung cancer progres-
sion has been proposed by Tahmasbpoura et al. Their study
showed elevated rate of lung cell proliferation related to high
FoxM1 expression in patients exposed to sulfur mustard, a
well known agent able to induce ROS [83].

Beyond the mechanisms described, the molecular basis of
FoxM1 dysregulation has been also related to the capability
of vitamin D receptor (VDR)/FoxM1 axis to affect cell stem-
ness and to induce an invasive and metastatic phenotypes in
pancreatic cancer. Indeed, the authors observed that VDR
activation reduced the levels of FoxM1, inducing nuclear
accumulation of β-catenin [84].

In prostate cancer (PCa), only few studies focused on the
role of FoxM1; for instance, FoxM1 and its target CENPF, a
structural protein of kinetochore, have been both proposed
as critical drivers of PCa development and as prognostic
markers of poor survival [85]. Concordantly, Lin et al.
unveiled different miRNAs regulating FoxM1-CENPF axis
taking advantage of miRNA expression profile available in
Taylor dataset of prostate specimens (normal, localized, and
metastatic tissues) [86]. Notably, since CENPF regulates
several genes important for metastasis, including MMP2,
MMP9, LOX, CXCR4, and CXCL12, dysregulation of the
miRNA-COUP-TFII-FoxM1-CENPF axis can inhibit also
PCa metastatization [86].

Overall, these considerations identified FoxM1 as a
potential anticancer therapeutic target. Unfortunately, the
druggability of FoxM1 remains a big challange because of
the lack of substrate-binding pockets and hydrophobic sur-
faces [72, 87]. Several in vitro studies proposed RNA interfer-
ence (RNAi) as a strategy to knockdown FoxM1, either alone
or in combination with ROS inducers, in order to provoke
ROS-mediated cell death [82]. Some studies reported that
proteasome inhibitors, including bortezomib or thiostrepton,
directly reduce both FoxM1 expression and its transcrip-
tional activity with the same efficacy as that obtained by
FoxM1 silencing [82, 88]. This latter approach is very
promising, considering that bortezomib is already in clinical
practice to treat multiple myeloma, and that RNAi treatment,
so far, is not a reasonable therapeutic approach in patients
[50, 82, 88]. Thus, bortezomib treatment has been proposed
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as effective therapeutic strategy in highly expressing FoxM1
solid tumor, also in association with ROS inducers.

6. Thioredoxin, Glutathione Peroxidase, and
Superoxide Dismutase Families as Mediators
of Carcinogenesis

Thioredoxin system, composed of thioredoxin reductase
(TrxR), thioredoxin (Trx), and NADPH, senses and responds
to oxidative stress andmodulates the redox status by scaveng-
ing ROS and by regulating several redox enzymes and signal-
ing proteins. Mammalian genomes encode two main Trx
systems:Trx1andTrx reductase (TrxR) 1,which together con-
stitutes the cytosolic system; Trx2 and TrxR2, which are local-
ized inmitochondria (aTrx3 isoformhasbeenalso reported, as
a testis-specific form, mainly expressed inmale germ cells and
associated to reproductive disorders) [89]. Trx1 reducing
power allows the transferof twoelectrons fromitsdithiolmotif
to an acceptor, then the oxidized disulfide form of the enzyme
is recycled to the dithiol form by TrxR1, thereby oxidizing one
molecule of NADPH.

Interestingly, our analysis revealed that TXNRD1, the
gene encoding TrxR1, is upregulated and correlates with
bad prognosis in pancreatic, colon, HNSCC, lung, prostate,
and breast cancers. Trx1 enzyme has been shown to regulate
NF-κB, playing opposite roles, depending to its intracellular
localization: overexpression of Trx in cytoplasm reduced
NF-κB activity, blocking the degradation of the NF-κB inhib-
itor IκB; in the nucleus, Trx directly reduces the cysteine(s) of
NF-κB allowing the NF-κB-dependent gene expression [90].
Following NF-κB stimuli, such as UVB irradiation and TNFα
treatment, Trx quickly translocates from the cytoplasm into
the nucleus. Trx1 has also been reported as a secreted protein
by normal and neoplastic cells [91], but not via exosomes
[92]. Notably, Trx-increased secretion contributed to high
ROS production in cisplatin-resistant lung tumors, both
in vitro and in vivo [93].

Trx1 itself is regulated both by hypoxia and by oxidative
stress conditions via binding of NRF2 to an antioxidant
responsive element in the Trx promotor [94]. Moreover,
Trx1 complex functions as a molecular switch turning the
cellular redox state into kinase signaling. Thus, the system
is able to regulate DNA synthesis, cell proliferation [95, 96],
apoptosis, and transcription. In details, the reduced form of
Trxs binds to apoptosis signal-regulating kinase 1 (ASK1)
and inhibits its activity to prevent stress- and cytokine-
induced apoptosis; when Trx is oxidized, it dissociates from
ASK1 and apoptosis is stimulated [97–100]. The impact of
Trx1 intracellular localization on its role may be taken into
account especially in tumors (as colon and prostate) where
a low expression of TXNRD1 correlates to poor patient out-
come (as described in Figure 3). In fact, although increased
Trx1 protein expression has been associated to hypoxic
regions of certain tumours, tumor grade and chemoresis-
tence, for instance by scavenging ROS species generated by
various anticancer agents [101, 102], its localization and
activity have to be both taken into account. In prostate can-
cer, Shan and colleagues identified constitutive nuclear and

transiently increased cytoplasmic Trx1 oxidation by andro-
gen but decreased Trx1 activities with the progression of
prostate cancer, despite high levels of Trx1 protein expres-
sion in cancer cells [103]. The role of TrxR1 in dysplastic
transformation has been pointed out in human breast epithe-
lial cells, triggered by chronic oxidative stress [104]. In addi-
tion, Trx1 has been proposed as serum biomarker for either
early diagnosis or prognosis of breast cancer in association
with CEA and CA15-3 [105]. In non-small-cell lung cancer,
Trx1 is able to modulate transcription of cyclooxygenase-2
via hypoxia-inducible factor- (HIF-) 1α [106]. It is actually
worth to mention that many human cancers have low levels
of thioredoxin-binding protein-2 (TBP-2), a Trx regulator
which is able to bind Trx, blocking its reducing activity.
These mechanisms have been identified as druggable: histone
deacetylase inhibitors (HDACi) have been demonstrated to
upregulate TBP-2 in various transformed cells, associated
with a decrease in Trx levels [102].

Recently, Park and colleagues observed that TrxR2 is a
novel binding protein for ribonucleotide reductase small sub-
unit p53R2, which is involved in nuclear and mitochondrial
DNA replication and repair, stimulating the enzymatic activ-
ity of TrxR in vitro. Their findings also suggest that p53R2
acts as a positive regulator of TrxR2 activity in the mitochon-
dria both under normal physiological conditions and during
the cellular response to DNA damage [107].

Although STRING analyses highlighted glutathione
peroxidases (GPx) as one of the main family involved in
oxidative stress adaptation, we found high heterogeneity in
the disregulation of GPx family members among the tumor
types we have investigated (Figure 5). GPx reduces either free
hydrogen peroxide to water or lipid hydroperoxides to their
corresponding alcohols. So far, eight different isoforms of
GPx, 1 to 8, have been identified in humans, carrying differ-
ent affinities for their substrates and different localizations.
GPx1, found in the cytoplasm of mammalian cells, is mainly
able to target the hydrogen peroxide, while GPx4 showed
high affinity for lipid hydroperoxides. GPx2 is an intestinal
and extracellular enzyme, while GPx3 is extracellularly
secreted [99].

GPx1 allelic loss or polymosphisms have been known
for years to contribute to both lung [108] and breast
cancers [109]. Interestingly, in HNSCC cancer, almost all
the isoforms showed low expression (Figure 3). In agree-
ment, a decrease in GPx activity accompanied by SOD
and CAT decrease as well as higher levels of oxidative
DNA damage was found in HNSCC patients compared
to healthy donors [110].

An increase of both Trx and GSH metabolism is a mech-
anism widely implicated in the resistance of cancer cells to
chemotherapy. Loss of TXNRD1 makes tumors highly sus-
ceptible to pharmacological GSH deprivation, and concomi-
tant inhibition of both GSH and TxrR systems was recently
proposed as an anticancer strategy [18, 111]. Recently,
Rodman and colleagues demonstrated that depletion of
GSH and inhibition of TrxR activity enhanced radiation
responses in human breast cancer stem cells by a mechanism
involving thiol-dependent oxidative stress [112]. Further-
more, Scarbrough and colleagues reported that simultaneous

9Oxidative Medicine and Cellular Longevity



GSH/Trx inhibition sensitizes human breast and prostate
cancer cells to 2DG+17AAG-mediated killing [113].

Among the most important antioxidant enzymes, it is
also important to highlight the role of SOD. SOD is able to
convert the superoxide (O2

−) radical into either oxygen (O2)
or the less reactive hydrogen peroxide (H2O2) which can then
be removed by CAT, GPx, or TPx. Among the three major
families of SOD, those we single out in humans are the cop-
per and zinc (Cu-Zn) SOD1, whose localization is in cytosol,
nucleus, peroxisome, and intermembrane space of the
mitochondria [114], the mitochondrial enzyme manganese
SOD2 (MnSOD), and the (Cu-Zn) extracellular SOD3.
SOD enzymes are able to exert a strong antioxidant activity.
In a recent study, Elchuri and colleagues observed that mice
deficient in CuZn SOD1 (which contributes to the majority
of cellular SOD activity [115]) showed a reduced lifespan and
increased incidence of neoplastic changes in the liver [116].
Conversely, it has been also observed by several authors that
SOD1 overexpressionmakes tumor cells resistant to oxidative
stress and chemotherapy [117]. Increased expression and
activity ofMnSODhas been correlatedwith cancer aggressive-
ness in several tumors and through different pathways [118].
Recently, dysregulation of MnSOD function has been linked
to an acetylation-mediated impairment [119, 120] which trig-
gers an increase in oxidative stress, leading to AKT activation
via oxidative inactivation of PTEN [119]. MnSOD acetylation
(and activity) is regulated by the deacetylase Sirt3, a mito-
chondrial fidelity protein. Interestinlgly, Zou et al. showed
that loss of Sirt3 results in endocrine therapy resistance of
human luminal B breast cancer [120]. In agreement, we
and others demonstrated that HDAC inhibition increases
MnSOD protein expression in both solid and haematological
diseases [121, 122].

Overall, similar to FoxM1, the described antioxidant
systems represent putative good targets to improve therapeu-
tical oxidative stress-dependent strategies. In details, several
recent efforts have focused on the targeting of Trx/TrxR
system [123–130]. Moreover, increasing evidences on a puta-
tive key role of HDAC inhibitors in the modulation of these
pathways may deserve further investigations. In this regard,
our recent study on the effect of HDACi in regulating
NRF2/Keap1 pathway is of interest, considering the interplay
between this pathway and thioredoxin [7].

7. Oxidative Stress and Cancer Stem Cells

In the multitude of morphological, functional, and respon-
sive cancer cells, a subset of the so-called “cancer stem cells”
(CSC), carrying peculiar features, was identified almost ten
years ago in solid cancers [131]. However, the name CSC is
not referred to an origin from normal stem counterpart but
rather represents a specific population that displays some
exceptional properties normally attributed to stem cells. Spe-
cific features, like hierarchical differentiation, self-renewal,
enhanced invasive capacity, metastatic proficiency, and
tumorigenicity, make CSC critical for tumor initiation and
growth [132], while CSC elevated apoptosis resistance,
drug-efflux pumps, enhanced DNA repair efficiency, detoxi-
fication enzyme expression, and quiescence are all identified

as prosurvival mechanisms associated with resistance to
chemotherapy and tumor relapse [133].

Few studies reported the behavior of cancer stem cells in
oxidative stress condition, but notably in contrast to their
normal stem cell counterparts, cancer stem cells are charac-
terized by increased ROS levels, reduced oxidative damage,
and thus longer survival [134, 135]. For example, Im and col-
leagues showed that significantly higher ROS levels were
observed in the supernatant of glioblastoma cells, grown in
serum-free sphere medium, either in polystyrene-treated tis-
sue culture plates or in nonadherent plates. Moreover, it has
been also shown that ROS is a critical factor for maintaining
stemness, regulating the expression of the transcription fac-
tor SOX-2 [136]. This can be due to a combination of mech-
anisms that arise in the tumor, such as modulation of (1)
multiple antioxidative enzyme systems [137] or (2) redox-
sensitive signaling pathways, as NRF2, NF-κB, c-Jun, and
HIFs, leading to the increased expression of antioxidant
molecules [5].

The higher ROS levels in CSC could be associated with
lower basal expression of ROS-scavenging systems, such as
SODs, CAT, GPx, and TPx, compared to normal stem cells.
In this regard,Yang et al. published thosenonglioma stemcells
whichdisplayed significantly lower basalGPx1 expression and
activity than glioma stem cells and that miR-153/NRF2/GPx1
pathway plays an important role in regulating radiosensitivity
and stemness of glioma stem cells via ROS [138].

Due to the growing body of studies focused on the differ-
ential modulation of redox-sensitive signaling pathways (as
summarized in Figure 6) in CSC subpopulation, compared
to cancer cells or normal stem cells, in this paraghraph we
discuss the relevance of the ROS-related pathways modulated
in CSC phenotype.

In hypoxic environments, limited amount of oxygen
leads to metabolic switches in both normal and malignant
cells by HIFs. Paradoxically, recent studies have shown that
CSC exhibit high HIF activity in normoxic environments
and that HIF activity is critical in the maintenance of CSC
as well as in the differentiation [139]. In agreement, Wang
et al. found that overexpression of stem cell factor in hepato-
cellular carcinoma is regulated by hypoxic conditions
through a selective HIF2α-dependent mechanism which
promotes metastasis [140].

Several studies showed that HIF factors can enhance CSC
population growth by modulating Notch signaling pathway
in glioma [141], Hippo pathway through direct stabilization
of TAZ in breast cancer [142], Ras-ERK-ELK3 in hepatocel-
lular cancer, hypoxia-NOTCH1-SOX2 in ovarian cancer
[143], and IL6-HIF1α in non-small-cell lung cancer [144].
Additionally, Yang et al. established that gastric CSC exhib-
ited a marked increase in HIF1α expression and increased
migration and invasion capabilities compared with the nor-
moxic control upon hypoxia treatment. Also HIF-1α was
responsible for activating EMT via increased expression of
the transcription factor Snail in gastric CSC [145].

NF-κB is also related to hypoxia and HIF1α induction. It
has been shown that inhibition of NFκB signaling promoted
a significant reduction in the hypoxia-driven expansion of
CD44+CD24−/low CSC which was due to increased CD24
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expression in breast cancer models [146]. Similarly, Aurora A
kinase which can activate NF-κB pathway has been found
highly expressed in ovarian CSC [147].

NRF2 represents another antioxidant system involved in
the maintenance of quiescence as well as in the determina-
tion of differentiation fate in normal stem cells, as described
and reviewed by Ryoo et al. [148]. For example, NRF2-
deficient mice showed defective stem cell function. Indeed,
haematopoietic stem cell, derived from those mice, dispayed
lower levels of prosurvival cytochines and exibited spontane-
ous apoptosis related to wild-type cells [149].

Recently, several studies showed that high levels of NRF2
are related to CSC survival and anticancer drug resistance in
HNSCC, cervical, breast, and ovarian cancers [150–153].
Notably, it was reported that NRF2 overexpression is related
to an induction of ATP-binding cassette trasporters and thus
drug resistance mechanisms. Other described redox-
signaling pathway implicated in redox regulation in CSC
could be c-Jun and/or p53 and NF-κB and FoxO family. In
details, Chiche et al. showed that the loss of p53 in
K5ΔNβcat (βcat activated) mice led to an early expansion
of mammary stem/progenitor cells and accelerated the for-
mation of triple-negative breast cancers. In particular, p53-
deficient tumors expressed high levels of integrins and

extracellular matrix components and were enriched in can-
cer stem cells [154].

Moreover, Xie et al. found that knockdown of JNK1
or JNK2 or treatment with JNK-IN-8, an adenosine
triphosphate-competitive irreversible pan-JNK inhibitor, sig-
nificantly reduced cell proliferation, the ALDH1+ and CD44
+/CD24- CSC subpopulations, and mammosphere forma-
tion, indicating that JNK family promotes CSC self-renewal
and maintenance in triple-negative breast cancer [155].

However, other factors could be implicated in CSC
capability to adapt high level of intracellular ROS and would
be very interesting to better define them as potential therapeu-
tic targets, mostly because many anticancer drugs increase
intracellular ROS levels.

In this regard, the transcription factors FoxO1, FoxO3a,
and FoxO4 are critical mediators of the cellular responses
to oxidative stress and have been implicated in many of
ROS-regulated processes [156]. It is also known that FoxO
competes with TCF for the same binding site of β-catenin
and suppresses β-catenin-TCF signaling toward prolifera-
tion, thus attenuating WNT-mediated signaling activities.
Also, FoxO factors reduce mitochondrial output to prevent
excess ROS production through inhibition of c-Myc function
and alter the hypoxia response [157].
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Another candidate is the Hippo pathway, which acts as a
molecular switch controlling in cellular differentiation and
stem cell renewal but is also modulated in stress condition
and is described as highly mutated in cancer. Lehtinen and
colleagues elegantly demonstrated the activation of Mst1, a
serine/threonine kinase activated in the Hippo cascade, upon
oxidative stress induced by exposure to increasing concentra-
tions of exogenous H2O2. This was accompanied by phos-
phorylation of the transcription factor FoxO3a at S207,
thereby disrupting its association with 14-3-3 binding pro-
tein and leading to its nuclear localization and transcriptional
activation of the BH3- only Bcl-2 protein, Bim, which
triggered neuronal apoptosis [158].

One of the first mechanisms modulated upon stress con-
dition is messenger RNA translation, likely as a mean to limit
energy demanding protein synthesis, leading to stress gran-
ule (SG) formation in cancer cells. Many evidences suggest
that altered mRNA translational control is a critical factor
in cancer progression, and in this regard, a new axis has been
described. In details, Somasekharan et al. showed that under
stress condition, a YB1, nuclease-sensitive element-binding
protein 1, facilitates tumor metastasis through two mecha-
nisms: first, it directly binds to HIF1α that drives stress adap-
tation and metastatic capacity in vivo; second, YB1 mediates
formation of cytosolic SGs through translational activation of
G3BP1, a SG nucleator [159]. Accumulating evidences sug-
gest that SG formation is protective against stress-induced
cell damage and death [160], and few studies suggested SG
implication in cancer biology [161, 162].

8. Conclusions and Future Perspectives

The idea that the oxidative stress modulation has a crucial
role in cancer cells to promote proliferation, adaptation,
and resistance to therapy is now widely accepted [7, 12, 13].
Thus, modulating redox regulatory mechanisms represents
an attractive therapeutic strategy. However, to date, the oxi-
dative stress-related therapeutic strategies evaluated in pre-
clinical and clinical studies did not produce homogenous
results, due to several variables associated to ROS generation
and redox adaptation mechanisms.

Furthermore, the identification of tumor-type specific
oxidative stress gene profiles and how they could predict
prognosis still represent critical challenges. Thanks to the
increasing availability of cancer gene expression profile,
mutation, epigenetic, and survival data from the TGCA data-
set, it was possible to use bioinformatics to screen the role of
oxidative stress genes from a publicly available signature in
large cohorts of several solid cancer patients [52, 53].

The TCGA database provides correlative evidences
suggesting the involvement of the FoxM1, thioredoxin,
superoxide-dismutase, and glutathione pathways as princi-
pally and commonly modulated in breast, lung, HNSCC,
pancreatic, prostate, and colon cancers. The differential
expression levels of each gene observed in different settings
revealed a precise spatial context where redox alterations
may promote genome instability or redox adaptation.

For this reason, tumors should be classified into subclasses
based on different oxidative stress alterations occurring in

redox homeostasis genes, to guarantee the development of
precision medicine-based approaches in selected subgroups
of cancer patients. Further mechanistic studies are needed to
identify either new compounds or molecules to be reposi-
tioned, in order to target the described redox pathways.
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Metastatic melanoma is an aggressive and deadly disease. Therapeutic advance has been achieved by antitumor chemo- and
radiotherapy. These modalities involve the generation of reactive oxygen and nitrogen species, affecting cellular viability,
migration, and immunogenicity. Such species are also created by cold physical plasma, an ionized gas capable of redox
modulating cells and tissues without thermal damage. Cold plasma has been suggested for anticancer therapy. Here, melanoma
cell toxicity, motility, and immunogenicity of murine metastatic melanoma cells were investigated following plasma exposure
in vitro. Cells were oxidized by plasma, leading to decreased metabolic activity and cell death. Moreover, plasma decelerated
melanoma cell growth, viability, and cell cycling. This was accompanied by increased cellular stiffness and upregulation of
zonula occludens 1 protein in the cell membrane. Importantly, expression levels of immunogenic cell surface molecules such as
major histocompatibility complex I, calreticulin, and melanocortin receptor 1 were significantly increased in response to plasma.
Finally, plasma treatment significantly decreased the release of vascular endothelial growth factor, a molecule with importance
in angiogenesis. Altogether, these results suggest beneficial toxicity of cold plasma in murine melanomas with a concomitant
immunogenicity of potential interest in oncology.

1. Introduction

With over 70,000 new incidences and 10,000 deaths annually
in the U.S. alone, melanoma is a highly prevalent type of can-
cer [1]. Advances have been made in melanoma therapy in
the past decade but stage IV survival of nonresponder
patients is still poor [2]. This owes partly to melanomas hav-
ing the highest mutational burden but at the same time also
having the most neoantigens among all types of cancers in
humans [3]. Similar to other types of cancer, the majority
of patients die due to metastasis spreading throughout the
body [4]. This requires an understanding of cellular behavior
and motility in response to therapy [5]. BRAF, NRAS, and
MEK inhibitors improved end-stage melanoma patient

survival [6]. Melanoma immunotherapy with anti-PD-(L)1
and anti-CTLA-4 antibodies further revolutionized therapy
by abolishing cancer immunosuppression of tumor-specific
T cells [7]. Moreover, increased immunogenicity correlates
with CD163+ cellular infiltrate that in combination with the
number of FOXP3+ cells is a predictor of survival [8]. Immu-
nogenic cell death (ICD) is hallmarked by expression of cal-
reticulin [9] which makes tumor cells visible to the immune
system [10]. Of note, mitochondrial-derived reactive oxygen
species (ROS) and reactive nitrogen species (RNS) and subse-
quent oxidative events seem to contribute to some molecular
ICD events following chemo- and radiotherapy [11].

Cold physical plasma is an ionized gas and potently gen-
erates ROS and RNS of different kinds [12]. Several studies
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indicated the involvement of mitochondria in plasma-
mediated cancer cell death, underlining the notion that exog-
enous as well as endogenous reactive oxygen species may be
at work [13–15]. Accordingly, cold plasma has been sug-
gested as an interesting tool in skin cancer [16] and generally
in tumor therapy [17] before. The first work also pointed at
the plasma’s potential to involve immunogenic cell death
[18]. Interestingly, antioxidants were shown to enhance met-
astatic spreading in a murine melanoma model [19].

Hence, the effects of cold plasma-derived oxidants on cell
motility, cytotoxicity, and immunogenicity were studied in
murine melanoma cell line. It was found that all of these
three important hallmarks of cancer were affected by expo-
sure to plasma. These results are promising with regard to
cold plasmas potentially having a future role in combination
therapy in oncology.

2. Materials and Methods

2.1. Cell Culture and Plasma Treatment. Murine, metastatic
B16F10 cells (ATCC CRL-6475) were maintained in Rosswell
Park Memorial 1640 (RPMI1640) medium (Pan BioTech,
Germany) containing 10% fetal bovine serum, 2% penicil-
lin/streptomycin, and 1% glutamine (all Sigma, Germany).
For plasma treatment in 24-well dishes (NUNC, Denmark),
5× 104 cells were added per well. For treatment in 96-well
plates (NUNC), 1× 104 cells were given to each well. Cells
were allowed to adhere overnight. As plasma source, an
atmospheric pressure argon plasma jet (kINPen 11) was uti-
lized. This plasma primarily acts via ROS and RNS and is not
genotoxic [20, 21]. The device is technically similar to the
kINPen MED that received accreditation as medical product
for skin disease. Argon gas (99.999% pure; Air Liquide,
France) was used to ignite the plasma at a frequency of
about 1MHz [22]. The jet was hovered over the cells for
the indicated time using a computer-programed xyz-table
(CNC, Germany).

2.2. Redox-Sensitive Probe and High-Content Imaging. Cells
were loaded with CM-H2DCF-DA (Thermo Fisher, USA)
and treated with plasma or were left untreated. Fluorescent
microscopy (Observer Z.1; Zeiss, Germany) was employed
to image dye fluorescence facilitated by intracellular oxidases.
Quantification of the cells’ mean fluorescent intensities was
facilitated using Fiji software. Metabolic activity was assessed
by incubating the cells with 7-hydroxy-3H-phenox-azin-3-
one-10-oxide (resazurin; Alfa Aesar, USA). Subsequently,
fluorescent resorufin was quantified using a microplate
reader measuring at λex 535 nm and λem 590nm (Tecan,
Switzerland). To assess viability visually, propidium iodide
(PI; Sigma) was added, and cells were imaged with a high-
content imaging device (Operetta CLS; Perkin-Elmer,
Germany) at different time points following treatment. For
each time point, the total number of cells was quantified
using digital phase contrast (DPC), and the number of PI
positive were expressed as percent of that. In a similar man-
ner, the total growth area was calculated for different time
points following plasma treatment. DPC was used to identify
cells, and only viable cells were included in the analysis before

normalization to untreated control was calculated. To quan-
tify cell motility, cells were plasma-treated and subsequently
imaged every 20min over three hours. Only PI− cells (identi-
fied using DPC) were tracked. Mean displacement per cell
over time was calculated. To identify mean nuclear area per
cell for each treatment, B16F10 melanomas were fixed with
PBS/PFA (4%, Sigma), permeabilized with 0.1% Triton X
100 (Sigma), and stained with DAPI. Nuclei area was quanti-
fied using automated image analysis. A similar protocol was
applied to quantify cytosolic mean fluorescence intensity of
zonula occludens 1 (ZO1 antibody; AbCam, UK) protein.
The cytosolic area was determined using DPC, and the
nuclear area was subtracted from that. Data analysis was per-
formed using Harmony 4.5 software (PerkinElmer).

2.3. Real-Time Deformability Cytometry. Real-time deform-
ability cytometry (Zellmechanik, Germany) allows analyzing
the mechanical properties of cells with a throughput of up to
1000 cells per second [23]. The setup is built around an
inverted microscope (Zeiss Observer, Germany) having a
PDMS-based microfluidic chip assembled on the translation
stage. One to two hours after plasma treatment, the cell sus-
pension was driven through the central constriction of the
chip by a syringe pump (Nemesys; Cetoni, Germany) at dif-
ferent flow rates between 0.16μl/s and 0.32μl/s. Inside the
constriction, cell deformation was induced by a laminar flow
profile and recorded by a high-speed camera (MC1362;
Mikrotron, Germany) at 2000 frames per second. Image
analysis was done on the fly enabling the quantification of
size and deformation for each cell. For sample preparation,
cells were centrifuged and resuspended in PBS containing
0.5% (w/v) methylcellulose to a final concentration of 106

cells per ml. For each sample, at least 5000 events were
acquired. An analytical model calculating the hydrody-
namic flow profile around a cell inside the channel allows
to link cell deformation to material properties [24] and
derivation of the cells’ Young’s modulus [25]. Here, cell
deformation is calculated from

d = 1− 2√πA
1 , 1

where A represents the area of the cell and l the perimeter.
Statistical analysis was based on linear mixed models, which
separates random effects, for example, biological variability,
from fixed effects, for example, treatment of cells.

2.4. Cell Surface Marker Expression. Cells were detached
using accutase (BioLegend, UK) and incubated with mono-
clonal antibodies directed against MHC I allophycocyanin
(BioLegend), melanocortin receptor 1 (MC-1R) fluorescein
isothiocyanate (Bioss, USA), and calreticulin (CRT) Alexa
Fluor 647 (AbCam, UK). Cells were washed and resus-
pended in PBS containing 1% bovine serum albumin
(Sigma) and 4′,6-diamidino-2-phenylindole (DAPI; Sigma).
Cellular properties were acquired using multicolor flow
cytometry (CytoFlex; Beckman-Coulter, Germany). Only
viable (DAPI−) cells were included for the analysis of cell
surface marker mean fluorescent intensities. Kaluza 1.5a
software (Beckman-Coulter) facilitated data analysis.
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2.5. Vascular Endothelial Growth Factor. Cell culture super-
natants were stored at −80 °C until analysis. Concentrations
of vascular endothelial growth factor (VEGF) were assessed
using an enzyme-linked immunosorbent assay (ELISA) kit
(BMS619-2) according to the vendor’s instructions
(eBioscience, Germany).

2.6. Statistics. Graphing and statistical analysis was per-
formed using prism 7.02 (GraphPad Software, USA). Mean
and standard errors were calculated and analyzed according
to statistical methods given in the figure legends. Groups or
treatments differing significantly were marked with asterisks
(∗p < 0 05; ∗∗p < 0 01; and ∗∗∗p < 0 001).

3. Results

3.1. Plasma Oxidized Melanoma Cell and Decreased
Metabolic Activity and Viability. Cold physical plasma gener-
ated many different kinds of oxidants. In cells loaded with
H2-DCF-DA, plasma treatment increased total fluorescence
in B16 melanoma cells compared to untreated controls
(Figure 1(a)). Quantification of individual cellular fluores-
cence yielded a significantly enhanced mean fluorescence
intensity (Figure 1(b)). To assess the cytotoxic effects, meta-
bolic activity was assessed 3 hours after plasma treatment.
Exposure to plasma for 60 s or 120 s but not 120 s of argon
gas alone significantly decreased metabolic activity
(Figure 1(c)). Subsequently, plasma-treated and control cells

were imaged at different time points following in presence of
PI indicative for cell membrane damage (Figure 2(a)). Utili-
zation image-based quantification algorithms and the total
number of cells as well as their mean fluorescence intensity
of PI were determined (Figure 2(b)). Quantification and nor-
malization to total cells revealed a significant increase in ter-
minally dead cells in samples that had received 120 s of
treatment (Figure 2(c)). Peak percent of dead cells was mea-
sured 12 h after treatment with a decrease after that. Alto-
gether, plasma oxidized melanoma cells and decreased their
metabolic activity by inducing terminal cell death.

3.2. Plasma Affected Cell Growth, Motility, and
Biomechanical Properties. Next, total cell area and cell
motility was assessed in PI− (viable) cells. Total cell area
was quantified at different time points postplasma treatment.
Immediately following the treatment, the cell area was
not affected (Figure 3(a)). By contrast, 60 s and 120 s of
plasma treatment gave a significantly reduced cell area
(Figures 3(b), 3(c), 3(d), and 3(e)). In the 120 s treated
samples, the area was almost similar within the first hour
(Figure 3(a)) compared to 6 h (Figure 3(b)) after treatment.
This was not the case with all other samples where an
increased cell area was observed. This suggested that also
the viable cells were halting proliferation and possibly migra-
tion. Thus, the mean displacement of each viable cell was
determined over three hours in controls and plasma-treated
cells. In the 120 s plasma-treated sample, total displacement
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Figure 1: Oxidation and metabolic activity. (a) B16 melanoma cells were loaded with H2-DCF-DA and subjected to plasma treatment (120 s)
or not. (b) Quantification of mean fluorescence intensities of the cells. (c) Mean fluorescence intensity of resorufin representative for cellular
metabolic activity. Data are one representative (a, b) and mean+ S.E. (c). Statistical analysis was carried out using t-test.
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per viable cell was significantly decreased (Figure 3(f)). Con-
comitantly, mean nuclear area was significantly enlarged,
arguing for cell cycle arrest. Both facts indicate decelerated
cell motility, which is linked to biomechanical properties.

Therefore, real-time deformability cytometry was performed
in murine B16F10 control (Figure 4(a)) melanoma cells as
well as following exposure to 60 s (Figure 4(b)) and 120 s
(Figure 4(c)) of plasma treatment. After 60 s of plasma
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Figure 2: Cell death. (a) Representative bright field and PI overlay images of control (upper row) and plasma-treated (120 s, lower row) cells
at different time points following exposure. (b) Representative dot plot of control cell area versus PI intensity per cell. (c) Representative dot
plot of plasma-treated (120 s) cells and their area versus PI intensity per cell. Image quantification and normalization of PI+ cells of all cells per
field of view. Data are presented as mean± S.E. of nine replicates. One representative of three independent experiments is shown. Statistical
analysis was performed using t-test.
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Figure 3: Melanoma growth kinetic and migration. (a–e) Total cell growth area per field of view was determined after several time points
following plasma treatment and using automated image quantification. (f) PI− melanoma motility as a function of mean cell displacement
was calculated using time-lapse microscopy over 3 h and kinetic tracking algorithms. (g) Mean nuclear area of cells 3 h after plasma
treatment. Data are presented as the mean of 9 replicates of each of the three independent experiments resulting in about 2000 single cells
per treatment and time point. Statistical analysis was carried out using one-way ANOVA.
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treatment, the median deformation and cell area changed
from d=0.041 to d=0.027 and A=216.6μm2 to A=
202.6μm2, respectively. A further reduction in median defor-
mation to d=0.02 was seen after 120 s of plasma treatment.
This is summarized in Figure 4(d) by comparing the contour
lines of each population. Overlay contour lines of each
population clearly marked differences between all samples
(Figure 4(d)). Application of an analytical model [25] allows
for calculation of cellular properties. Significant differences
were obtained between plasma-treated and control samples
(Figure 4(e)). Sixty seconds of plasma treatment led to a sig-
nificant increase in Young’s modulus from 1.53± 0.22 kPa to
1.79± 0.23 kPa. Plasma exposure of 120 s resulted in an even
higher elastic modulus of 1.94± 0.26 kPa. This alteration in
mechanical properties was accompanied by a small decrease
in cell area from 243.6± 19.4μm2 to 233.1± 19.1μm2

(Figure 4(f)). An integral part of tight junction formation,
membrane-associated ZO1 expression is inversely linked to
motility. Immunofluorescence staining gave an increase in
cytosolic staining of ZO1 3h following plasma treatment
(Figure 5(a)). This increase was significant even with short,
nontoxic plasma treatment times (Figure 5(b)). We also
stained melanoma cells with antibodies targeted against
occludin and e-cadherin but staining was weak, and changes

upon plasma treatment were not observed (data not
shown). Altogether, plasma decreased melanoma cell growth,
motility, and deformability together with an increased
ZO1 expression.

3.3. Plasma Increased the Immunogenicity and Decreased
VEGF Release in Melanomas. Successful melanoma therapy
is strongly linked to immunomodulation. Therefore, the
expression of several cell surface molecules was investigated
4 h and 24 h following plasma treatment. Representative
overlay histograms are given for each protein and time point
(Figure 6). With MHC I, a significant increase was not seen
after 4 h (Figure 6(c)) but was seen after 24 h (Figure 6(d))
in 120 s plasma-treated samples. This pointed to an increase
in antigen presentation promoting immune recognition.
For MC-1R, an important receptor in melanocyte biology, a
subtle but significant increase was seen 4h (Figure 6(e))
and 24 h (Figure 6(f)) after plasma treatment. Calreticulin
(CRT) is the key molecule in immunogenic cell death
(ICD). CRT was significantly increased after both 4 h
(Figure 6(i)) as well as 24 h (Figure 6(j)) following exposure
to plasma. Angiogenesis is important for tumor blood sup-
ply. VEGF—being a major molecule in the formation of
blood vessels—was significantly decreased (Figure 7) 24h
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Figure 4: Real-time deformability cytometry. (a) Real-time deformability cytometry data of a control sample was compared to cells after 60 s
(b) and 120 s (c) plasma treatment. (d) The 50% and 90% density lines of each population are given for control (blue) and plasma-treated (red
60 s, green 120 s) cells. (e) After plasma treatment, melanoma cells revealed a significant increase in Young’s modulus whereas individual cell
area (f) was nearly unaffected. Measurements have been carried out in a 30μm channel at a frame rate of 2000 fps. Data shown are one
representative (a–c) or mean (d)± S.E. (e, f) of three independent experiments.
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after plasma treatment. In our hands, VEGF decrease was
greater than cell viable decrease (see Figure 2(d)).

4. Discussion

Cold plasma treatment affected melanoma cell viability,
motility, and immunogenicity. Immunogenic properties such
as therapy-induced upregulation MHCI and CRT are vital
for antitumor immune responses [26]. MHCI is vital for pre-
sentation of endogenous and potentially tumor-specific (neo)

antigens to cytotoxic T cells [27]. Vice versa, tumor cell elim-
ination with high MHCI expression favors the generation of
MHCIlow cancer cells, especially in metastasis [28]. There-
fore, upregulation of MHCI is viewed as a therapeutic goal
in many types of tumors [29–31]. Similar to plasma, photo-
dynamic therapy uses oxygen radicals and was shown to
restore MHCI expression in human glioma [32]. Along sim-
ilar lines, radiation upregulates MHCI expression in the
breast [33], lung [34], and colon cancer [35]. Similar to
downregulated MHCI, elevated levels of VEGF are also

Control Plasma

ZO
1

ZO
1 

+ 
D

A
PI

(a)

Control 20 60 120
9000

10000

11000

12000

13000

Treatment time (s)

ZO
1 

m
ea

n 
cy

to
so

lic

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

flu
or

es
ce

nc
e i

nt
en

sit
y

(b)

Figure 5: ZO1 expression. (a) Representative images of ZO1 and ZO1/DAPI immunofluorescence of control and plasma-treated (120 s)
murine melanomas 3 h after exposure. (b) Quantification data are presented as mean of 8 replicates of each of the four experiments.
Statistical analysis was performed using one-way ANOVA.
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important for tumorigenesis [36]. We saw a drastic decrease
in VEGF release likely owing to cellular toxicity. Nonetheless,
an Akt-mediated increase in intracellular oxidants was previ-
ously linked to enhanced VEGF release [37]. Hence, VEGF
release might be redox controlled, and its reduction would
be therapeutically desired [38]. By enhancing immunogenic-
ity, also CRT correlates with favorable prognosis for patients

with, for example, lung cancer [39], gastric cancer [40], and
leukemia [41]. CRT on melanoma cells was also involved in
dendritic cell vaccination in melanoma patients, although
cell death was found to be dispensable for that effect [42].
Exogenously added CRT also potentiates the immunogenic-
ity of melanomas in patients [43]. A CRT fusion-protein
added to B16 cells evoked an antitumor immune response
in mice [44]. Intriguingly, therapeutic intervention associ-
ated with upregulation of CRT involves the generation of
reactive species [45–47].

Cold physical plasma expels reactive molecules known to
be important in redox biology and medicine [48]. In contrast
to intracellular generation with PDT and radio- or chemo-
therapy, plasma-generated species are applied exogenously
from ambient air to cells and tissues [49]. kINPen plasma-
generated reactive molecules include for example peroxyni-
trite, hydrogen peroxide, and hydroxyl radical [50–52].
Today’s view is that most oxidative events in cells are trans-
lated by redox enzymes and thiol switches in transcription
factors which then guide the cellular response [53]. For
example, we previously identified activator protein 1 (AP1)
family members such as FOSB and JUND in plasma-treated
blood cancer cell lines to be crucial [54]. Both factors are
redox-regulated [55], and their expression was dysregulated
in metastatic melanoma [56]. This makes AP1 a crucial
regulator of cell regulation and death [57], as observed in
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Figure 6: Cell surface marker expression. Cell surface marker expression of B16melanoma cells 4 h (images on the left) or 24 h (images on the
right) after plasma treatment. Representative overlay histograms of (a, b) MHC I, (e, f) MC1R, and (i, j) CRT are given. Quantification and
normalization mean fluorescence intensity of each surface marker is shown for (c, d) MHC I, (g, h) MC1R, and (k, l) CRT. Data are presented
as mean + S.E. of 3-4 independent experiments. Statistical analysis was performed using t-test.
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our study with a decrease in metabolic activity and cell cycle
arrest and increase in terminally dead cells. Interestingly,
JUN proteins are involved in melanoma migration [58].

Cell mechanics is a major regulator and indicator of cell
function and motility [59]. The main structural component
linking function to mechanical properties is the cytoskeleton
consisting of filamentous actin, microtubules, and interme-
diate filaments. For migration, cells require to alter their
morphology, which is controlled by the cytoskeleton on a
molecular and the emerging mechanical properties on a
cellular scale [60]. In real-time deformability cytometry, an
increase in elastic modulus after plasma treatment was
observed. This effect could be originated from an alteration
in actin polymerization subject to redox control [61], which
is also supported by the retarded migration of the cells. This
is in agreement with an earlier study on fibroblasts where a
direct correlation between cell elasticity and migration was
shown [62]. Enhanced cell motility and therefore invasive-
ness correlates with increased cytosolic ZO1 protein whereas
noninvasive breast cancer cells showed elevated ZO1 in the
cell membrane [63]. In pancreatic cancer cells, however,
membrane-associated ZO1 was supporting invasiveness
[64]. In our work, we saw an increase of ZO1 not only in
the cytosolic fraction but also visually in the cell membrane.
This implicates a de novo translation of ZO1 proteins in
melanoma cells and not necessarily its specific translocation
from the membrane to the cytosol. Underlining this idea,
de novo generated ZO1 in breast cancer cells was previously
shown to be present in the cytosol as well as to translocate to
the cell membrane [65]. Another report describes the associ-
ation of melanoma ZO1 with adherence junctions of none-
pithelial cells such as fibroblasts instead of tight junctions
[66]. The authors concluded that knockdown of ZO1 sup-
presses melanoma invasiveness. Similarly, an upregulation
of MC1R increases B16F10 melanoma motility [67]. Yet,
the authors transfected MC1R and induced an about twenty-
fold increase. By contrast, MC1R upregulation after plasma
was only 1.1-fold. The main function of MC1R is to control
skin and hair pigmentation via eumelanin production [68].
MC1R is generally upregulated in melanoma cells [69]. This
is used for therapeutic purposes to deliver target drugs into
the cells, and pro-oxidant therapies such as PDT have been
successfully employed in this strategy to increase survival in
experimental animal models [70].

The utilization of only one cell line limits the specificity
and/or generalization of our results that should be compared
to nonmalignant melanocytes and confirmed in other cancer
cell lines. Specifically, the relevance of our findings may
increase if human cancer cells would be similarly affected.
In addition, it would be valuable to identify the effects of
other types of plasma sources in this model.

In summary, it was demonstrated that treatment of
murine metastatic melanoma cells with cold physical
plasma-derived oxidants exerted cytotoxic effects, decreased
cell motility, and increased their immunogenicity. Animal
models need to provide evidence whether plasma-
inactivated melanoma experiences a vaccine-like immuno-
genic cell death (ICD) which would make plasma therapy
an interesting new tool in oncology.

Conflicts of Interest

Oliver Otto is the cofounder and CEO of Zellmechanik
Dresden GmbH Germany developing real-time deformabil-
ity cytometry.

Acknowledgments

Funding was received from the German Federal Ministry
of Education and Research (Grant nos. 03Z22DN11,
03Z22DN12, and 03Z22CN11).

References

[1] R. L. Siegel, K. D. Miller, and A. Jemal, “Cancer statistics,
2016,” CA: A Cancer Journal for Clinicians, vol. 66, pp. 7–30,
2016.

[2] M. J. Smyth, S. F. Ngiow, A. Ribas, and M. W. Teng, “Combi-
nation cancer immunotherapies tailored to the tumour micro-
environment,” Nature Reviews. Clinical Oncology, vol. 13,
pp. 143–158, 2016.

[3] T. N. Schumacher and R. D. Schreiber, “Neoantigens in cancer
immunotherapy,” Science, vol. 348, pp. 69–74, 2015.

[4] E. Quintana, E. Piskounova, M. Shackleton et al., “Human
melanoma metastasis in NSGmice correlates with clinical out-
come in patients,” Science Translational Medicine, vol. 4,
p. 159ra149, 2012.

[5] T. A. Martin and W. G. Jiang, “Loss of tight junction barrier
function and its role in cancer metastasis,” Biochimica et
Biophysica Acta, vol. 1788, pp. 872–891, 2009.

[6] K. T. Flaherty, “Chemotherapy and targeted therapy combina-
tions in advanced melanoma,” Clinical Cancer Research,
vol. 12, pp. 2366s–2370s, 2006.

[7] A. E. Vilgelm, D. B. Johnson, and A. Richmond, “Combinato-
rial approach to cancer immunotherapy: strength in numbers,”
Journal of Leukocyte Biology, vol. 100, pp. 275–290, 2016.

[8] S. Ladoire, L. Senovilla, D. Enot et al., “Biomarkers of immu-
nogenic stress in metastases from melanoma patients: correla-
tions with the immune infiltrate,” Oncoimmunology, vol. 5,
article e1160193, 2016.

[9] M. Obeid, A. Tesniere, F. Ghiringhelli et al., “Calreticulin
exposure dictates the immunogenicity of cancer cell death,”
Nature Medicine, vol. 13, pp. 54–61, 2007.

[10] G. Kroemer, L. Galluzzi, O. Kepp, and L. Zitvogel, “Immuno-
genic cell death in cancer therapy,” Annual Review of Immu-
nology, vol. 31, pp. 51–72, 2013.

[11] A. D. Garg, S. Martin, J. Golab, and P. Agostinis, “Danger sig-
nalling during cancer cell death: origins, plasticity and regula-
tion,” Cell Death & Differentiation, vol. 21, pp. 26–38, 2014.

[12] K. D. Weltmann and T. von Woedtke, “Plasma medicine-
current state of research and medical application,” Plasma
Physics and Controlled Fusion, vol. 59, p. 014031, 2017.

[13] S. Bekeschus, A. Schmidt, L. Bethge et al., “Redox stimulation
of human THP-1 monocytes in response to cold physical
plasma,” Oxidative Medicine & Cellular Longevity, vol. 2016,
Article ID 5910695, 2016.

[14] A. Zhunussova, E. A. Vitol, B. Polyak et al., “Mitochondria-
mediated anticancer effects of non-thermal atmospheric
plasma,” PloS One, vol. 11, article e0156818, 2016.

[15] Y. Suzuki-Karasaki, “Tumor-targeting killing of multidrug-
resistant human aggressive cancer cells by plasma-activated

10 Oxidative Medicine and Cellular Longevity



media via mitochondrial and endoplasmic reticulum dam-
ages,” International Journal of Molecular Medicine, vol. 38,
pp. S50–S50, 2016.

[16] J. Gay-Mimbrera, M. C. Garcia, B. Isla-Tejera, A. Rodero-
Serrano, A. V. Garcia-Nieto, and J. Ruano, “Clinical and bio-
logical principles of cold atmospheric plasma application in
skin cancer,” Advances in Therapy, vol. 33, pp. 894–909, 2016.

[17] D. Yan, J. H. Sherman, and M. Keidar, “Cold atmospheric
plasma, a novel promising anti-cancer treatment modality,”
Oncotarget, vol. 5, 2016.

[18] V. Miller, A. Lin, and A. Fridman, “Why target immune cells
for plasma treatment of cancer,” Plasma Chemistry and
Plasma Processing, vol. 36, pp. 259–268, 2016.

[19] K. Le Gal, M. X. Ibrahim, C. Wiel et al., “Antioxidants can
increase melanoma metastasis in mice,” Science Translational
Medicine, vol. 7, p. 308re308, 2015.

[20] K. Wende, S. Bekeschus, A. Schmidt et al., “Risk assessment
of a cold argon plasma jet in respect to its mutagenicity,”
Mutation Research, Genetic Toxicology and Environmental
Mutagenesis, vol. 798-799, pp. 48–54, 2016.

[21] S. Kluge, S. Bekeschus, C. Bender et al., “Investigating the
mutagenicity of a cold argon-plasma jet in an HET-MN
model,” PloS One, vol. 11, article e0160667, 2016.

[22] S. Bekeschus, A. Schmidt, K.-D. Weltmann, and T. von
Woedtke, “The plasma jet kINPen – a powerful tool for wound
healing,” Clinical Plasma Medicine, vol. 4, pp. 19–28, 2016.

[23] O. Otto, P. Rosendahl, A. Mietke et al., “Real-time
deformability cytometry: on-the-fly cell mechanical pheno-
typing,” Nature Methods, vol. 12, pp. 199–202, 2015.

[24] M. Mokbel, D. Mokbel, A. Mietke et al., “Numerical
simulation of real-time deformability cytometry to extract
cell mechanical properties,” ACS Biomaterials Science &
Engineering, 2017.

[25] A. Mietke, O. Otto, S. Girardo et al., “Extracting cell stiffness
from real-time deformability cytometry: theory and experi-
ment,” Biophysical Journal, vol. 109, pp. 2023–2036, 2015.

[26] H. Inoue and K. Tani, “Multimodal immunogenic cancer cell
death as a consequence of anticancer cytotoxic treatments,”
Cell Death & Differentiation, vol. 21, pp. 39–49, 2014.

[27] C. M. Celluzzi, J. I. Mayordomo, W. J. Storkus, M. T. Lotze,
and L. D. Falo Jr., “Peptide-pulsed dendritic cells induce
antigen-specific CTL-mediated protective tumor immunity,”
The Journal of Experimental Medicine, vol. 183, pp. 283–287,
1996.

[28] E. Jager, M. Ringhoffer, M. Altmannsberger et al., “Immunose-
lection in vivo: independent loss of MHC class I and melano-
cyte differentiation antigen expression in metastatic
melanoma,” International Journal of Cancer, vol. 71,
pp. 142–147, 1997.

[29] V. Shetty, G. Sinnathamby, Z. Nickens et al., “MHC class I-
presented lung cancer-associated tumor antigens identified
by immunoproteomics analysis are targets for cancer-specific
T cell response,” Journal of Proteomics, vol. 74, pp. 728–743,
2011.

[30] G. Ito, H. Tanaka, M. Ohira et al., “Correlation between effi-
cacy of PSK postoperative adjuvant immunochemotherapy
for gastric cancer and expression of MHC class I,” Experimen-
tal & Therapeutic Medicine, vol. 3, pp. 925–930, 2012.

[31] A. Letsch, O. Elisseeva, C. Scheibenbogen et al., “Effect of
vaccination of leukemia patients with a MHC class I peptide
of Wilms tumor gene 1 (WT1) peptide with unspecific T

helper stimulation on WT1-specific IgM responses and on
IgG responses,” Journal of Clinical Oncology, vol. 26,
pp. 3054–3054, 2008.

[32] S. Y. Zhang, J. L. Li, X. K. Xu, M. G. Zheng, C. C. Wen, and F.
C. Li, “HMME-based PDT restores expression and function of
transporter associated with antigen processing 1 (TAP1) and
surface presentation of MHC class I antigen in human gli-
oma,” Journal of Neuro-Oncology, vol. 105, pp. 199–210, 2011.

[33] S. Wan, S. Pestka, R. G. Jubin, Y. L. Lyu, Y. C. Tsai, and L. F.
Liu, “Chemotherapeutics and radiation stimulate MHC class
I expression through elevated interferon-beta signaling in
breast cancer cells,” PloS One, vol. 7, article e32542, 2012.

[34] X. Wang, J. E. Schoenhals, D. R. Valdecanas et al., “Suppres-
sion of major histocompatibility complex (MHC) class I and
II mediates resistance to anti-PD-1 in lung adenocarcinoma
tumors that can be overcome by radiation therapy,” Interna-
tional Journal of Radiation Oncology, Biology, Physics,
vol. 96, p. S89, 2016.

[35] E. A. Reits, J. W. Hodge, C. A. Herberts et al., “Radiation
modulates the peptide repertoire, enhances MHC class I
expression, and induces successful antitumor immunother-
apy,” The Journal of Experimental Medicine, vol. 203,
pp. 1259–1271, 2006.

[36] N. Oka, A. Soeda, A. Inagaki et al., “VEGF promotes tumori-
genesis and angiogenesis of human glioblastoma stem cells,”
Biochemical & Biophysical Research Communications,
vol. 360, pp. 553–559, 2007.

[37] B. Govindarajan, J. E. Sligh, B. J. Vincent et al., “Overexpres-
sion of Akt converts radial growth melanoma to vertical
growth melanoma,” The Journal of Clinical Investigation,
vol. 117, pp. 719–729, 2007.

[38] J. M. Mehnert, M. M. McCarthy, L. Jilaveanu et al., “Quantita-
tive expression of VEGF, VEGF-R1, VEGF-R2, and VEGF-R3
in melanoma tissue microarrays,” Human Pathology, vol. 41,
pp. 375–384, 2010.

[39] J. Fucikova, E. Becht, K. Iribarren et al., “Calreticulin expres-
sion in human non-small cell lung cancers correlates with
increased accumulation of antitumor immune cells and
favorable prognosis,” Cancer Research, vol. 76, pp. 1746–
1756, 2016.

[40] C. N. Chen, C. C. Chang, T. E. Su et al., “Identification of cal-
reticulin as a prognosis marker and angiogenic regulator in
human gastric cancer,” Annals of Surgical Oncology, vol. 16,
pp. 524–533, 2009.

[41] J. Fucikova, I. Truxova, M. Hensler et al., “Calreticulin expo-
sure by malignant blasts correlates with robust anticancer
immunity and improved clinical outcome in AML patients,”
Blood, vol. 128, pp. 3113–3124, 2016.

[42] A. N. Cornforth, A. W. Fowler, D. J. Carbonell, and R. O.
Dillman, “Resistance to the proapoptotic effects of interferon-
gamma on melanoma cells used in patient-specific dendritic
cell immunotherapy is associated with improved overall
survival,” Cancer Immunology, Immunotherapy, vol. 60,
pp. 123–131, 2011.

[43] A. M. Dudek-Peric, G. B. Ferreira, A. Muchowicz et al.,
“Antitumor immunity triggered by melphalan is potentiated
by melanoma cell surface-associated calreticulin,” Cancer
Research, vol. 75, pp. 1603–1614, 2015.

[44] Y. Qin, Y. Han, C. Cao, Y. Ren, C. Li, and Y. Wang,
“Melanoma B16-F1 cells coated with fusion protein of mouse
calreticulin and virus G-protein coupled receptor induced

11Oxidative Medicine and Cellular Longevity



the antitumor immune response in Balb/C mice,” Cancer
Biology & Therapy, vol. 11, pp. 574–580, 2011.

[45] M. Obeid, T. Panaretakis, N. Joza et al., “Calreticulin exposure
is required for the immunogenicity of gamma-irradiation and
UVC light-induced apoptosis,” Cell Death & Differentiation,
vol. 14, pp. 1848–1850, 2007.

[46] M. E. Rodriguez, I. S. Cogno, L. S. Milla Sanabria, Y. S. Moran,
and V. A. Rivarola, “Heat shock proteins in the context of pho-
todynamic therapy: autophagy, apoptosis and immunogenic
cell death,” Photochemical & Photobiological Sciences, vol. 15,
pp. 1090–1102, 2016.

[47] T. Panaretakis, O. Kepp, U. Brockmeier et al., “Mechanisms of
pre-apoptotic calreticulin exposure in immunogenic cell
death,” The EMBO Journal, vol. 28, pp. 578–590, 2009.

[48] D. B. Graves, “The emerging role of reactive oxygen and nitro-
gen species in redox biology and some implications for plasma
applications to medicine and biology,” Journal of Physics
D-Applied Physics, vol. 45, article 263001, 2012.

[49] M. Dunnbier, A. Schmidt-Bleker, J. Winter et al., “Ambient air
particle transport into the effluent of a cold atmospheric-
pressure argon plasma jet investigated by molecular beam
mass spectrometry,” Journal of Physics D-Applied Physics,
vol. 46, article 435203, 2013.

[50] S. Bekeschus, S. Iseni, S. Reuter, K. Masur, and K. D.
Weltmann, “Nitrogen shielding of an argon plasma jet and
its effects on human immune cells,” IEEE Transactions on
Plasma Science, vol. 43, pp. 776–781, 2015.

[51] H. Jablonowski and T. von Woedtke, “Research on plasma
medicine-relevant plasma–liquid interaction: what happened
in the past five years?” Clinical Plasma Medicine, vol. 3,
pp. 42–52, 2015.

[52] S. Bekeschus, J. Kolata, C. Winterbourn et al., “Hydrogen per-
oxide: a central player in physical plasma-induced oxidative
stress in human blood cells,” Free Radical Research, vol. 48,
pp. 542–549, 2014.

[53] E. M. Hanschmann, J. R. Godoy, C. Berndt, C. Hudemann, and
C. H. Lillig, “Thioredoxins, glutaredoxins, and peroxiredox-
ins—molecular mechanisms and health significance: from
cofactors to antioxidants to redox signaling,” Antioxidants &
Redox Signaling, vol. 19, pp. 1539–1605, 2013.

[54] A. Schmidt, K. Rödder, S. Hasse et al., “Redox-regulation of
activator protein 1 family members in blood cancer cell lines
exposed to cold physical plasma-treated medium,” Plasma
Processes and Polymers, vol. 13, pp. 1179–1188, 2016.

[55] C. Abate, L. Patel, F. J. Rauscher 3rd, and T. Curran, “Redox
regulation of fos and jun DNA-binding activity in vitro,”
Science, vol. 249, pp. 1157–1161, 1990.

[56] D. T. Yamanishi, J. A. Buckmeier, and F. L. Meyskens Jr.,
“Expression of c-jun, jun-B, and c-fos proto-oncogenes in
human primary melanocytes and metastatic melanomas,”
The Journal of Investigative Dermatology, vol. 97, pp. 349–
353, 1991.

[57] E. Shaulian and M. Karin, “AP-1 as a regulator of cell life and
death,” Nature Cell Biology, vol. 4, pp. E131–E136, 2002.

[58] D. Wang, J. Y. Wang, N. Ding et al., “MAGE-A1 promotes
melanoma proliferation and migration through C-JUN activa-
tion,” Biochemical & Biophysical Research Communications,
vol. 473, pp. 959–965, 2016.

[59] C. J. Chan, A. E. Ekpenyong, S. Golfier et al., “Myosin II
activity softens cells in suspension,” Biophysical Journal,
vol. 108, pp. 1856–1869, 2015.

[60] J. Guck, F. Lautenschlager, S. Paschke, and M. Beil, “Critical
review: cellular mechanobiology and amoeboid migration,”
Integrative Biology (Camb), vol. 2, pp. 575–583, 2010.

[61] I. Dalle-Donne, R. Rossi, A. Milzani, P. Di Simplicio, and
R. Colombo, “The actin cytoskeleton response to oxidants:
from small heat shock protein phosphorylation to changes
in the redox state of actin itself,” Free Radical Biology &
Medicine, vol. 31, pp. 1624–1632, 2001.

[62] J. S. Lee, C. M. Hale, P. Panorchan et al., “Nuclear lamin A/C
deficiency induces defects in cell mechanics, polarization,
and migration,” Biophysical Journal, vol. 93, pp. 2542–2552,
2007.

[63] M. Polette, C. Gilles, B. Nawrocki-Raby et al., “Membrane-
type 1 matrix metalloproteinase expression is regulated by
zonula occludens-1 in human breast cancer cells,” Cancer
Research, vol. 65, pp. 7691–7698, 2005.

[64] E. Takai, X. Tan, Y. Tamori, M. Hirota, H. Egami, and M.
Ogawa, “Correlation of translocation of tight junction protein
zonula occludens-1 and activation of epidermal growth factor
receptor in the regulation of invasion of pancreatic cancer
cells,” International Journal of Oncology, vol. 27, pp. 645–
651, 2005.

[65] K. Aigner, B. Dampier, L. Descovich et al., “The transcription
factor ZEB1 (deltaEF1) promotes tumour cell dedifferentiation
by repressing master regulators of epithelial polarity,”
Oncogene, vol. 26, pp. 6979–6988, 2007.

[66] K. S. Smalley, P. Brafford, N. K. Haass, J. M. Brandner, E.
Brown, and M. Herlyn, “Up-regulated expression of zonula
occludens protein-1 in human melanoma associates with
N-cadherin and contributes to invasion and adhesion,”
The American Journal of Pathology, vol. 166, pp. 1541–
1554, 2005.

[67] H. Chung, J. H. Lee, D. Jeong, I. O. Han, and E. S. Oh, “Mela-
nocortin 1 receptor regulates melanoma cell migration by
controlling syndecan-2 expression,” The Journal of Biological
Chemistry, vol. 287, pp. 19326–19335, 2012.

[68] J. Y. Lin and D. E. Fisher, “Melanocyte biology and skin
pigmentation,” Nature, vol. 445, pp. 843–850, 2007.

[69] A. A. Rosenkranz, T. A. Slastnikova, M. O. Durymanov,
and A. S. Sobolev, “Malignant melanoma and melanocortin
1 receptor,” Biochemistry (Mosc), vol. 78, pp. 1228–1237, 2013.

[70] T. A. Slastnikova, A. A. Rosenkranz, T. N. Lupanova, P. V.
Gulak, N. V. Gnuchev, and A. S. Sobolev, “Study of efficiency
of the modular nanotransporter for targeted delivery of photo-
sensitizers to melanoma cell nuclei in vivo,” Doklady.
Biochemistry and Biophysics, vol. 446, pp. 235–237, 2012.

12 Oxidative Medicine and Cellular Longevity



Research Article
The Protective Roles of ROS-Mediated Mitophagy on 125I Seeds
Radiation Induced Cell Death in HCT116 Cells

Lelin Hu,1,2 Hao Wang,1 Li Huang,1 Yong Zhao,3 and Junjie Wang1

1Department of Radiation Oncology, Peking University 3rd Hospital, Haidian District, Beijing 100191, China
2School of Medicine, Anhui University of Science and Technology, Huainan 232001, Anhui, China
3State Key Laboratory of Membrane Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China

Correspondence should be addressed to Junjie Wang; junjiewangedu@163.com

Received 17 September 2016; Revised 18 November 2016; Accepted 24 November 2016

Academic Editor: Sander Bekeschus

Copyright © 2016 Lelin Hu 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.

For many unresectable carcinomas and locally recurrent cancers (LRC), 125I seeds brachytherapy is a feasible, effective, and safe
treatment. Several studies have shown that 125I seeds radiation exerts anticancer activity by triggering DNA damage. However,
recent evidence shows mitochondrial quality to be another crucial determinant of cell fate, with mitophagy playing a central role
in this control mechanism. Herein, we found that 125I seeds irradiation injured mitochondria, leading to significantly elevated
mitochondrial and intracellular ROS (reactive oxygen species) levels in HCT116 cells. The accumulation of mitochondrial ROS
increased the expression of HIF-1𝛼 and its target genes BINP3 and NIX (BINP3L), which subsequently triggered mitophagy.
Importantly, 125I seeds radiation induced mitophagy promoted cells survival and protected HCT116 cells from apoptosis. These
results collectively indicated that 125I seeds radiation triggered mitophagy by upregulating the level of ROS to promote cellular
homeostasis and survival. The present study uncovered the critical role of mitophagy in modulating the sensitivity of tumor cells
to radiation therapy and suggested that chemotherapy targeting on mitophagy might improve the efficiency of 125I seeds radiation
treatment, which might be of clinical significance in tumor therapy.

1. Introduction

Due to its low complication rates and high efficacy—which
is comparable to that of radical surgery and external beam
radiation therapy—125I seeds implantation brachytherapy has
become one of the most popular treatment modalities for
many unresectable carcinomas and locally recurrent cancers
[1–7]. A series of studies have explored the molecular mech-
anisms through which 125I seeds radiation exerts anticancer
activity.Most studies have focused on apoptosis and cell cycle
arrest resulting fromDNAdamage after exposure to 125I seeds
radiation [8–10]. However, there is growing evidence that
mitochondria, which account for up to 30% of the total cell
volume, may also be important extranuclear mediators of the
cytotoxic effects of radiation [11, 12]. Healthy mitochondria
act as powerhouses, producing energy for cell function
through the TCA cycle (tricarboxylic acid cycle) and oxida-
tive phosphorylation [13]. Damage to mitochondria can lead
to cell death and a variety of other problems [14].

Mitophagy, which refers to the selective removal of dam-
aged or unwanted mitochondria, is crucial for mitochondrial
quality control following stresses such as starvation, photo
damage, hypoxia, and ROS production [15]. Certain physio-
logical stresses can induce mitochondrial damage, which can
cause oxidative stress and cell death triggered by the produc-
tion of ROS from the mitochondrial electron transport chain
(ETC).The high level of ROS can be selectively sequestered in
autophagosomes and subjected to lysosomal degradation in a
process termed mitophagy to promote cellular homeostasis
and survival [16]. Mitophagy can thus alleviate cell injury
following stress, acting as an effective antioxidant pathway
and clearing increasedmitochondrial or cytosolic ROS.Mito-
phagy has been reported to be involved in tumor resistance to
therapy by maintaining healthy mitochondria [17, 18].

Mitophagy is mediated by specific receptors such as
NIX, BNIP3, and FUNDC1 in mammalian systems [19].
BNIP3 and NIX are two important mitochondrial stressor
sensors with homology to BCL2 in the BH3 domain. Once
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mitophagy is triggered, BNIP3 and NIX are selectively
recruited to dysfunctional mitochondria and then bound
to the conserved LC3-interacting region (LIR) of LC3-II
present on autophagosome to promote removal of damaged
mitochondria by the autophagosome [16, 20, 21]. In addition,
both BNIP3 and NIX facilitate mitophagy by promoting
the release of Beclin1 from the Beclin1-Bcl2/Bcl-X complex
[22]. NIX and BNIP3, two hypoxia-inducible proteins that
target mitochondria for autophagosomal degradation, are
the transcription products of HIF-1𝛼 [23]. HIF-1𝛼 is an
important predictor of tumor progression for several types of
solid cancers and can regulate the transcription of a number
of genes (such as BNIP3 and NIX) that are involved in
mitophagy and apoptosis [24]. Several studies have shown
that elevated mitochondrial ROS increases the expression of
HIF-1𝛼 and its target genes BNIP3/NIX [17, 25].

In the present study, we have focused on the regulatory
roles of autophagy in the radiosensitivity of tumors to 125I
seeds irradiation as well as the molecular mechanisms that
underlie 125I seeds radiation induced mitophagy. We found
that mitophagy significantly decreased the sensitivity of
tumor cells to 125I seeds irradiation. Thus, targeting mito-
phagy combined with radiotherapy may improve the thera-
peutic efficiency in clinical patients with tumors, which needs
to be confirmed by the clinical studies.

2. Materials and Methods

2.1. 125I Radiation Source. The 125I seeds used as the radiation
source in this study were purchased from Ningbo Junan
Pharmaceutical Technology Company (Ningbo, Zhe Jiang
province, China) and were installed in an in-house model
developed in our laboratory for in vitro 125I seeds radiation. A
detailed description of this model has been published earlier
[26, 27]. 125I seeds have a half-life of ∼59.4 days. The exper-
imentally applicable radiation dose rate of 125I seeds ranged
from 2.77 cGy/h to 1.385 cGy/h, which is approximate to the
clinically applicable radiation dose rate used in permanent
LRC brachytherapy. This model was validated by using ther-
moluminescent dosimetry (TLD)measurement, and the irra-
diation time was calculated according to the absorbed dose
and initial radiation dose rate. The control cells were seeded
and harvested at the same time points as the irradiated cells.

2.2. Reagents and Antibodies. Annexin V-FITC apoptosis
detection kit I was purchased from Beijing Zoman Biotech-
nology (Beijing, China); the ROS assay kit andmitochondrial
membrane potential assay kit with JC-1 were purchased from
Beyotime (Shanghai, China); the mitochondrial ROS indica-
tor MitoSOX was purchased from Invitrogen (Carlsbad, CA,
USA); N-acetylcysteine (NAC) and chloroquine (CQ) were
purchased from Sigma-Aldrich; 3-methyladenine (3-MA)
was purchased from Selleck Chemicals LLC (Houston, TX,
USA); Ly294002 was purchased from Invitrogen; Antimycin
A was purchased from Sigma-Aldrich. LipofectamineTM
2000 was purchased from Invitrogen. Diphenyleneiodonium
chloride (DPI) was purchased fromGeneOperation Co., Ltd.
(Wuxi, China). cDNA reverse transcription kit and real-time
PCR kit were purchased from Takara Biotechnology (Dalian,

China); and goat anti-rabbit IgG-horseradish peroxidase
(HRP), goat anti-mouse IgG-HRP, anti-𝛽-actin, and anti-LC3
polyclonal antibody were obtained from Sigma-Aldrich.

2.3. Cell Culture. Human colorectal cancer cells—HCT116
cells—were kindly provided by Dr. Xiaojuan Du of Peking
University Health Science Center, Beijing, China. The
HCT116 cells were grown in RPMI (Roswell Park Memorial
Institute) 1640 medium supplemented with 10% fetal calf
serum (FCS), 100 units/mL penicillin, and 100 𝜇g/mL strep-
tomycin, in a humidified atmosphere containing 5% CO

2
at

37∘C.

2.4. Clonogenic Survival Assay. HCT116 cells in appropriate
numbers were seeded in 35mm dishes to ensure the forma-
tion of about 100 colonies per dish. After 24 hours, the cells
were exposed to 125I seeds irradiation in the model. At the
desired timepoints, the cellswere removed from the radiation
source and cultured for 10–12 days [28]. They were then fixed
with absolute ethanol and glacial acetic acid in a 1 : 1 ratio at
4∘C for 30 minutes and stained with methylene blue for 2
hours. Finally, the samples were washed with cold phosphate-
buffered saline (PBS) and dried at room temperature. The
number of colonies per dish was counted and the survival
fraction (SF) was calculated as PE (tested group)/PE (0-Gy
group), where PE was (colony number/number of inoculat-
ing cells) × 100%.The experiment was repeated two times in
duplicate. The survival fraction values were presented as the
mean ± SD for the respective radiation doses.

2.5. Western Blot Analysis. Cells were lysed in a radio
immunoprecipitation assay (RIPA) buffer (50mM of pH-7.4
Tris-HCl, 1% NP-40, 0.25% Na-deoxycholate, 150mM NaCl,
and 1mM of pH-7.4 EDTA) with protease and phosphatase
inhibitor cocktails for 15 minutes on ice and then centrifuged
for 30 minutes at 12,000𝑔 and 4∘C. Bicinchoninic acid (BCA)
protein assay kits (Beyotime Biotech, Shanghai, China) were
used to measure the protein concentrations of protein super-
natant. Equal amounts of the protein samples were denatured
at 95∘C for 5 minutes and then separated on dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel. Proteins
were transferred onto polyvinylidene difluoride (PVDF)
membranes (Hybond-P; Amersham, Buckinghamshire, UK)
for 2 hours at 100V on ice. Membranes were blocked with
5% nonfat milk in Tris-buffered saline and Tween 20 (TBST)
for 1 hour at room temperature and then incubated overnight
at 4∘C with the indicated primary antibody. After washing
thrice with TBST, the membranes were blotted with the
respective secondary antibody for 1 hour at room tempera-
ture. The membranes were incubated with enhanced chemi-
luminescence (ECL) detection kits (Pierce Biotechnology,
Rockford, IL, USA) to visualize proteins. Expression of
human 𝛽-actin was detected as a loading control.

2.6. Flow Cytometry Analysis

2.6.1. Flow Cytometry Analysis of Apoptosis. After expo-
sure to the 2Gy of radiation, HCT116 cells were harvested
and double-stained with fluorescein isothiocyanate- (FITC-)
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labeled Annexin V and propidium iodide (PI) for 15 minutes
in binding buffer according to the manufacturer’s instruc-
tions to detect cell apoptosis.Then, fluorescence was detected
by flow cytometry (Beckman Coulter, Miami, FL, USA) to
assay the percentage of cell apoptosis.

2.6.2. Flow Cytometry Analysis of Intracellular ROS and
Mitochondrial ROS. The ROS assay kit was used to assess
intracellular ROS levels. After exposure to 2Gy of radiation
adherent HCT116 cells were washed with serum-free RPMI
1640 medium and stained with 5 𝜇M of DCFH-DA at 37∘C
for 30 minutes. Then, labeled HCT116 cells were trypsinized
and analyzed by flow cytometry.

MitoSOX� Red mitochondrial superoxide indicator
selectively targets mitochondria to detect mitochondrial
ROS. Postirradiation adherent HCT116 cells were washed
with serum-free RPMI 1640 medium and incubated with
10 𝜇M of MitoSOX Red mitochondrial superoxide indicator
at 37∘C for 30minutes. After the treatment, HCT116 cells were
trypsinized and analyzed by flow cytometry.

2.6.3. Flow Cytometry Analysis of Mitochondrial Membrane
Potential. One hundred thousand HCT116 cells were col-
lected andwashed oncewith PBS after irradiation.Mitochon-
drial membrane potential was detected by flow cytometry
using a mitochondrial membrane potential assay kit with JC-
1. Under normal conditions, JC-1 accumulates in the mito-
chondrialmatrix in the formof J-aggregates, which emit a red
fluorescence; however, when the mitochondrial membrane
potential collapses, JC-1 exists as a monomer that cannot
enter mitochondria and emits a green fluorescence.The ratio
of the JC-1 red signal (J-aggregates) to the JC-1 green signal
(monomer) was used as a measure of the mitochondrial
membrane potential. Data were analyzed by FCS Express V3
software (De Novo Software, Glendale, CA, USA).

2.7. Immunofluorescence Analysis. Cells were cultured on
coverslips in 35mm dishes. After the indicated dose of 125I
seeds irradiation, the cells were fixed with 4% formaldehyde
in PBS for 15 minutes at 37∘C. The fixed cells were perme-
abilized with 0.2% Triton X-100 in PBS for 15 minutes on ice
and subsequently blocked by goat serum. After incubation
with primary antibodies overnight at 4∘C, LC3 and TIM23
were detected with the polyclonal anti-LC3 antibody and the
monoclonal antibody against TIM23, respectively. LC3 were
detected with FITC- (Fluorescein Isothiocyanate-) conju-
gated goat anti-rabbit IgG. TIM23 were labeled with TRITC-
(Tetramethylrhodamine Isothiocyanate-) conjugated goat
anti-mouse IgG. Nuclei were stained with 4,6-diamidino-2-
phenylindole (Beyotime, China). Fluorescence images were
captured with an LSM 510 Zeiss confocal microscope (Carl
Zeiss Jena, Germany).

2.8. Detection of Cellular ATP Levels. Firefly luciferase-based
ATP assay kit (Beyotime, China) was used tomeasure cellular
ATP level. After exposure to the 2Gy of radiation, HCT116
cells were lysed and centrifuged at 12,000𝑔 for 5 minutes.
Cell lysates (100 𝜇L)weremixedwith 100 𝜇L of ATP detection
working dilution in a 96-well plate, and the cellularATP levels

weremeasured using the BioTek Synergy 2Microplate Reader
(BioTek Instruments Inc., Winooski, VT, USA). A BCA assay
kit was used to determine the protein concentration of cell
lysates (1 𝜇L) of each group. The ratio of cellular ATP level
to the protein concentration was used to evaluate total ATP
level.

2.9. Reverse Transcription and Real-Time PCR. Total RNA
was extracted from cells using Trizol (Invitrogen, Carls-
bad, CA, USA) according to the manufacturer’s instruc-
tions, and 1 𝜇g of total RNA was used to reverse tran-
scribe cDNA. Real-time PCR was performed using multiple
kits (SYBR Premix Ex TaqTM, DRR041A, Takara Bio) on
CFX96 (Bio-Rad, Hercules, CA, USA) [29]. The housekeep-
ing gene hypoxanthine phosphoribosyl transferase (HPRT)
was used as an endogenous control. The following primers
were used: HPRT upstream primer 5-CAGTATAATCCA-
AAGATGGTCAA-3 and HPRT downstream primer 5-
TTAGGCTTTGTATTTTGCTTTTCC-3; BNIP3 upstream
primer 5-CAGGGCTCCTGGGTAGAACT-3 and BNIP3
downstream primer 5-CTACTCCGTCCAGACTCATGC-
3; NIX upstream primer 5-ATGTCGTCCCACCTAGTC-
GAG-3 and NIX downstream primer 5-TGAGGATGG-
TACGTGTTCCAG-3; HIF-1𝛼 upstream primer 5-GAA-
CGTCGAAAAGAAAAGTCTCG-3, and HIF-1𝛼 down-
stream primer 5-CCTTATCAAGATGCGAACTCACA-3.

2.10. Cell Transfection. LC3-specific siRNAs (small interfer-
ence RNA) (5-GAGUGAGCUCAUCAAGAUAtt-3) and
an unrelated control siRNA (5-UUCUCCGAACGUGUC-
ACGUtt-3) [30] were synthesized from GenePharma Co.,
Ltd., to knockdown of LC3 expression. HCT116 cells were
transfected with 100 nM LC3 siRNA or nonrelated con-
trol siRNA. Transfections were performed with Lipofec-
tamineTM 2000 in accordance with the manufacturer’s
instruction.

2.11. Statistical Analysis. Experimentswere performed at least
three times in duplicate. Statistical analyses were performed
using the statistical software SPSS 17.0 (SPSS Inc., Chicago,
IL, USA).The two-tailed 𝑡-test was applied to compare group
means. Statistical significance was set at 𝑝 ≤ 0.05.

3. Results

3.1. Inhibition of Autophagy Enhanced the Sensitivity of Tumor
Cells to 125I Seeds Radiation. To investigate how autophagy
affects the radiosensitivity of tumor cells, clonogenic survival
assay was performed to assess the response to 125I seeds
radiation with and without pretreatment with autophagy
inhibitors. HCT116 cells were pretreated with the autophagy
inhibitors 3-MA (0.5mM) or Ly294002 (10 𝜇M) 2 hours prior
to being exposed to 2Gy and 4Gy 125I seeds radiation. The
ratios of surviving fraction between 3MA group and control
groupwere 0.81, 0.48 for total doses of 2 and 4Gy, respectively
(Figure 1(a)). What is more, the ratios of surviving fraction
between Ly294002 and control group were 0.83 and 0.59 for
total doses of 2 and 4Gy, respectively (Figure 1(b)). We found
a statistically significant decrease in the clonogenic survival
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Figure 1: Inhibition of autophagy enhanced the sensitivity of HCT116 cells to 125I seeds radiation. (a) HCT116 cells were pretreated with or
without 3-MA before exposure to the indicated dose of 125I seeds radiation. Clonogenic survival was assessed in the presence or and absence
of 3-MA. (b) Clonogenic survival was assessed in HCT116 cells pretreated with or without Ly294002 before exposure to the indicated dose
of 125I seeds radiation. (c) HCT116 cells were transfected with LC3 siRNA or unrelated control siRNA. Western blot was performed to assess
the expression of LC3 48 h after transfection. Representative Western blot analysis of LC3II/I is shown. (d) Clonogenic survival was assessed
in HCT116 cells transfected with LC3 siRNA or unrelated control siRNA before exposure to the indicated dose of 125I seeds radiation. The
values are the means ± SD of three independent experiments.The two-tailed 𝑡-test was used for comparing the means. ∗ indicates significant
difference (𝑝 ≤ 0.05) as compared to the control group.

fraction in HCT116 cells pretreated with 3-MA or Ly294002
at 2Gy and 4Gy (𝑝 ≤ 0.05), suggesting that these autophagy
inhibitors have a radiosensitizing effect on HCT116 cells.
Neither 3-MAnor Ly294002was specific autophagy inhibitor.

We further investigated whether knockdown of LC3 expres-
sion, a conserved gene required for mammalian autophagy,
affected the radiosensitivity of HCT116 cells. Clonogenic
survival assay was used to assess the response to 125I seeds
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Figure 2: Continued.
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Figure 2: Inhibition of autophagy promoted apoptosis induced by 125I seeds radiation. (a) Representative example of flow cytometry analysis
pretreated with and without 3-MA before exposure to indicated doses of 125I seeds radiation. Apoptotic cell death was detected by Annexin
V and PI double staining. (b) The percentage of apoptosis with and without 3-MA was examined by flow cytometry after Annexin V and PI
double staining. Annexin V+/PI− cell and anexin V+/PI+ cell populations were quantified and analyzed. (c) Typical example of flow cytometry
analysis pretreated with and without Ly294002 before exposure to indicated doses of 125I seeds radiation. (d)The percentage of apoptosis with
and without Ly294002 was measured by flow cytometry with Annexin V and PI double staining. Annexin V+/PI− cell and anexin V+/PI+
cell populations were quantified and analyzed. (e) Typical example of flow cytometry analysis in HCT116 cells transfected with LC3 siRNA
or unrelated control siRNA before exposure to the indicated dose of 125I seeds radiation. (f) The percentage of apoptosis in HCT116 cells
transfected with LC3 siRNA or unrelated control siRNA was measured by flow cytometry with Annexin V and PI double staining. Annexin
V+/PI− cell and anexin V+/PI+ cell populations were quantified and analyzed. ∗ indicates significant difference (𝑝 ≤ 0.05) between treated
group or untreated group.

radiation after transfection with LC3 siRNA or nonrelated
control siRNA duplex.The expression of LC3 in HCT116 cells
transfected with LC3 siRNA duplex significantly decreased
compared to nonrelated control siRNA group (Figure 1(c)).
Following irradiation the ratios of surviving fraction between
LC3 siRNA group and nonrelated control siRNA were 0.66,
0.51 for total doses of 2 and 4Gy, respectively. We found that
knockdown of LC3 expression sensitized HCT116 cells to 125I
seeds radiation at 2Gy and 4Gy (𝑝 ≤ 0.05, Figure 1(d)),
suggesting that inhibition of autophagy had a radiosensitizing
effect on HCT116 cells.

3.2. Inhibition of Autophagy Promoted Apoptosis Induced by
125I Seeds Radiation. In previous studies we had shown that
125I seeds radiation induces apoptosis in colorectal cancer
cells. To examine whether the enhanced radiosensitivity of

autophagy inhibitors was due to increased apoptosis, the
percentage of apoptotic cells wasmeasured by double staining
with Annexin V and PI and assayed by flow cytometry.
We found that the proportion of PI−/Annexin V+ and PI+/
Annexin V+ cell population in HCT116 cells increased from
13.9% to 19.5% following treatment with 125I seeds radiation
plus the autophagy inhibitor 3-MA (𝑝 ≤ 0.05, Figures 2(a)
and 2(b)). To confirm this phenomenon, the same experi-
ments were duplicated with autophagy inhibitor Ly294002
instead of 3MA (Figure 2(c)). The percentage of apoptosis
increased from 19.1% to 30.1% in cells treated with 125I seeds
radiation plus Ly294002 (𝑝 ≤ 0.05, Figure 2(d)). We further
investigated whether LC3 siRNA affected the apoptosis of
HCT116 cells induced by 125I seeds radiation. After transfec-
tion with LC3 siRNA duplex, the percentage of apoptotic cell
induced by 125I seeds radiation increased from 10.41 to 15.77
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Figure 3: 125I seeds radiation induced autophagy in HCT116 cells. (a) HCT116 cells were exposed to the indicated dose of 125I seeds radiation.
LC3 punctuationwasmeasured using immunofluorescencewith polyclonal anti-LC3 antibody. DAPIwas used to stain nuclei. (b)Thenumber
of LC3 punctuations per cell after exposure to indicated doses of 125I seeds radiation was quantified.The values are the mean (±SD) of at least
three different cells. (c) HCT116 cells were exposed to the gradually increased dose of 125I seeds radiation. The ratio of LC3II/I was analyzed
by Western analysis with anti-LC3 antibody. 𝛽-Actin was evaluated as a loading control.

(𝑝 ≤ 0.05, Figures 2(e) and 2(f)). These results suggested that
inhibition of autophagy increased the sensitivity to 125I seeds
radiation by enhancing apoptosis.

3.3. 125I Seeds Radiation Induced Mitophagy in Tumor Cells.
To investigate whether 125I seeds radiation could induce
autophagy in HCT116 cells, LC3-I and LC3-II were used as
autophagy markers to estimate the induction of autophagy
and the overall autophagic flux to permit correct interpreta-
tion of the results. Immunofluorescence staining with anti-
LC3 antibody was performed with HCT116 cells following
exposure to 0, 0.5, 1, and 2Gy of 125I seeds radiation (Fig-
ure 3(a)). As shown in Figure 3(b), the number of LC3 punc-
tuations per cell increased gradually after exposure to 0, 0.5,
1, and 2Gy of 125I seeds radiation. Western blot analysis, per-
formed to examine the transformation of soluble LC3 (LC3-I)
to the LC3-II form, showed that the ratio of LC3-II to LC3-
I increased gradually after treatment with indicated doses of
125I seeds radiation (Figure 3(c)). This provided further evi-
dence that 125I seeds radiation induced autophagy in a dose-
dependent manner in HCT116 cells.

Autophagy involves two key processes: the formation of
autophagosomes and the formation of autolysosomes. In the
initial stage, membrane distant from either the Golgi or ER
sequesters cellular components to form autophagosome. At a
relatively late stage of autophagy, autophagosome fuses with
the lysosome to form an autolysosome, where LC3-II and

sequestered cellular components were degraded by lysosomal
hydrolytic enzymes [31–33]. There are two causes for the
accumulation of LC3-II: one is increase of autophagosome
formation and the other is inhibition of the formation of
autolysosomeswhich is the site for degradation of autophago-
somes [34]. To identify which of these two mechanisms was
responsible for the autophagy caused by 125I seeds radiation,
we then investigated whether elevated LC3-II levels were
due to the upregulation of autophagosome formation or
the escape of autophagosome-lysosome fusion. Chloroquine
(CQ), which acts as a late-stage autophagy inhibitor by block-
ing autophagosome-lysosome fusion, was used to treat the
irradiatedHCT116 cells for 6 hours before harvest, and the cells
were examined under a confocalmicroscope (Figure 4(a)). As
expected, treatment with CQ could make further increase of
the number of LC3-II punctuations per cell induced by 125I
seeds radiation (𝑝 ≤ 0.05, Figure 4(b)). Moreover, whole cell
lysates from treated cells were analyzed by Western blotting
in parallel at the same time.The results showed that CQ could
make further increase of the ratio of LC3-II to LC3-I induced
by 125I seeds radiation (Figure 4(c)).These suggested that 125I
seeds radiation induced LC3-II punctuation accumulation
was due to the increase of autophagosome formation rather
than inhibition of lysosome-autophagosome fusion.

We also used electron microscopy, the gold standard for
detecting autophagy, to investigate whether 125I seeds radia-
tion induced autophagy in HCT116 cells. Transmission elec-
tronmicroscope (TEM) analysis revealed that a large number
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Figure 4: 125I seeds radiation promoted autophagosome formation in HCT116 cells. (a) Irradiated HCT116 cells were treated with or without
40 𝜇mol of chloroquine for 6 hours. LC3 punctuations were detected using immunofluorescence and images were captured by a confocal
microscope. (b) The percentage of LC3 punctuation per cell was quantified. The values are the means ± SD of at least three different cells.
(c) HCT116 cells were exposed to 125I seeds radiation (2Gy) with or without chloroquine for 6 hours, respectively. The ratio of LC3II/I was
measured by Western blotting analysis. ∗ indicates significant difference (𝑝 ≤ 0.05) as compared to the control group.

of mitochondria in autophagosome-like vacuoles appeared
in the cytoplasm after exposure to 2Gy of 125I seeds
radiation (Figure 5(a)). This phenomenon was consistent
with the result of immunofluorescence analysis. Following
exposure to 2Gy of 125I seeds radiation, the cells were double
indirect immunofluorescence staining with an anti-TIM23
antibody (red) and an anti-LC3 antibody (green) to detect the
mitochondrial marker protein TIM23 and autophagosome
marker protein LC3, respectively.The confocal image showed
LC3 punctuation colocalized with mitochondria after 125I
seeds radiation. Besides, this colocalization induced by 125I
seeds radiation increased significantly after treatment with
CQ, which could block autophagosome-lysosome fusion
to amplify autophagy (Figure 5(b)). These results further
supported that 125I seeds radiation induced robustmitophagy
by promoting autophagosome formation.

3.4. 125I Seeds Radiation Impaired Mitochondria and Induced
Oxidative Stress. To study whether 125I seeds radiation could

induce mitochondrial damage, we examined a series of indi-
ces that can reflect mitochondrial dysfunction. Immunofluo-
rescence staining was performed with anti-TIM23 antibody
to detect the mitochondrial marker protein TIM23. The
fluorescence confocal image showed that 125I seeds radiation
induced changes in mitochondrial morphology, altering it
from the elongated linear network form to a floccular and
dot form (Figure 6(a)). In addition,mitochondrialmembrane
potential was analyzed with flow cytometry (Figure 6(b));
we found that 125I seeds radiation impaired mitochondrial
function and induced decrease in mitochondrial membrane
potential (𝑝 ≤ 0.05, Figure 6(c)).

It has been reported that mitochondrial dysfunction
induced by radiation results in reduction of ATP synthesis
owing to disruption of the proton gradient across the mito-
chondrial membrane [35, 36]. We next investigated whether
125I seeds radiation induced mitochondrial dysfunction led
to alterations in ATP production. Cellular ATP level was
evaluated by firefly luciferase-based ATP assay kit; the results
showed the level of total ATP decreased significantly after
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Figure 5: 125I seeds radiation induced mitophagy in HCT116 cells. (a) HCT116 cells were exposed to 125I seeds radiation (2Gy);
the representative transmission electron microscopic ultrastructures are shown. The arrows indicate an autophagic vacuole containing
mitochondria (scale bars 200 nm and 500 nm). (b) HCT116 cells were exposed to 125I seeds radiation alone or in combination with CQ
(40𝜇mol) for 6 hours. Following fixation, the cells were immunostained with an anti-TIM23 antibody (red) and an anti-LC3 antibody (green)
and visualized by confocal microscopy. The representative confocal microscopy images are shown. Small squares denoted the area zoomed
in region of the images and white arrows denoted mitophagy punctuation induced by 125I seeds radiation.

125I seeds radiation (𝑝 ≤ 0.05, Figure 6(d)). After exposure
to 2Gy of 125I seeds radiation, cells were stained with the
mitochondrial ROS and subjected to flow cytometry analysis
(Figure 6(e)). Results showed that 125I seeds radiation ele-
vated levels of mitochondrial ROS in HCT116 cells (𝑝 ≤ 0.05,
Figure 6(f)). Similarly, postirradiation cells were stained with
the intracellular ROS probes and analyzed by flow cytometry
(Figure 6(g)). Results showed that 125I seeds radiation ele-
vated levels of intracellular ROS in HCT116 cells (𝑝 ≤ 0.05,
Figure 6(h)). Together, these data suggested that 125I seeds
radiation induced oxidative damage in mitochondria.

3.5. Elevated ROS Is Critical for BothMitophagy and Apoptosis
Induced by 125I Seeds Radiation. There is increasing evidence
that oxidative stress is responsible for autophagy [25]. To
confirm the role of ROS in mitophagy and apoptosis induced
by 125I seeds radiation,we treatedHCT116 cellswithN-acetyl-
L-cysteine (NAC; a ROS scavenger), 125I seeds radiation, or
both. Mitochondrial ROS and intracellular ROS generation
were then analyzed using the corresponding probe for flow
cytometry analysis. As shown in Figure 7(a), NAC decreased
125I seeds radiation induced accumulation of mitochondrial
ROS. Statistical results from three independent experiments
in duplicate are shown in Figure 7(b) (𝑝 ≤ 0.05). Besides,
NAC decreased accumulation of intracellular ROS induced
by 125I seeds radiation (Figure 7(c)). Experiments were
duplicated three times and data are shown in Figure 7(d) (𝑝 ≤
0.05). Protein levels of LC3-II and LC3-1 were determined by
Western blotting in parallel. As shown in Figure 7(e), the rise
in ratio of LC3-II to LC3-1 that was induced by 125I seeds

radiation lowered when the cells were treated with NAC.
Moreover, immunofluorescence staining showed that NAC
could decrease the LC3 punctuation accumulation induced
by 125I seeds radiation (Figure 7(h)).

We next utilized mitochondrial respiratory chain inhibi-
tor to investigate the role ofmitochondrial ROSonmitophagy
induced by 125I seeds radiation. DPI (50 uM) and Antimycin
A (50 uM), which act as mitochondrial respiratory chain
inhibitor by blocking electron flow at mitochondrial respira-
tory chain complexes I and III, respectively, were used to treat
the irradiated HCT116 cells for 18 hours before harvest. As
shown in Figures 6(f)–6(h), the treatment of DPI and Anti-
mycin A could promote the accumulation of mitochondrial
ROS and further increase mitophagy induced by 125I seeds
radiation.

We also used NAC, the ROS scavenger, to examine
whether apoptosis correlated with the level of ROS induced
by 125I seeds radiation. Cells were doubled stained with the
probes Annexin V and PI to evaluate the percentage of apop-
tosis by flow cytometry analysis (Figure 8(a)). Flow cytometry
analysis showed that NAC decreased the proportion of apop-
tosis induced by 125I seeds radiation (𝑝 ≤ 0.05, Figure 8(b)),
indicating that ROS play an important role in mitophagy and
apoptosis in HCT116 cells.

3.6. The Accumulation of Mitochondrial ROS Induced by 125I
Seeds Irradiation Is Critical for mRNA Expression of HIF-1𝛼
and BNIP3/NIX. We investigated whether 125I seeds radia-
tion influenced the expression of HIF-1𝛼 and its target genes.
Real-time PCR was performed to detect the expression of
HIF-1𝛼 and its target genes BNIP3 and NIX. As shown in
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Figure 6: Continued.
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Figure 6: 125I seeds radiation induced oxidative damage in mitochondria. HCT116 cells were exposed to 2Gy of 125I seeds radiation. (a)
The cells were fixed and stained with anti-Tim23 antibody, and images were captured by a confocal microscope. The representative images
are shown (scale bar 10 𝜇m). (b) The mitochondrial potential was analyzed by flow cytometry with a JC-1 probe. Typical example of flow
cytometry analysis was shown. (c)The ratio of J-aggregates and JC-1 monomers was used to evaluate the mitochondrial potential. The values
are the means ± SD of three independent experiments. (d) Total ATP was evaluated by an ATP assay kit. The values are the means ± SD
of three independent experiments. (e) Mitochondrial ROS were analyzed by flow cytometry after staining with MitoSOX. Typical example
of flow cytometry analysis was shown. (f) Quantitative analysis of mitochondrial ROS. The values were derived from mean fluorescence
intensity. The values are the means ± SD of three independent experiments. (g) Intracellular ROS were stained by DCFH-DA and analyzed
by flow cytometry. (h) Quantitative analysis of intracellular ROS. The values were derived from mean fluorescence intensity. The values are
the means ± SD of three independent experiments. ∗𝑝 ≤ 0.05, as compared to the control group.

Figures 9(a)–9(c), 125I seeds radiation significantly upregu-
lated themRNA expression of HIF-1𝛼 (𝑝 ≤ 0.05, Figure 9(a)),
BNIP3 (𝑝 ≤ 0.05, Figure 9(b)), and NIX (𝑝 ≤ 0.05,
Figure 9(c)).

To determine whether ROS induced by 125I seeds radi-
ation can raise the expression of BNIP3 and NIX, which is
a crucial signal transduction pathway to regulate mitophagy,
we examined the expression ofHIF-1𝛼, BNIP3, andNIX at the
mRNA level by using real-time PCR. As shown in Figure 9,
NAC decreased the expression of HIF-1𝛼 (𝑝 ≤ 0.05, Fig-
ure 9(d)), BNIP3 (𝑝 ≤ 0.05, Figure 9(e)), and NIX (𝑝 ≤ 0.05,
Figure 9(f)). And the treatment of Antimycin A could further
increase the mRNA expression of HIF-1𝛼 (𝑝 ≤ 0.05, Fig-
ure 9(g)), BNIP3 (𝑝 ≤ 0.05, Figure 9(h)), and NIX (𝑝 ≤ 0.05,
Figure 9(i)) induced by 125I seeds radiation, indicating that
mitochondrial ROS induced by 125I seeds irradiation might
be critical for mitophagy and apoptosis through HIF-1𝛼–
BNP3/NIX pathways.

4. Discussion

Presently available evidence is in favor of autophagy as a
novel cancer therapy target [37]. Autophagy is a dynamic pro-
cess characterized by lysosomal degradation of cytoplasmic
components such as cytoplasmic proteins and intracellular

organelles [38]. The process requires the formation of the
double-membrane autophagosome, which sequesters and
transports the cytoplasmic cargo to the lysosome for degrada-
tion [39]. Recent studies show that autophagy plays an impor-
tant role in cancer cell fate decisions following stress con-
dition such as starvation, hypoxia, and chemotherapy [40].
Several studies have shown that elevated level of autophagy is
associated with radio-resistance of various cancers [41, 42].
Multiple clinical trials have been performed to study the
effects of conventional anticancer radiotherapy combined
with autophagy inhibitors [37]. A number of autophagy
inhibitors, such as chloroquine (CQ), hydroxychloroquine
(HCQ), and 3-methyladenine (3-MA), have been applied in
clinical trials. The combination of autophagy inhibitors and
radiotherapy has been shown to provide survival benefits and
increased lifespan in patients with cancer [43–45]; however,
the specific role of autophagy induced by 125I seeds radiation
has not yet been determined.

In the present study, we first showed that both autophagy
inhibitors 3-MA and Ly294002 could decrease the survival
fraction ofHCT116 cells after 125I seeds radiation (Figures 1(a)
and 1(b)). Moreover, knockdown of LC3 expression sensitizes
HCT116 cells to 125I seeds radiation, indication that inhibition
of autophagy has a radiosensitizing effect on HCT116 cells
(Figure 1(d)). Next, we explored how autophagy inhibitors
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Figure 7: Accumulation of mitochondrial ROS is critical for 125I seeds radiation induced mitophagy. (a–e) HCT116 cells were incubated with
and without 5mM of NAC for 4 hours and then either mock exposed or exposed to 2Gy of 125I seeds radiation. (a) Cells were stained with
MitoSOX probe and then mitochondrial ROS were measured using flow cytometry. Typical example of flow cytometry analysis was shown.
(b) Quantitative analysis of mitochondrial ROS. The values were derived from mean fluorescence intensity. The values are the means ± SD
of three independent experiments. (c) Cells were stained by DCFH-DA probe and intracellular ROS were measured using flow cytometry.
Typical example of flow cytometry analysis was shown. There are two peaks in the images which represented DCFH-DA negative peak
and DCFH-DA positive peak, respectively. (d) Quantitative analysis of intracellular ROS. The values were derived from mean fluorescence
intensity. (e) RepresentativeWestern blot analysis of LC3II/I is shown. (f–h). HCT116 cells were exposed to 125I seeds radiationwith or without
Antimycin A (50 uM) or DPI (50 uM) for 18 hours. (f) Flow cytometry was performed to measure mitochondrial ROS with MitoSOX probe.
Typical example of flow cytometry analysis was shown. (g) Quantitative analysis of mitochondrial ROS. The values were derived from mean
fluorescence intensity. (h) Cells were immunostained with anti-LC3 antibody (green) and visualized by confocal microscopy. The typical
confocal microscopy images are shown.The values are the means ± SD of three independent experiments. ∗ indicates a significant difference
(𝑝 ≤ 0.05) as compared to the control group.

modified the response of HCT116 cells to 125I seeds radiation.
We found that inhibition of autophagy increased the pro-
portion of apoptosis induced by 125I seeds radiation (Fig-
ures 2(a)–2(f)). Autophagy induced by multiple forms of
cellular stress—such as hypoxia, ROS accumulation, DNA
damage, protein aggregates, damaged organelles, or intra-
cellular pathogens—interact with apoptosis to control cell
survival and death [46].We therefore consider it possible that
125I seeds radiation triggers autophagy to protect colorectal
cancer cells from apoptotic cell death.

LC3 is an important marker for detection of autophagy.
It exists in two forms: LC3-I and LC3-II. LC3-I, a soluble
cytosolic protein, is initially synthesized in an unprocessed
form, proLC3.Once autophagy is triggered, LC3-I ismodified
to LC3-II which is recruited to autophagosomal membranes
and showed punctuation-like distribution. The amount of
LC3-II punctuation is reliably correlated with the extent of
autophagosome formation [47]. LC3 lipidation can be evalu-
ated by observing the ratio of LC3-II to LC3-1 on immunob-
lots. The accumulation of autophagosome can be measured
by TEM image analysis or immunofluorescence analysis of
LC3 punctuation [34]. In the present study, we identified 125I
seeds radiation induced autophagy (Figures 3(a)–3(c)) and
autophagic flux (Figures 4(a)–4(c)) by immunofluorescence

and Western blotting for the lipidation of LC3, respectively.
Furthermore, the TEM images revealed the presence of
autophagic vacuoles with mitochondria inside (Figure 5(a)),
which was consistent with the results of immunofluorescence
analysis (Figure 5(b)). On the basis of these findings we con-
cluded that 125I seeds radiation robustly induced mitophagy.

Mitophagy is a cargo-specific autophagy that selectively
removes damaged mitochondria [48]. As a cell death execu-
tor, in addition to its more traditional roles in bioenergetics
and metabolism, mitochondria are now recognized to play
an important role in radiation induced cellular responses
[11]. Mitochondrial damage could induce mitophagy to con-
trol mitochondrial number and quality to match metabolic
demands [49]. Mitochondria are crucial energy organelles
where large amounts of ATP are produced using the elec-
trochemical gradient generated across mitochondrial inner
membrane by theETC [50].Mitochondrialmembrane poten-
tial supplies proton-motive force to promote translocation
of proton from mitochondrial matrix to the intermembrane
space, which is necessary for ATP synthesis. In addition
to being the power center of the cell, mitochondria also
generates reactive oxygen species (ROS), which originate
from the electron leak from ETC. It has been well known
that damage of mitochondria presented typical alterations
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Figure 8: NAC decrease the proportion of apoptosis induced by 125I seeds radiation. HCT116 cells were incubated with and without 5mmol
of NAC for 4 hours and then either mock exposed or exposed to 2Gy of 125I seeds radiation. (a) Annexin V and PI double staining was used
to detect the distribution of cells after the indicated treatments. The typical examples of flow cytometry are shown. (b) Quantitative analysis
of the percentage of apoptosis (PI−/Annexin V+ and PI+/Annexin V+ cell population). The values are the means ± SD of three independent
experiments. ∗ indicates a significant difference (𝑝 ≤ 0.05) as compared to the control group.

in mitochondrial morphology accompanied by biochemical
changes, such as decreased ATP, decreased mitochondrial
membrane potential, and increased mitochondrial ROS [51].
We thereforemeasuredmitochondrial parameters after expo-
sure to 2Gy of 125I seeds radiation. We demonstrated that
125I seeds radiation had a significant impact onmitochondrial
function, causing cell-specific disruption of mitochondrial
membrane potential, reduction in the production of ATP, and
accumulation of both cellular and mitochondrial ROS (Fig-
ure 6). These results indicated that oxidative stress induced
by 125I seeds radiation increased the concentration of reactive
oxygen species and led to mitochondrial dysfunction by
inhibiting mitochondrial respiration.

The sources of mitochondrial ROS overproduction are
the electron leak from mitochondrial ETC. Complexes I and
III of ETC are regarded as major sites of mitochondrial ROS
producers [52]. Specific inhibitors can inhibit complexes I
and III of ETC and induce the leak of electrons, which results
in a higher rate of mitochondrial ROS [53]. We used ROS
inhibitor or mitochondrial ROS enhancer to influence the
level of mitochondrial ROS and investigate the role of mito-
chondrial ROS in mitophagy induced by 125I seeds radiation.
As a ROS scavenger NAC can block intracellular and mito-
chondrial ROS induced by 125I seeds radiation. After treat-
ment with NAC, LC3-II accumulation induced by 125I seeds
radiation decreased (Figures 7(a)–7(e)). Antimycin A, which
blocks electron flow at complex III, is well known for increas-
ing mitochondrial ROS and further increases mitophagy

induced by 125I seeds radiation [54]. Diphenyleneiodonium
(DPI) acting as a cellular superoxide production inhibitor
by inhibition of mitochondrial respiratory chain complex I
NADH reductase resulted in the potential to increase the pro-
duction of mitochondrial superoxide [55]. As shown in Fig-
ures 7(f)–7(h), the treatment of DPI and Antimycin A raised
mitochondrial ROS and further raisedmitophagy induced by
125I seeds radiation.These results suggested that the accumu-
lation of mitochondrial ROS induced by 125I seeds radiation
is an important intracellular factor that contributes to trigger
mitophagy.

ROS can damage cellular components and activate
numerous signaling pathways to induce mitophagy. HIF-
1𝛼 activated by ROS is an important signaling protein that
regulates mitophagy by transcriptional regulation of its target
genes BNIP3 and its homologue NIX [17, 56]. ROS upregu-
lates HIF-1𝛼 transcription by activating nonhypoxic factors
in a redox-sensitive manner [57]. Therefore, we investigated
whether the accumulation of ROS induced by 125I seeds
radiation activated HIF-1𝛼 and its target genes BNIP3 and
NIX and thus triggeredmitophagy.Wedemonstrated that 125I
seeds radiation elevated mitochondrial ROS and the expres-
sion of HIF-1𝛼 and its target genes BNIP3 and NIX (Figures
9(a)–9(c)). It was noteworthy that inhibition of ROS by NAC
not only reduced the ROS level but also the expression of
HIF-1𝛼 and its target genes BNIP3 and NIX (Figures 9(d)–
9(f)). Furthermore, mitochondrial electron transport chain
inhibitors (DPI and Antimycin A) raised the accumulation
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Figure 9: Mitochondrial ROS induced by 125I seeds irradiation is critical for the expression of HIF-1𝛼 and its target gene. (a–c) HCT116 cells
were exposed to 2Gy of 125I seeds radiation. Real-time PCR was performed to detect the expression of HIF-1𝛼 (a), BNIP3 (b), and NIX (c).
(d–f) HCT116 cells were pretreated with and without 5mM of NAC for 4 hours and then either mock exposed or exposed to 2Gy of 125I seeds
radiation. The level of mRNA of HIF-1𝛼 (d), BNIP3 (e), and NIX (f) was detected by real-time PCR after treatment. (g–h) The irradiated
HCT116 cells were treated with or without 50 uM of Antimycin A for 18 hours before harvest. The level of mRNA of HIF-1𝛼 (g), BNIP3 (h),
and NIX (i) was detected by real-time PCR after treatment. ∗ indicates a significant difference (𝑝 ≤ 0.05) between NAC treated and untreated
cells.
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of mitochondrial ROS level and the expression of HIF-1𝛼 and
its target genes BNIP3 and NIX (Figures 9(g)–9(i)). These
results suggested that mitochondrial ROS induced by 125I
seeds radiation upregulated the expression of HIF-1𝛼 and its
target genes BNIP3 and NIX to trigger mitophagy.

BNIP3 and NIX can interact with BCL2 and BCL-XL
to play a proapoptotic role. Deregulation of BNIP3 or NIX
expression is associated with apoptosis [58]. We therefore
hypothesized that ROS accumulation induced by 125I seeds
radiation might play a critical role in cell fate determination.
To test this theory, we used NAC to explore how ROS accu-
mulation affects cell fate. Strikingly, NAC inhibited the per-
centage of apoptosis induced by 125I seeds radiation (Figures
8(a) and 8(b)), suggesting that mitochondrial ROS accu-
mulation induced by 125I seeds radiation not only triggered
mitophagy through upregulation of the expression of HIF-
1𝛼 and its target genes but was also involved in the cellular
decision of apoptosis.

5. Conclusions

Our results show that the high level of mitochondrial ROS
generated by 125I seeds radiation induced mitochondrial
damage upregulates the expression of HIF-1𝛼 and its target
genes BNIP3 and NIX and triggers mitophagy. Mitophagy
serves to reduce oxidative damage andROS levels through the
removal of damaged mitochondria, thus protecting HCT116
cells from apoptosis.
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