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Bacteria, viruses, and parasites are the etiological agents
that trigger various diseases referred to as communicable.
According to WHO statistics, they are responsible for 16%
of deaths worldwide. Many of these agents cause severe
morbidities already during the initial infection but can also
persist in their host and cause long-term inflammation;
fibrosis; and cardiovascular, neurodegenerative, and autoim-
mune diseases. Extensive research over the last two decades
demonstrated that many of these chronic infections are
associated with elevated production of reactive oxygen spe-
cies (ROS) and reactive nitrogen species (RNS). Enhanced
ROS/RNS production has been implicated in numerous
pathologies such as fibrosis, cirrhosis, metabolic dysfunc-
tion, lung tissue injury, and epithelial barrier dysfunction,
which in turn often increase the susceptibility to secondary
infections and/or trigger cancer. Redox biology significantly
advanced our understanding of these pathologies. Further-
more, tremendous progress has been achieved in understand-
ing how ROS/RNS affect signaling pathways. However, still
too little is known about the mechanisms by which pathogens
manipulate oxidative/nitrosative stress reaction(s) of the
host. With this in mind, we invited original research and
review articles on redox biology of infections and associated
pathologies, as well as studies that mechanistically explore

redox biology that in the future may be applicable to
infection studies.

Infectious agents induce oxidative/nitrosative stress by
different mechanisms. Amongst the host or pathogen
enzymes which produce ROS/RNS and are induced or acti-
vated in the process of infection, particular attention in the
past was drawn to the electron transport chain of mito-
chondria and NADPH oxidases. Other ROS-producing sys-
tems, mentioned in our review on hepatitis B and C viruses
[1], remained largely ignored. To fill this gap, a comprehen-
sive review of A. V. Snezhkina et al. presents a thorough sum-
mary of the activities of a (broad) panel of ROS-generating
enzymes and pathways. They also discuss influence of glycol-
ysis and adjacent metabolic pathways on the redox status of
cells, as they affect NADPH/NADP and NADH/NAD ratio
and, thus, may change the overall redox balance.

Extensive data have accumulated on the redox biology of
viral infections, including viral hepatitis B and C, human
immunodeficiency virus (HIV-1), influenza viruses, herpes-,
respiratory syncytial, rhino-, corona-, and papillomaviruses.
Particularly well studied is the redox biology of hepatitis C
virus. During last two decades, numerous papers reported
how HCV triggers oxidative stress, how it affects the antiox-
idant defense systems of the host cell, and what virus-
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associated pathologies develop due to continuous production
of ROS. As reviewed by Z. Zhang et al., most of the HCV pro-
teins are capable of inducing oxidative stress, including core,
E1, E2, NS3, NS4B, and NS5A. Of these, core stands as a key
inducer of calcium perturbations and ROS production, which
in turn regulate the viral replication cycle bymolecular mech-
anisms that remain largely unknown. M. K. Kukhanova et al.
present exciting novel concepts to fill this gap. They have
demonstrated that the RNA-dependent RNA polymerase
encoded by HCV undergoes S-glutathionylation and that this
modification affects enzymatic activity of the protein. Thus,
M. K. Kukhanova et al. showed that this protein is a bona fide
“redox switch” with activity/functions regulated through
redox-dependent posttranslational modifications of cysteine
residues (such as S-glutathionylation, nitration, and oxida-
tion to sulfenic, sulfinic, and sulfonic acids) [2].

Zika and dengue viruses belong to the same family as
HCV, the Flaviviridae. The redox biology of these pathogens
is much less studied, despite association of these viruses with
severe human diseases. In a comprehensive review, Z. Zhang
et al. carefully discuss the current state of the art for different
members of Flaviviridae family and for the whole Flavivirus
genus. Many of these viruses cause cell damage by generating
ROS and changing redox homeostasis. In turn, ROS facilitate
viral replication in variable ways, depending on the cell type
and involved virus, but in general, both flaviviruses and
alphaviruses use oxidative stress produced during infection
to temporally control genome RNA capping and genome
replication. According to Z. Zhang et al., viruses vary in their
ability to induce ROS but share a common pathway to defend
the infected cell against oxidative stress which involves
nuclear factor erythroid 2 p45-related factor 2 (Nrf2), a mas-
ter transcriptional factor regulating a panel of antioxidant
and cellular defense genes in response to oxidative stress.

Hepatitis B virus (HBV) of Hepadnaviridae family is
another pathogen which, similar to HCV, causes liver disease
characterized by chronic liver inflammation, fibrosis, cirrho-
sis, and eventually liver cancer. Noteworthily, there are cur-
rently no approved drugs, which can cure this infection.
Many attempts were made to unveil the impact of HBV on
the redox status of infected hepatocytes. Not surprisingly,
several independent groups revealed that overexpression of
single individual HBV proteins promotes production of
ROS and pointed to mitochondria and endoplasmic reticu-
lum as their most likely source. HBV core and surface anti-
gens (HBc and HBs) were claimed responsible for induction
of ER stress as well as the event(s) occurring during accumu-
lation of the misfolded proteins, a process closely linked to
the production of ROS. No specific mechanisms for these
events have yet been proposed. In this issue, M. Mehman-
khah et al., albeit not studying this process directly, pre-
sented a model of HBs structure and, based on this model,
performed an in silico search for small molecular weight
ligands that block HBV infection. This research on HBs fold-
ing will lead to the elucidation of mechanisms behind the
accumulation of misfolded HBs and resultant oxidative
stress. As the efflux of Ca2+ ions from ER to mitochondria
and mitochondrial dysfunction are the direct consequences
of ER stress, this study will aid our understanding of the

molecular/structural basis of HBV’s influence on ROS pro-
duction and calcium homeostasis.

Main bulk of data in the viral redox biology concerns
human pathogens while the knowledge on their animal
counterparts remains obscure. In this special issue, X. Fu
et al. studied the status of the Nrf2/ARE pathway in cells
infected with Bovine herpesvirus type 1 (BoHV-1) that is a
significant cofactor for bovine respiratory disease complex,
the most important inflammatory disease in cattle. They
demonstrated that BoHV-1 infection in cell culture induces
overproduction of ROS and depletion of Nrf2 and its down-
stream targets heme oxygenase-1 and NAD(P)H quinone
oxidoreductase-1 proteins. BoHV-1 inhibited the Nrf2 sig-
naling pathway by complicated mechanisms including pro-
moting Nrf2 degradation, relocalization of nuclear Nrf2,
and inhibition of Nrf2 acetylation. This may account for
or at least contribute to the pathogenicity of this infection
in cattle.

Tissue inflammation and regeneration processes induced
in multiple chronic microbial infections evolve over long
periods of time in the context of a strongly oxidativemicroen-
vironment leading to mutations in many cellular signaling
cascades that drive cell growth and proliferation. This makes
oxidative stress a driving force of the infection-induced or
infection-associated neoplastic transformation [1]. The best
studied oncogenic viruses are human papillomaviruses
(HPV), associated with anal, cervical, oropharyngeal, and
penile cancer; hepatitis B and C viruses (HBV and HCV),
associated with liver cancer; and Epstein-Barr virus, associ-
ated with Burkitt’s lymphoma, Hodgkin’s disease, and naso-
pharyngeal carcinoma. The oncogenic potential of HIV has
for a long time been thought to be due to the virus-mediated
immune suppression. However, HIV-infected people were
also found to be at an increased risk of “non-AIDS-defining”
malignancies not directly linked to immune suppression
but associated with other viral infections. Their incidence
has been increasing despite successful antiretroviral ther-
apy. The mechanism behind this phenomenon is unclear.
E. Bayurova et al. obtained daughter clones of murine
mammary gland adenocarcinoma 4T1luc2 cells expressing
variants of consensus HIV-1 reverse transcriptase (RT)
and found that expression of these RT variants in 4T1luc2
cells leads to increased production of ROS, lipid peroxida-
tion, enhanced cell motility in the wound healing assay,
and upregulation of expression of Vimentin and Twist.
Importantly, when implanted into syngeneic BALB/C mice,
4T1luc2 cells expressing HIV-1 RT demonstrated enhanced
rate of tumor growth and increased metastatic activity. This
study establishes links between the expression of HIV-1 RT,
production of ROS, induction of EMT, and enhanced prop-
agation of RT-expressing tumor cells. E. Bayurova et al.
proposed this scenario as one of the mechanisms of
HIV-induced/enhanced carcinogenesis not associated with
immune suppression. This study reinforces the earlier find-
ings on the mechanisms of HIV-1-induced production of
ROS and effect of ROS on HIV-1 replication [3].

In their review, A. V. Snezhkina et al. described the
molecular basis underlying carcinogenesis. They have listed
positive effects of ROS, including activation of apoptotic
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pathways and aiding anticancer treatments, but also described
ROS-mediated mechanisms of carcinogenesis, including
DNA damage, leading to the accumulation of mutations
and genome instability, as well as reprogramming of cell
metabolism and signaling. Which properties of HIV-1 RT
are responsible for the induction of ROS, if not the enzymatic
activities, remained unknown. E. Bayurova et al. refer to a
review of cellular interactions of HIV-1 RT, listing factors
which directly or indirectly bind to RT and regulate reverse
transcription but at the same time are involved in the main-
tenance of the redox balance of the cell, the latter possibly
affected by their interaction with RT [4].

Bacterial infections traditionally have not been consid-
ered to be a major cause of cancer. Recently, however, it
has been reported that microbiota can promote carcinogene-
sis by inducing oxidative stress, genotoxicity, host immune
response disturbance, and chronic inflammation. A vivid
example is carcinogenesis induced by infection with Helico-
bacter pylori infection [4]. There is also increasing data on
the role for oxidative stress in salmonellosis, tuberculosis,
and pseudomonas infections. In this context, the search for
bioactive substances capable to modulate excessive ROS pro-
duction in the host represents a new direction in the develop-
ment of new antimicrobial and, potentially, anticancer drugs.
Schiff bases (SBs) are chemical compounds displaying a sig-
nificant pharmacological potential. In this issue, C. C. Login
et al. presented a new thiazolyl-triazole SB with antibacterial
activity against L. monocytogenes and P. aeruginosa, being
two times more active than ciprofloxacin. Antibacterial activ-
ity on the Gram-negative bacilli was attributed to the
decrease of the bacterial NO synthase level and formation
of complexes with metals located in the active center of cer-
tain bacterial enzymes. Importantly, this new compound
showed radical scavenging activity, attributable to the pres-
ence of –SH group. The effect of SB on oxidative stress tested
in cell culture revealed a decrease in the lipid peroxidation
and the protein level of enzymes COX2 and an iNOS
involved in the modulation of oxidative stress and inflamma-
tory response.

Positive effects of antioxidants were also recorded in
another study presented in this issue by E. K. Fetisova et al.,
who assessed the therapeutic effect of the mitochondria-
targeted antioxidant SkQ1 on a culture model of Multiple
Sclerosis (MS). MS is a heterogeneous autoimmune disease
of unknown etiology characterized by inflammation, demye-
lination, and axonal degeneration affecting both the white
and grey matter of the CNS. Events leading to the activation
of immune cells in MS are mostly unknown; however, dam-
age to the nerve tissue by MS lesions resembles those
observed in infectious leprosy [5]. The main cause of the
nerve damage was suggested to be nitrozooxidative stress
[6]. With this in mind, E. K. Fetisova et al. studied the effect
of mitochondria-targeted antioxidant SkQ1 in an in vitro
model of MS, primary oligodendrocyte culture of the cerebel-
lum, challenged with lipopolysaccharide (LPS). SkQ1 accu-
mulated in the mitochondria of microglial cells and in
oligodendrocytes, restoring their capacity to produce myelin,
initially blocked by LPS. These results implicate that
mitochondria-targeted antioxidants could be promising

components of a combined therapy for MS and related neu-
rological disorders, including bacterial infections of the ner-
vous tissues, as an alternative therapy for the cases where
immunomodulating disease-modifying therapy is not avail-
able or not possible. The latter relates to immunosuppressed
individuals, who are at an increased risk of treatment com-
plications due to polyoma- and herpesvirus infections [7].
In contrast to immunomodulatory drugs, mitochondria-
targeted antioxidants do not cause any signs of immunosup-
pression and would not cause such complications.

Emerging evidence indicates that certain parasites such
as the blood fluke Schistosoma haematobium and small liver
flukes Opisthorchis viverrini and Clonorchis sinensis can also
serve as causative agents of malignancies such as bladder can-
cer caused by schistosomes and cholangiocarcinoma by liver
flukes. Recent studies revealed that the generation of ROS
and RNS associated with oxidative stress plays a crucial role
in the development of systemic complications caused by
malaria [8]. In this journal issue, D. M. S. Pereira et al.
revealed that another manifestation of P. falciparum patho-
genicity associated with oxidative stress, namely, cerebral
malaria, is mediated through the ROS-dependent functions
of housekeeping transient receptor potential (TRP) channels.
Cerebral malaria is a clinical syndrome of a severe form of the
disease characterized by neurological complications (coma
and convulsions) associated with brain inflammation [9].
Several mechanisms were found to contribute to cerebral
malaria including alterations in nitric oxide availability,
unbalanced oxidative stress responses, and brain inflamma-
tion [10]. TRP channels are nonselective cationic channels,
distributed in a diverse range of tissues, with local expression
in the free terminals of nociceptive nerve fibers and skin [11],
involved in the direct detection of stimuli associated with
senses and maintenance of ionic homeostasis [12]. TRPV1
plays an important role in the physiology of the digestive sys-
tem, cardiovascular system, and respiratory system, as well as
the development of various pathologies through evoking an
inflammatory response [13, 14]. D. M. S. Pereira et al. for
the first time demonstrated that mice infected with P. berghei
exhibited lower levels of expression of TRPV1 than nonin-
fected controls. In the absence of TRPV1 expression, infec-
tion with P. berghei did not progress to cerebral malaria.
The majority of the infected mice remained protected against
the development of any disease symptoms and signals apart
from blood parasitaemia. Similar protection was provided
by treatment with the TRPV1 antagonist SB366791. This
study underpinned the molecular mechanisms linking para-
site infection with regulation of production of ROS [15] by
the host, each and both affecting host cell machinery.

TRPV1 is linked with both the process of inflammation
and of calcium signaling and thus may contribute to cancer
progression [16]. This creates an association between a
decrease in expression of TRPV1 as a factor of selection
predisposing to survival from the cerebral malaria and at
the same time increasing risk(s) of acquisition of cancer.
A similar association was noted for Duffy Antigen Receptor
for Chemokines expressed by red blood cells [17]. Whether
these “malaria-cancer” associations actually translate into
increased risks of induction cancer, specifically of Burkitt
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lymphomas, in individuals infected with malaria [18]
remains to be elucidated. Even with this inclarity, the main
message of this special issue remains: oxidative stress caused
by infections, especially chronic infections, directly or indi-
rectly potentiates neoplastic transformation.
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HIV-induced immune suppression results in the high prevalence of HIV/AIDS-associated malignancies including Kaposi sarcoma,
non-Hodgkin lymphoma, and cervical cancer. HIV-infected people are also at an increased risk of “non-AIDS-defining”
malignancies not directly linked to immune suppression but associated with viral infections. Their incidence is increasing
despite successful antiretroviral therapy. The mechanism behind this phenomenon remains unclear. Here, we obtained daughter
clones of murine mammary gland adenocarcinoma 4T1luc2 cells expressing consensus reverse transcriptase of HIV-1 subtype A
FSU_A strain (RT_A) with and without primary mutations of drug resistance. In in vitro tests, mutations of resistance to
nucleoside inhibitors K65R/M184V reduced the polymerase, and to nonnucleoside inhibitors K103N/G190S, the RNase H
activities of RT_A. Expression of these RT_A variants in 4T1luc2 cells led to increased production of the reactive oxygen species
(ROS), lipid peroxidation, enhanced cell motility in the wound healing assay, and upregulation of expression of Vimentin and
Twist. These properties, particularly, the expression of Twist, correlated with the levels of expression RT_A and/or the
production of ROS. When implanted into syngeneic BALB/C mice, 4T1luc2 cells expressing nonmutated RT_A demonstrated
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enhanced rate of tumor growth and increased metastatic activity, dependent on the level of expression of RT_A and Twist. No
enhancement was observed for the clones expressing mutated RT_A variants. Plausible mechanisms are discussed involving
differential interactions of mutated and nonmutated RTs with its cellular partners involved in the regulation of ROS. This study
establishes links between the expression of HIV-1 RT, production of ROS, induction of EMT, and enhanced propagation of RT-
expressing tumor cells. Such scenario can be proposed as one of the mechanisms of HIV-induced/enhanced carcinogenesis not
associated with immune suppression.

1. Introduction

HIV-induced depletion of CD4+ T-helper cells determines
high prevalence of HIV/AIDS-associated malignancies,
including Kaposi sarcoma, non-Hodgkin lymphoma, and
cervical cancer. In the era of antiretroviral therapy (ART),
their rates have sharply declined but still remain elevated
many fold compared to the general population. HIV-
infected people also have increased risks for the forms of can-
cer not directly associated with the immune suppression,
such as lung cancer, liver cancer caused by infections with
hepatitis B and hepatitis C viruses, and anogenital and oro-
pharyngeal cancer associated with human papillomavirus
(HPV) infections [1]. Multiple studies reported significant
increases in their rates [2–5].

The exact mechanisms of HIV-induced carcinogenesis
under the successful ART are not known; however, a series
of studies show the direct role of HIV, or rather of HIV
proteins, in cancer progression. HIV-1 matrix protein
p17 promotes B-cell growth in non-Hodgkin lymphoma
by modifying intracellular signaling and promoting geno-
mic instability leading to cell transformation; this occurs
also in HIV transgenic mice [6, 7]. Furthermore, p17 gen-
erates a prolymphangiogenic microenvironment predispos-
ing the lymph nodes to lymphoma growth and metastasis
[8], increasing the aggressiveness of human triple-negative
breast cancer cells [9]. HIV-1 Nef promotes angiogenesis
and tumorigenesis, synergizing with Kaposi’s sarcoma
(KS) KSHV oncoprotein K1 [10, 11]. Mechanistically,
Nef inhibits the apoptotic function of p53; it decreases
the half-life of p53 and interferes with p53 DNA binding
activity and transcriptional activation [12]. HIV-1 glyco-
protein gp120 stimulates glycolysis [13]. Increased glycoly-
sis, also known as the Warburg effect, is a well-known
feature of the majority of tumors that supports uncon-
strained proliferation and invasion of tumor cells [14,
15]. Indeed, gp120 has been shown to promote prolifera-
tion, migration, and survival of tumor cells when
expressed on the viral particles, on the surface of infected
cells, or as a virus-free soluble protein [13, 16]. Expression
of HIV-1 Tat has been associated with the development of
B-cell lymphomas [17, 18] and colorectal [19] and HPV-
associated cancers [20]. Tat inhibits epithelial cytodifferen-
tiation, blocks apoptosis, increases cell migration/motility,
and accelerates tumor formation [19]. In tumor cells, it
induces a significant reduction in the expression of cell
cycle inhibitors of transcription and an increase in the
levels of proliferation markers [21] and stimulates growth
of tumor cells [22]. Thus, both structural and regulatory
HIV-1 proteins demonstrate direct carcinogenic effects
and/or promote the effects of known carcinogens.

Exposure of the oral keratinocytes from HIV-negative
individuals to individual HIV proteins (Tat and gp120)
alone or in the virions induces epithelial mesenchymal
transition (EMT). Furthermore, introduction of Tat into
the human uterine cervical carcinoma cells causes an
upregulation of expression of HPV oncoprotein E6 with
concomitant decrease in the levels of p53 [23]. Keratino-
cytes affected by HIV proteins (but not the unexposed
ones) can then be transformed by HPV-16 DNA, exhi-
biting loss of cell adhesion and increased proliferation
and migration/mobility critical for the progression of
neoplastic processes [24]. This led to the suggestion that
the promotion of EMT in the urogenital mucosa driven
by HIV proteins could be one of the mechanisms by
which HIV-1 enhance the carcinogenic effect of HPV
oncoproteins [24].

Interestingly, a panel of HIV proteins, including ones
mentioned above, has been shown to induce the produc-
tion of reactive oxygen species (ROS) [18, 25–27]. ROS
as such are weak carcinogens, but strong tumor pro-
moters [28]; chronic overproduction of ROS leads to
the spontaneous tumor formation [29], indicating that
the induction of ROS might underlie the direct carcino-
genicity of HIV-1.

We have previously found that the transient expression
of HIV-1 reverse transcriptase (RT) in the mammalian
cells induces the production of ROS, oxidative stress, and
oxidative stress response [26, 27]. The biological implica-
tions of these findings (except for a negative effect of
ROS production on the cellular immunogenicity of RT fol-
lowing DNA immunization) remained unknown. Here, we
have explored the effects of RT-induced ROS production
on the growth and motility/migration of tumor cells
in vitro and in vivo on the model of murine mammary
gland adenocarcinoma 4T1luc2 cells made to express a
panel of HIV-1 RT variants. We found that stable expres-
sion of RT leads to an increase in the production of ROS
above the already high levels observed in the parental
tumor cells. RT-expressing cells exhibit enhanced migra-
tion (motility) and a shift to a mesenchymal phenotype,
concomitant with an increased expression of the transcrip-
tion factors Twist and Snail, which coordinate EMT. In
syngeneic immunocompetent mice, these properties of
RT-expressing cells lead to the enhanced tumor growth
and increased metastatic activity. We found the above fea-
tures to correlate with the expression of RT and/or the
production of ROS. Analysis of the complex events
induced by the expression of a single HIV-1 protein, the
reverse transcriptase, advances our understanding of the
possible mechanism(s) of HIV-driven carcinogenesis unre-
lated to immune suppression.
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2. Materials and Methods

2.1. Design of the Consensus RT of HIV-1 Subtype A FSU-A
Strain. The full-length sequences of the reverse transcriptase
(RT) of the variants of HIV-1 subtype A FSU_A strain iso-
lated from the treatment-naïve patients on the territory of
the former Soviet Union were selected from the HIV
sequence database (http://www.hiv.lanl.gov/content/index)
and Stanford Drug Resistance database (n = 44) (Suppl.
Fig 1). The following sequences were used, designated by
HIV subtype, country of collection, year of collection, and
GenBank accession number of HIV isolate: A1.GE.1999.
99GEMZ011.DQ207944; A1.KZ.2002.02KZKAR300435.EF5
89042; A1.KZ.2002.02KZPAV300480.EF589043; A1.KZ.200
2.02KZPAV300497.EF589039; A1.KZ.2002.02KZPAV3005
02.EF589044; A1.KZ.2002.02KZYUZ300413.EF589040; A1.
KZ.2002.02KZYUZ300425.EF589041; A1.RU.2000.RU0005
1.EF545108; A1.RU.2002.RU01029.JQ292892; A1.RU.2003.
03RU20_06_13.AY500393; A1.RU.2005.RU_560_1125_JA.
JQ292895; A1.RU.2006.RU_915_1016.JQ292896; A1.RU.20
06.RU_915_1035.JQ292897; A1.RU.2006.RU_915_1038.JQ2
92898; A1.RU.2006.RU_915_1041.JQ292899; A1.RU.2006.
RU_SP_B_049.JQ292900; A1.RU.2007.Irkutsk_5.JQ292891;
A1.RU.2008.DEMA108RU003.KF716491; A1.RU.2008.DE-
MA108RU004.KF716492; A1.RU.2008.PokA1Ru.FJ864679;
A1.RU.2008.RUA001.JQ292893; A1.RU.2008.RUA007.JQ2
92894; A1.RU.2010.10RU6617.JX500696; A1.RU.2010.10R-
U6792.JX500695; A1.RU.2011.11RU6950.JX500694; A1.UA.
2000.98UA0116.AF413987; A1.UA.2001.01UADN121.DQ8
23358; A1.UA.2001.01UADN139.DQ823357; A1.UA.2001.0
1UAKV254.DQ823361; A1.UA.2001.01UAOD10.DQ82336
5; A1.UA.2001.01UAOD35.DQ823366; A1.UA.2001.01UA
OD89.DQ823367; A1.UA.2001.01UAPol293.DQ823359; A
1.UA.2001.01UAPol294.DQ823356; A1.UA.2001.01UAPol3
03.DQ823360; A1.UZ.2002.02UZ0659.AY829209; A1.UZ.20
02.02UZ0663.AY829210; A1.UZ.2002.02UZ0667.AY829211;
A1.UZ.2002.02UZ0672.AY829212; A1.UZ.2002.02UZ652.A
Y829203; A1.UZ.2002.02UZ694.AY829205; A1.UZ.2002.02
UZ698.AY829206; A1.UZ.2002.02UZ740.AY829208; A1.B
Y.2013.KT983615.

Sequences were aligned using Multiple Sequence Com-
parison by Log-Expectation (MUSCLE; http://www.ebi.ac
.uk/Tools/msa/muscle/), and consensus sequence was gener-
ated with Geneious 8.1.2 software (Biomatters Ltd., Auck-
land, New Zealand, https://www.geneious.com/academic/).
Amino acids in variable positions of the consensus sequences
were chosen with the help of covariance networks obtained
by squaring the difference between the number of observed
and expected amino acid pairs and normalizing this differ-
ence by the number of entries (excluding gaps) in each
column (the observed minus expected squared method,
OMES) using custom written scripts kindly provided by Prof.
J. Tavis and Dr. M. Donlin from St. Louis Medical School,
USA [30]. A humanized synthetic gene encoding the
corresponding amino acid sequence was designed using the
web service utility at http://genomes.urv.es/OPTIMIZER
[31] and the online customer portal at http://www
.invitrogen.com. To ensure adequate protein expression, the
expression-optimized gene was provided with an AAT-

ATG-GGA sequence fused to its 5′-end. This resulted in
the extension of the N-terminal region of RT with additional
amino acids Met-Gly. The resulting mRNA was checked
for the absence of undesirable folding (UNAFold at
http://mfold.rna.albany.edu/ and OPTIMIZER at http://
genomes.urv.es/OPTIMIZER/). The coding sequence for
the consensus HIV-1 RT_A (RT_A) was synthesized by
Evrogen (Moscow, Russia).

2.2. Cloning of RT_A Gene for Prokaryotic Expression and
Generation of Plasmids Expressing RT_A Variants. RT_A-
encoding DNA was cloned into the plasmid p6HRT-prot (a
gift from Dr. S. Le Grice, NCI-Frederick, Frederick, MD) in
substitution for the sequence encoding the wild-type
p66/p51 heterodimeric RT of HIV-1 HXB2 strain. Plasmid
p6HRT-prot had two restriction sites for BamHI endonucle-
ase at the 5′-end of the polynucleotide sequence encoding RT
of HIV-1 HXB2 (RT_B), one of them was deleted by site-
directed mutagenesis. RT_A encoding sequence was cloned
between the remaining 5′-BamHI and 3′-SalI restriction
sites, generating p6HRT_A encoding the consensus RT of
HIV-1 FSU_A1 strain with the N-terminal hexahistidine
tag. Mutations M184V and K65R conferring resistance to
nucleoside RT inhibitors (NRTI) and K103N and G190S
conferring resistance to nonnucleoside RT inhibitors
(NNRTI) were introduced into p6HRT_A by site-directed
mutagenesis (Evrogen) generating plasmids p6HRT_An
(65/184) and p6HRT_Ann (103/190), respectively.

2.3. Reverse Transcriptase Expression and Purification. Het-
erodimeric p66/p51 RT_A variants were expressed in M-15
(pREP4) E. coli cells (Qiagen, Hilden, Germany) transformed
by the plasmids p6HRT_A, p6HRT_An (65/184), and
p6HRT_Ann (103/190) and purified as was described previ-
ously [32]. In brief, cells harboring the expression vector were
grown overnight in 5mL of LB medium supplemented with
10 g/L glucose, 150mg/L ampicillin (A150), and 50mg/L
kanamycin (K15) at 37°C. After the overnight culture, cells
were harvested by centrifugation, the pellet was resuspended
in 300mL of the fresh medium supplemented with A150 and
K50, and cells were grown at 37°C up to OD600 0.5. At this
point, isopropyl-β-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 1mM, and cells were grown
for additional 5 h and then harvested by centrifugation at
4000g at 4°C for 30min. The cell pellet was resuspended on
ice in 15mL of buffer A (25mM Tris-HCl, pH 7.9, 500mM
NaCl, 10% (v/v) glycerol, 5mM β-mercaptoethanol) with
1% (v/v) Triton X-100 supplemented with protease inhibi-
tors phenylmethylsulfonyl fluoride (PMSF, 1mM) and Pro-
tease Inhibitor Cocktail for expression of hexahistidine-
tagged proteins (Sigma, Darmstadt, Germany). The suspen-
sion was lysed by sonication on ice and pelleted at 8000g
for 30min. The clarified lysate was applied onto a 2mL Ni-
NTA-agarose column (Novagen, Darmstadt, Germany).
The column was successively washed with buffer A contain-
ing 10, 30, and 40mM imidazole (10 column volumes each);
protein was eluted by the same buffer containing 200mM
imidazole. Fractions (0.7mL each) were analyzed by the
Bradford protein assay [33]. The target fractions were pooled,
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dialyzed against buffer B (25mM Tris-HCl (pH 7.5), 300mM
NaCl, 10% (v/v) glycerol, 5mMDTT, and 10mMMgCl2) for
2 hours at 4°C, then dialyzed against buffer C (25mM Tris-
HCl (pH 7.5), 300mM NaCl, 50% (v/v) glycerol, 5mM
DTT, and 10mM MgCl2) for 12 hours at 4°C, aliquoted,
and stored at −20°C.

2.4. Polymerase Activity Assays. The RT assays using acti-
vated DNA (Amersham, Buckinghamshire, UK) were per-
formed as follows: the standard reaction mixture (20μL)
contained 0.75μg of activated DNA, 0.02–0.05μg RT, 3μM
dATP, 30μM of dCTP, dGTP, and dTTP, 1μCi [α-32P]
dATP in a Tris-HCl buffer (50mM, pH 7.5) supplemented
with 10mM MgCl2, and 0.2M KCl. The reaction mixtures
were incubated for 12 minutes at 37°C and applied onto
Whatman 3MM filters with 0.5M EDTA solution to stop
the reaction. After drying on air, the filters were washed twice
with 10% trichloroacetic acid, then twice with 5% trichloro-
acetic acid, once with ethanol, and dried on air. The radioac-
tivity was measured by the Cherenkov method [34] in a Tri-
Carb 2810 TR scintillation counter (PerkinElmer, Franklin
Lakes, NJ, USA).

Kinetic parameters of the DNA-dependent DNA poly-
merase reaction included the Michaelis constant (KM) deter-
mined as the substrate concentration at half of the maximal
velocity and maximal reaction velocity (Vmax) determined
as the velocity, which cannot be further increased by the
increase of the substrate concentration. Kinetic parameters
were determined by the standard methods using RT variants
in concentrations corresponding to 17 nM of RT of HIV-1
HXB2 strain (RT_B), expressed and purified as described
previously [32]. 20μL of the reaction mixture contained
dATP in varying concentrations (0.05, 0.07, 0.11, 0.25, 0.5,
and 1.5μM); other components of the reaction mixture and
reaction conditions were as described above. KM to dATP
and Vmax were calculated using Sigma Plot 8.0 software
(Systat Software Inc., London, UK).

2.5. RNase H Activity Assay. RNase H activity of HIV-1 RTs
was tested by using 6.7mmol of 18-ribo-Fl/18-deoxy duplex
formed by 18-mer oligoribonucleotide 18-ribo-Fl 5′
-r(GAUCUGAGCCUGGGAGCU)-fluorescein-3′ and 18-
mer oligodeoxyribonucleotide 5′-d(AGCTCCCAGGCTCA
GAUC)-3′. RNA/DNA duplex was added to the reaction
mixtures consisting of 15μL of 50mM Tris-HCl pH 8.0 con-
taining 60mM KCl, 10mM MgCl2, and various concentra-
tions of RT_A variants or RT_B (5, 20, 100, and 400nM)
and incubated for 15min at 37°C. The reaction was stopped
by adding 80μL of a solution containing 7mM EDTA,
0.375M sodium acetate, 10mM Tris-HCl, pH 8.0, and
0.125mg/mL glycogen. The mixture was extracted by phe-
nol/chloroform, and RNA/DNA fragments were precipitated
with ethanol. The reaction products were separated by elec-
trophoresis in a 20% polyacrylamide/7M urea gel. Gel
images were recorded using a phosphoimager and then
quantified using Quantity One 4.6.6. (Bio-Rad, USA). In
order to determine the specific RNase H activity of the
recombinant RT, 100μL reaction mixtures containing
100μM RNA/DNA duplex, 50mМ Tris-HCl pH 8.0,

10mM MgCl2, 60mM KCl and RTs in variable concentra-
tions (20, 40, and 80nM) were incubated at 37°C and aliquots
of 15μL were removed after 1, 1.5, 2.5, 3.5, 5.5, and 15
minutes and quenched with 80μL of stop solution (1mM
CH3COONa, 200mM glycogen, and 200mM EDTA).
RNA/DNA fragments were precipitated with ethanol at 0°C
and analyzed by electrophoresis in a 20% polyacrylami-
de/7M urea gel. The specific activities of enzymes as depen-
dence of the initial velocities of RNase H reaction on the
concentration of the enzyme were calculated as described
previously [35, 36]. Kinetic parameters of the ribonuclease
reaction were determined by standard methods using RT
variants in different concentrations conferred to their spe-
cific activities: 40 nM of RT_B variant, 45.6 nM of RT_A,
41.6 nM of RT_An variant, and 56.8 nM of RT_Ann vari-
ant. 10μL of the reaction mixture composed of RT and
RNA/DNA duplex in varying concentrations (100, 110,
125, 150, 200, 250, 500, 1000, and 2500 nM) dissolved in
the buffer containing 50 mМ Tris-HCl (pH 8.0), 10mM
MgCl2, and 60mM KCl was incubated at 37°C for 3
minutes and then analyzed as described above. KM and
Vmax parameters were calculated using Sigma Plot 8.0 soft-
ware (Systat Software Inc., London, UK).

2.6. Preparation of Lentiviral Vectors Encoding RT Variants.
Coding sequences for RT_A, RT_An, and RT_Ann were
recloned from p6HRT_A, p6HRT_An (65/184), and
p6HRT_Ann (103/190) into the lentiviral vector
pRRLSIN.cPPT.PGK (Addgene plasmid #12252; a gift from
D. Trono) generating a set of lentiviral vectors pLV-RT_A,
pLV-RT_An, or pLV-RT_Ann (Suppl. Figure 2). Lentiviral
particles were produced by transient transfection of 293T
cells as described elsewhere [37] and concentrated 10-
fold with Amicon Ultra-15 100K centrifuge concentrators
(Merck-Millipore, Darmstadt, Germany). Infectious titers
of the lentiviral particles were determined on HT1080
cells by quantitative real-time PCR [37] using standard
samples of HT-1080 DNA with a known number of viral
genome copies.

2.7. Lentiviral Transduction of 4T1luc2 Cells and Isolation of
Clones Expressing RT_A Variants. Lentivirus preparations
were used to transduce murine mammary gland adenocarci-
noma cells expressing firefly luciferase 4T1luc2 (PerkinEl-
mer). Transduction of 4T1luc2 cells was performed with
the multiplicity of lentiviral infection of 1, 5, and 20 of trans-
ducing units per cell for nonmutated and 1 and 10 for
mutated RT_A variants. The resulting cell lines were cloned
to single cells by limiting dilution in 96-well plates generating
monoclonal populations of 4T1luc2 derivative clones. All
4T1luc2 derivatives were cultured in the full RPMI-1640
medium with 10% FBS and 100mg/mL penicillin/streptomy-
cin mix at 37°C in 5% CO2 and split every 2-3 days.

The presence of the sequences encoding RT_A variants
in the genome of 4T1luc2 derivative clones was confirmed
by PCR with a pair of primers specific for the lentivector
backbone and flanking the RT insert (Suppl. Table 1, Suppl.
Figure 2).
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Doubling time of the derivative clones was estimated as
described previously [38, 39].

2.8. Confirmation of RT Expression by RT-PCR and Western
Blotting. RNA was isolated using TRI reagent (Sigma,
Darmstadt, Germany) according to the manufacturer proto-
col and reverse transcribed using MINT reverse transcription
kit (Evrogen). Presence of RT mRNA was confirmed using
conventional PCR with primers, specific to RT and HPRT1
(hypoxanthine-guanine phosphoribosyltransferase) (Suppl.
Table 1); PCR products were resolved by agarose
electrophoresis.

Expression of RT_A variants was analyzed by Western
blot of cell lysates performed as described previously [40].
The exact amount of each RT variant produced per cell was
calculated using protein calibration curve built using recom-
binant RT, resolved by PAGE and Western blotting using
polyclonal anti-RT antibodies. These antibodies are equally
effective in the detection of different RT variants [41]. Signals
from the bands containing known amount of recombinant
RT were quantified by ImageJ software (http://rsb.info.nih
.gov/ij) and used to build a calibration curve. Using this
curve, we assessed the amount of RT in the aliquots of cell
lysates loaded onto the gel, and by dividing this value by
the number of cells used to prepare the lysate, we determined
the levels of RT expression per cell for each derivative clone.
In all further assays of the activities of RT_A variants, we
assessed their effect in a known number of cells, calculated
the effect per cell, and then normalized the effect per cell to
the amount of RT variant produced by this cell.

2.9. Assessment of the Production of Reactive Oxygen Species
(ROS). Production of ROS was registered with 2′,7′
-dichlorodihydrofluoresceine diacetate (DCFH2-DA) as
described previously [42, 43]. Cells treated with oxidants
tert-butylhydroquinone (tBHQ) (Sigma, Darmstadt, Ger-
many) and H2O2 at 100μM concentrations were used as pos-
itive controls of ROS induction. Antioxidants N-acetyl
cysteine (NAC) in concentration 5mM were used as a gen-
eral inhibitor of ROS production, [44], and tocopherol (both
from Sigma, Darmstadt, Germany) in concentration 1μM, as
the inhibitor of lipid peroxidation [45].

2.10. Analysis of Lipid Peroxidation. The level of malon-
dialdehyde (MDA) in the cells was determined using
high-performance liquid chromatography with mass-
spectrometric detection. A 50μL aliquot of cell suspension
containing known number of cells was supplemented with
250μL of 1% sulfuric acid. The mixture was shaken vigor-
ously for 1min by hand, then vortexed for 2min to dis-
rupt the cells, and supplemented with 300μL of 1.3mM
DNPH (Acros Organics, New Jersey, USA). The mixture
was kept in a dark place at the ambient temperature for
40min to derivatize MDA. After the completion of the
reaction, the mixture was neutralized by adding 20μL of
4M NaOH. The sample was centrifuged at 10000g for
15min at 4°C, and the supernatant was collected and
transferred into an HPLC vial. Samples, 5μL each, were
injected into an HPLC system with 150 ∗ 2mm Pursuit

XRs 5μm C18 column (Agilent, Santa Clara, USA). The
analysis was carried out in the gradient mode using 0.5%
formic acid solution as phase A and 0.5% formic acid
solution in methanol as phase B. MDA-DNPH signal
was recorded by 6500 QTRAP mass-spectrometer (Sciex,
Framingham, USA) using three MRM channels: 235 > 159
(quantifier), 235 > 189, and 235 > 143 (qualifiers). The linear
calibration curve was set by the acid hydrolysis of tetra-
methoxypropane (Cell Biolabs, San Diego, USA) in 1% sulfu-
ric acid using five standard points (10–200 pmol/mL).
NIH3T3 cells served as a negative and serial dilutions of a
solution containing known concentrations of MDA (MyBio-
Source, Vancouver, Canada) as positive controls. The MDA
quantity was calculated per cell and normalized to the
amount of RT variant produced by this cell (calculated as
described above).

2.11. Wound Healing Assay. Cells were harvested in 24-well
cell culture plates to obtain absolutely confluent monolayer
in standard medium or in the medium with 5mM N-acetyl
cysteine. A cross-shaped wound was scratched at the center
of each well with a 200μL sterile tip. Wells were photo-
graphed at 0, 13, and 18 hours using a light microscope
(Leica, Wetzlar, Germany). Borders of the gaps were marked
using the Adobe Photoshop CC software (Adobe, San Jose,
CA, USA). Distances between the edges were measured using
the ImageJ software.

2.12. Isolation of Nucleic Acids, Reverse Transcription, and
Semiquantitative PCR. Cell culture medium was discarded;
cells were detached using 0.25% Trypsin with EDTA before
lysis in AmpliSens Riboprep lysis buffer (CRIE, Moscow,
Russia). Nucleic acids were isolated using AmpliSens
Riboprep kit (CRIE, Moscow, Russia) according to the man-
ufacturer’s instructions and reverse transcribed using Ampli-
Sens Reverta-FL (CRIE, Moscow, Russia). Gene-specific
PCRs were performed on a RotorGene 6000 (Qiagen, Hilden,
Germany) cycler using primers specific to E-cadherin, N-
cadherin, Vimentin, Twist, and Snail genes (Suppl. Table 1)
and SYBR Green (Thermo Fisher Scientific, Waltham, MA
USA). Levels of mRNAs were measured relative to HPRT1
mRNA used as a reference. Relative gene expression levels
were calculated using the ddCt method [46].

2.13. Assessment of Tumorigenicity of 4T1luc2 Derivative
Clones. Animal experiments were performed in the animal
facilities of the NF Gamaleya Research Center of Epidemiol-
ogy and Microbiology (GRCEM), Ministry of Health of the
Russian Federation (Moscow, Russia) and of the Latvian Bio-
medical Research and Study Centre (Riga, Latvia). The
experiments were carried in compliance with the bioethical
principles adopted by the European Convention for the Pro-
tection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes (Strasbourg, 1986). Experimental
procedures were approved by the ethical committee of the
GRCEM (protocol N10, March 14, 2017) and by the Latvian
Animal Protection Ethics Committee of the Latvian Food
and Veterinary Service (permit no. 99 from April 4, 2018).
Eight-week-old BALB/c mice from “Pushchino” breeding
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facility of the Institute of Bioorganic Chemistry RAS (Push-
chino, Russia) or Laboratory Animal Center University of
Tartu (Tartu, Estonia) were housed under a 12 h/12 h light-
dark cycle with ad libitum access to water and food. Mice
were marked with earmarking and housed in groups of three
to five animals per cage. During all interventions, mice were
anesthetized with the 1 L/min flow of air containing 4% iso-
flurane at the induction and 2.5% at the maintenance stage,
administered through the facial masks.

The capacity of the derivative cell lines to form tumors
and metastases was tested by ectopic implantation into 8-
week-old female BALB/c mice. Prior to injection, 4T1luc2
and derivative clones grown in the selective medium were
detached, sedimented, washed with serum-free RPMI-1640,
stained for viability with Trypan Blue dye (Life Technologies,
Carlsbad, CA), then counted in a hemocytometer, and ali-
quoted 104, 2 × 104, and 4 × 104 cells in 50μL of RPMI-
1640 in sterile test tubes. Aliquots were injected with a 25G
needle mounted on an insulin syringe (B Braun, Germany)
subcutaneously into two sites, to the right and to the left of
the base of the tail. Tumor size was assessed by morphomet-
ric measurements done at regular intervals using calipers;
tumor volume was calculated using the standard formula
for xenograft volume [47, 48]: V = xy2/2. Tumor growth
was also assessed by bioluminescent imaging (BLI) on Spec-
trum CT (PerkinElmer, Waltham, MA, USA) following the
procedures recommended by PerkinElmer and described by
us earlier [27]. Monitoring of bioluminescence was done
directly after the implantation, then on days 1, 2, 4, and 6
and then every 2-3 days until the tumor volume of the first
mouse in the experiment reached the volume of 1 cm3 which
was set as the experimental endpoint. Mice were weighed at
each monitoring point. At the experimental endpoint, nor-
mally on days 18 to 21 after the implantation, mice were
humanely euthanized and organs were collected. All experi-
ments were done in two independent runs, 1st on five and
2nd time on three mice per cell line and cell dose.

2.14. In Vivo Bioluminescence Imaging.Detailed procedure of
in vivo imaging was described earlier [27]. In brief, freshly
prepared solution of XenoLight D-luciferin potassium salt
(PerkinElmer, Waltham, MA, USA) was administered into
mice in the amount of 150mg/kg based on their actual
weight. The substrate was diluted in 200μL PBS and injected
intraperitoneally. After 10min, mice were anesthetized as
described above. The area of the skin over the tumor in the
radius of 1.5 cm was shaved and depilated using a depilating
cream for sensitive skin. After that, mice were transferred
into the In Vivo Imaging System (IVIS; IVIS Spectrum CT,
PerkinElmer) with the continuous flow of 1 L per min of air
containing 4.0% isoflurane at the initiation and 2.5% at the
maintenance stages. IVIS was set to automatic exposure time
(60 sec at early stages, reduced to 2 to 10 sec at late stages of
tumor growth). Images were captured, and total photon flux
from the regions of interest (ROI) of the same area was ana-
lyzed using Living Image 4.5 Software® (PerkinElmer). After
the completion of monitoring, mice were transferred back to
their cages with close placement to reduce the risk of
hypothermia.

2.15. Experimental Endpoint and Collection of Mouse Organs
for Rapid Ex Vivo Assessment of the Formation of Metastases.
At the experimental endpoint, mice were anaesthetized as
described above. Freshly prepared solution of XenoLight
D-luciferin potassium salt (PerkinElmer) in PBS was
injected into mice intraperitoneally in an amount of
150mg/kg based on the actual weight. Ten minutes later,
mice were euthanized by cervical dislocation by a skilled
animal handler. The fur and skin of the mice were disin-
fected with 70% ethanol. After that, tumors, spleen, liver,
and lungs, affected by the distant metastasis in the 4T1
tumor model [49, 50], were dissected with surgical scis-
sors. Tumors and organs were transferred into the wells
of a 24-well tissue culture test plate (Wallac, Turku, Fin-
land) containing 2mL RPMI-1640 medium. Ex vivo biolu-
minescent imaging of tumors and organs was performed
as described for in vivo imaging. Thereafter, tumors and
all organs, except for spleens, were transferred to 5mL of
4% formaldehyde solution in PBS, incubated for 24 to
48 h at +6°C, then washed five times with PBS, and used
to prepare FFPE blocks, according to the standard proto-
col [51].

2.16. Preparation of Splenocytes and Analysis of Their
Immune Reactivity. Spleens were washed from luciferin with
PBS, transferred into the Petri dishes containing 3mL RPMI,
and grinded with a syringe plunger, and single-cell spleno-
cyte cultures were prepared as described earlier [52]. Popula-
tion of white blood cells in the splenocyte samples was
analyzed on a FACSAria II cytometer (BD Biosciences,
USA). Data were exported as FCS3.0 files with the use of
FACSuite software and analyzed using FlowJo X.07 program
(FlowJo LLC, Ashland, USA). General lymphocyte and gran-
ulocyte areas were defined on forward scatter (FSC) versus
side scatter (SSC) plot. Remaining splenocytes were tested
for the capacity to proliferate in response to stimulation with
synthetic peptides. Cytokine production by stimulated cells
was assessed using IFN-γ/IL-2 Fluorospot Kits (Mabtech,
Nacka Strand, Sweden) following the procedures described
earlier [52]. In brief, single-cell cultures 2:5 × 105 splenocytes
per well in the duplicate wells were stimulated for 18 h with a
peptide representing the region between aa 145 and 168 of
RT_A QYNVLPQGWKGSPSIFQSSMTKIL, which we have
shown to contain a cluster of CD4+ and CD8+ T cell epitopes
recognized by CD4+ and CD8+ T cells of BALB/c mice (S Pet-
kov, M Isaguliants, unpublished data) and a peptide
GFQSMYTFV derived from firefly luciferase (both peptides
from Synpeptide Co. LTD, Shanghai, China). Peptides were
dissolved in PBS and used at the final concentration of
10μg/mL. Unrelated peptides and medium alone served as
negative and mitogen Concanavalin A (5μg/mL) as a
positive control. The stimuli were diluted in the complete
culture media consisting of RPMI supplemented with 5%
FBS, 100U/mL penicillin, 100μg/mL streptomycin, and
0.3mg/mL glutamine (Gibco, Thermo Fisher, Waltham,
MA, USA). After 20 h incubation, plates were processed fol-
lowing the protocol provided by the manufacturer and read
on ImmunoSpot CTL S5 UV Analyzer (Cellular Technology
Limited (CTL), Cleveland, USA) to assess the number of
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splenocytes producing IFN-γ and IL-2 (cytokine-producing
cells; SFCs) per well. The number of cytokine-producing cells
was recalculated per 106 splenocytes.

2.17. Tumor Histology and Ex Vivo Assessment of the
Metastases. FFPE blocks were prepared from the
formalin-fixed tumor tissues and murine lungs and livers
and sectioned on cryostat microtome according to the stan-
dard protocols (https://www.protocolsonline.com/histology/
sample-preparation/paraffin-processing-of-tissue/). Sections
mounted on slides were dewaxed, rehydrated, stained with
Mayer’s hematoxylin solution, then washed, rinsed, and
counterstained with eosin Y solution, after that, dehydrated,
washed with absolute alcohol, and covered with cover slips
for microscopic evaluation. Histological evaluation was
based on the standard parameters such as acinar formation,
nuclear size, and pleomorphism and mitotic activity [51].
Grade of the tumors was calculated according to [53].
The slides were examined by light microscopy (Leica
DM500, Wetzlar, Germany). Formalin-fixed, Paraplast-
embedded liver tissues were used to diagnose and evaluate
the formation of metastases. For each mouse, the area of
tumor metastases was quantified in 25 high-power (×400)
microscope fields of hematoxylin-eosin-stained slides by
computer-assisted morphometry using specialized NIS-
Elements software (Nikon, Tokyo, Japan). Total DNA was
isolated from five freshly prepared sections using Allprep
DNA/RNA FFPE Kit (Qiagen). The presence of the
sequences encoding RT_A variants was confirmed by PCR
using a pair of primers, one specific for the lentivector
backbone and the other to RT coding sequence (Suppl.
Table 1).

2.18. Statistics. Statistical analysis was performed using STA-
TISTICA AXA 10.0 (StatSoft Inc., OK, USA). Nonparametric
statistics were chosen as appropriate for sample sizes < 100
entries. Continuous but not normally distributed variables,
such as enzymatic parameters, the normalized levels of gene
expression, the total photon flux, tumor volume, number
and size of the metastases, and the number of cytokine-
producing cells (SFCs), were compared in groups using
Dunn’s test for pairwise multiple comparisons of the ranked
data as the post hoc test following Kruskal-Wallis test and
pairwise by Mann-Whitney U test or Fisher LSD tests. Data
grouped by two variables were analyzed using ordinary
two-way ANOVA with the correction for multiple compari-
son. Correlation analysis was done using Spearman Rank
Correlation test. R in Spearman test represented the regular
Pearson product-moment correlation coefficient (Pearson r)
in terms of the proportion of variability accounted for com-
puted from the ranks. Spearman R assumed that the variables
under consideration were measured on at least an ordinal
(rank order) scale with the individual observations (cases)
ranked into two ordered series. Multiple regression analysis
was done by first building and then analyzing the correlation
matrix; all calculations involved in the actual multiple regres-
sion analysis were performed in double precision. Matrix
inversion was accomplished via sweeping. The regression
weights, residual sums of squares, tolerances, and partial

correlations were calculated as part of the sweeping operation.
The F value (Regression Mean Square/Residual Mean
Square), t (df), and resulting p value were used as an overall
F test of the relationship between the dependent variable
and the set in independent variables. F value associated with
the multiple R and the t values associated with the regression
coefficients were calculated using standard built-in formulas
(STATISTICA AXA 10.0). Parametrical statistical analysis
was performed using IBM SPSSv23 software including
descriptive assessment as detection of mean values and stan-
dard deviation (SD). For all types of analysis, p values < 0.05
were considered significant.

3. Results

3.1. Design of the Consensus RT of HIV-1 Subtype A FSU_A
Strain and Its Variants with Compromised Polymerase and
RNase H Activities. We have earlier found that transient
expression of RT of HIV-1 clade B strains in eukaryotic cells
induces oxidative stress [26, 27]. Here, we aimed to deter-
mine if this is a general property of HIV-1 RTs, whether or
not it depends on the enzymatic activities of RT, and what
are the in vitro and in vivo implications of the induction of
oxidative stress for RT-expressing cells. To resolve these
questions, we designed a consensus RT of a different clade,
namely, HIV-1 clade A FSU_A strain and a panel of its var-
iants with compromised polymerase and RNase H activities.

Amino acid sequences of RTs of HIV-1 FSU_A isolates
from the treatment-naïve patients without known drug resis-
tance mutations were selected from HIV-1 sequence data-
base and HIV Drug Resistance database (n = 44). The
majority of sequences dated 1999 and 2012 were from the
Russian Federation (41%) and the rest from other countries
of the former Soviet Union: Ukraine (23%), Uzbekistan
(18%), Kazakhstan (14%), and Belarus and Georgia (2%
each) (Suppl. Figure 1). In concordance with the earlier
observations [54], we observed very low average amino acid
diversity of RT amino acid sequences, which allowed us to
build a reliable consensus sequence of HIV-1 FSU_A RT
(RT_A) (Figure 1).

On the basis of this consensus, we designed mutant RT
variants with compromised activities of polymerase and
RNase H. This was achieved by the insertion of biologically
relevant primary mutations of drug resistance to nucleoside
(NRTI) and nonnucleoside (NNRTI) inhibitors characteris-
tic to FSU_A isolates: mutations of resistance to NRTI are
known to reduce the polymerase, and to NNRTI, both the
polymerase and RNase activities of the enzyme [55]. The
most frequent mutation of resistance to NRTI worldwide is
M184V/I, followed by K65R/N, L74V/I, Y115F, and
Q151M, and the most prevalent for FSU_A is M184V,
followed by K65R/N [56–58]. These mutations diminish the
polymerase activity of RT [59]. The most frequent primary
mutation of resistance to NNRTI worldwide is G190S
(http://hivdb.stanford.edu/DR/NNRTIResiNote.html). It is
also the most frequent mutation of resistance to NNRTI in
patients infected with HIV-1 FSU_A [58, 60]. It is present
either alone or in combination with other mutations, such
as K103N, and is never detected in HIV-1 patients naïve to
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treatment with NNRTIs. G190S and K103N have little effect
on RT-driven polymerization but selectively slow down
RNase H cleavage and delay initiation of DNA synthesis,
resulting in a significant reduction of viral replication compe-
tence [61, 62]. Based on this, we designed RT_A with M184V
and K65R/N (RT_An) and RT_A with K103N and G190S
(RT_Ann) which we predicted to have reduced polymerase
and RNase H activities, respectively.

Synthetic DNA encoding consensus RT_A optimized for
eukaryotic expression was cloned into the prokaryotic
expression vector p6HRT to generate plasmid p6HRT_A
for prokaryotic expression of RT_A. Mutations
M184V/K65R or K103N/G190S were introduced into
p6HRT_A by site-directed mutagenesis, yielding plasmids
for prokaryotic expression of RT_An and RT_Ann, respec-
tively, to purify respective proteins and determine their
enzymatic activities.

3.2. Prokaryotic Expression of HIV Clade A RTs and
Assessment of Their Enzymatic Activity. Prokaryotic expres-
sion vectors p6HRT_A encoding RT_A, p6HRT_An
(65/184) encoding RT_An, and p6HRT_Ann (103/190)
encoding RT_Ann were used to transform E. coli. RT_A,
RT_An, and RT_Ann proteins which were purified using
Ni-NTA-agarose chromatography and assessed for their
polymerase and RNase H activities.

The polymerase activity was assessed using a template-
primer complex represented by a nicked double-stranded
DNA duplex (“activated DNA”). All three RT_A variants
were highly active and exhibited similar level of activity with

Michaelis constant (KM) of approximately 0.4μM and max-
imum velocity (Vmax) ranging from 4 to 7.5μM/sec∗mg,
comparable to RT of HIV-1 clade B HXB2 strain (Table 1).
Consensus RT_A had higher Vmax than RT of HIV-1
HXB2. As expected, NRTI resistance mutations led to a
decrease of the polymerization rate compared to Vmax of
the parental RT_A (p = 0:005) and of NNRTI-resistant RT_
Ann (p = 0:006; Table 1). Thus, as predicted, mutations of
resistance to NRTI reduced, and to NNRTI, had no effect
on polymerization rate.

Next, we assessed RNase H activity of RT_A variants
using as substrate the RNA/DNA heteroduplex consisting
of 18 nt DNA strand and 18nt fluorescein-labeled RNA. All
RT variants were enzymatically active even at concentrations
as low as 5 nM (Suppl. Figure 3). At 5 nM concentration, RT_
A variants were less active than RT_B, but at higher enzyme
concentrations (100 and 400nM), their RNase H activities
were similar (Suppl. Figure 3). All three RT_A variants had
lower specific activity compared to HXB2 RT (Suppl.
Figure 3, Table 1). As expected, the consensus RT_A and
RT_An had similar specific RNase H activities, whereas
RT_Ann exhibited only 60% of the activity of the consensus
RT_A (Table 1). Further, we determined KM and Vmax of
the RNase H reaction. All RT_A variants had lower Vmax of
the cleavage of RNA/DNA heteroduplex than RT of HIV-1
HXB2 (p < 0:05 for all pairwise comparisons; Fisher LSD
test) with RT_Ann exhibiting somewhat lower Vmax than
RT_A (p = 0:09; Table 1). Thus, as predicted, mutations of
resistance to NRTI had no effect, and to NNRTI, reduced
the activity of RNase H. Thus, we generated two RT_A

Figure 1: Alignment of the amino acid sequences of the consensus HIV-1 reverse transcriptase and its drug resistance variants designed in the
study. “RT_A,” consensus of amino acid sequences (n = 44) of HIV-1 subtype A FSU_A strain isolated between 1999 and 2012, with amino
acids in variable positions chosen using OMES-based covariance network. “RT_An,” RT_A variant with introduced mutations of resistance to
NRTI K65R and M184V; “RT_Ann,” RT_A variant with introduced mutations of resistance to NNRTI K103N and G190S; “K03455.1 HIV-1
subtype B (HXB2),” reference sequence of HIV-1 subtype B RT used for position numbering [63].

8 Oxidative Medicine and Cellular Longevity



variants with deficiencies in each of the enzymatic activities,
to further relate them to the ability of these enzymes to
induce oxidative stress.

3.3. Derivatives of 4T1luc2 Cell Line Stably Expressing RT
Variants. To assess the capacity of RT_A variants to generate
oxidative stress and relate this to their tumorigenic potential,
we generated RT-expressing derivatives of murine mammary
gland adenocarcinoma 4T1 cells which form solid tumors
with a high metastatic potential in BALB/c mice [64, 65]. Sta-
ble expression of luciferase reporter (Luc) in the daughter cell
line 4T1luc2 (PerkinElmer, Franklin Lakes, NJ, USA) allows
in vivo monitoring of tumor growth and metastasis forma-
tion. As we have previously shown, Luc expression induces
an anti-Luc response that limits the metastatic potential of
4T1luc2 compared to the parental 4T1 cells [49]. Here, we
have conducted the experiments to see if expression of RT_
A variants would induce oxidative stress and through this
modify the tumorigenic and metastatic potential of 4T1luc2
cells in vitro and in vivo.

Nucleotide sequences encoding RT_A, RT_An, and
RT_Ann were recloned into the lentiviral vector under
the control of the human phosphoglycerate kinase pro-
moter, generating derivative vectors pLV-RT-A, pLV-RT-
An, and pLV-RT-Ann, further used to transduce 4T1luc2
cells. Through this, we generated seven daughter clones

of 4T1luc2 with genomic insertions of 2000 nt fragments
encoding RT_A, RT_An, and RT_Ann (confirmed by
sequencing) (Table 2).

All derivative clones were shown to express proteins with
the expected molecular mass of 66 kDa, corresponding to the
nonprocessed form of HIV-1 reverse transcriptase, specifi-
cally recognized by anti-RT antibodies (Figure 2(a)). We also
detected minor amounts of the protein with molecular mass
of 51 kDa corresponding to the processed form of HIV-1 RT,
resulting from the cleavage of p66 by cellular proteases [66].
RT p66 forms homodimers [67], which predominate over the
heterodimeric p51/p66 form (as was previously shown for
RT-expressing HeLa cells [52]).

We assessed the levels of expression of RT_A variants
and defined the amount of protein expressed by each of
the derivative clones per one cell (Figure 2(a); see Mate-
rials and Methods for description). RT_A was expressed
in the amount of 40 to 200 fg; RT_An, 6 to 10 fg; and
RT_Ann, 3 to 4 fg per cell (Figure 2(b)). The level of
expression of RT_A variants correlated with the multi-
plicity of infection (MOI) used to generate the respective
clone (clones generated at higher MOI exhibited higher
levels of RT expression) (Figure 2). The level of expres-
sion of RT_A, even at the lowest MOI, was higher than
the level of expression of the mutated RT_A variants
(Figure 2(b)).

Table 1: Kinetic parameters of the polymerase and RNase H activity of the variants of consensus RT of HIV-1 clade A FSU_A compared to
RT of HIV-1 clade B HXB2 strain.

HIV-1 RT variants
Polymerase activity∗ RNase H activity∗

KM (nM) Vmax/mg RT (μM/sec∗mg) KM (nM) Vmax/mg RT (μM/sec∗mg)

Wild-type RT of subtype B HXB2 strain (RT_B) 390 ± 95 4:0 ± 0:88 430 ± 60 21 ± 5

Consensus RT of subtype A (RT_A) 340 ± 100 7:5 ± 0:97
>RT_B p = 0:01ð Þ∗∗ 470 ± 110 13 ± 4

<RT_B (p = 0:014)
Consensus RT of subtype A with primary
mutations of resistance to nucleoside
inhibitors K65R and M184 (RT_An)

320 ± 95
4:4 ± 0:18

<RT_A (p = 0:0055)
<RT_Ann (p = 0:005)

400 ± 100 14 ± 2
<RT_B (p = 0:034)

Consensus RT of subtype A with primary
mutations of resistance to nonnucleoside
inhibitors K103N and G190S (RT_Ann)

400 ± 77
6:1 ± 0:5

>RT_B (p = 0:02)
>RT_An (p = 0:005)

360 ± 60
8 ± 1

<RT_B (p = 0:0005)
≤RT_A (p = 0:09)

∗Results presented as mean ± SD in triplicate tests. ∗∗Significance of difference assessed by Fisher LSD test.

Table 2: Clones of 4T1luc2 expressing consensus RT of HIV-1 clade A FSU_A strain (RT_A) and its variants with primary mutations of
resistance to NRTI (RT_An) and NNRTI (RT_Ann), obtained by lentiviral transduction of 4T1luc2 cells at different multiplicities of
infection (MOI).

Enzyme
Polymerization Vmax

∗,
relative to RT_A∗∗

RNase H activity Vmax
∗,

relative to RT_A∗∗ Lentivirus MOI Derivative clone

RT-A 100% 100%

LV-RT-A 1 4T1luc2_RT-1.3

LV-RT-A 5 4T1luc2_RT-5.3

LV-RT-A 20 4T1luc2_RT-20.1

RT-An 59% 107%
LV-RT-An 1 4T1luc2_RT-An-1.4

LV-RT-An 10 4T1luc2_RT-An-10.1

RT-Ann 81% 62%
LV-RT-Ann 1 4T1luc2_RT-Ann-1.5

LV-RT-Ann 10 4T1luc2_RT-Ann-10.2
∗Vmax for polymerase and RNase H activities according to Table 1. ∗∗Mean Vmax for the given RT_A variant divided by mean Vmax for RT_A, in %.
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3.4. RT_A-Expressing 4T1luc2 Cells Produce High Levels of
Reactive Oxygen Species (ROS). Cancer cells produce elevated
levels of ROS due to high metabolic activity; modified cellular
signaling; peroxisomal activity; mitochondrial dysfunction;
activation of oncogenes; increased enzymatic activity of
oxidases, cyclooxygenases, lipoxygenases, and thymidine
phosphorylases; and ROS-mediated signaling supporting
cancer survival, angiogenesis, and progression [69]. There-
fore, we expected the parental 4T1luc2 cells to release
increased levels of ROS and inquired if expression of RT_A
variants could additionally increase ROS production and if
the levels of ROS depend on the dose and nature of the
expressed RT variants.

Levels of ROS production in 4T1luc2 derivative clones
were assessed with the help of the sensor fluorescent dye 2′
,7′-dichlorodihydrofluoresceine diacetate (DCFH2-DA).
DCFH2-DA reacts with various types of ROS yielding a fluo-
rescent product which allows to assess the general redox sta-
tus of cells [70]. Early after seeding, the parental 4T1luc2 cell
line demonstrated increased total levels of ROS per cell com-
pared to immortal murine cells (line NIH3T3; Figure 3(a)).
Levels of ROS in cell lines expressing RT_A variants
exceeded the level in the parental cell line by nearly 100%
(Figure 3(a)). Treatment with tocopherol which prevents
peroxide oxidation, or NAC which neutralizes free radicals,
decreased the levels of ROS to the levels observed in the
parental 4T1luc2 cells (Figure 3(a)). The effect of expression
of RT_A variants on 4T1luc2 cells was comparable to that of
oxidants H2O2 or tBHQ (Suppl. Fig. 4A). Interestingly, addi-
tion of H2O2 or tBHQ to RT_A-expressing 4T1luc2 cells

induced no further increase in ROS production, while antiox-
idant treatment reduced ROS production to basal levels
(Suppl. Fig. 4A). After two weeks of culturing, all 4T1luc2
daughter clones reduced the levels of ROS production but
still produced more ROS per cell than the immortal NIH3T3
cells (Figure 3(b)). Levels of ROS exhibited by RT-expressing
clones tended to correlate with the level of RT expression per
cell (R = 0:53; p = 0:05, Spearman ranking test). Thus, stable
expression of RT_A variants led to an increase in ROS pro-
duction over the already high levels characteristic to murine
adenocarcinoma cells. Interestingly, during prolonged cell
culture, some of the cell lines were able to quench it, at least
partially (Figure 3(b)).

We wanted to see if longitudinal ROS production was
related to the level of RT expression and/or to the nature of
RT_A variant. For this, we normalized the levels of ROS in
expressing cells after two weeks in culture to the average
amount of RT_A variant per cell produced by this cell line
(Figure 3(c)). We found that cells expressing nonmutated
RT_A were able to significantly quench ROS production;
quenching was less efficient in cells expressing RT_An and
inefficient on cells expressing RT_Ann (p < 0:05;
Figure 3(c)). High levels of ROS in a cell maintained over a
long period of time were translated into increased levels of
lipid peroxidation (expressed as relative levels of MDA per
fg of RT; Figure 3(d)). Levels of MDA were highly correlated
to the levels of ROS (R = 0:83; p = 0:0008). Production of
MDA was reduced by treatment of cells with antioxidants
(Suppl. Figure 4B). Thus, constitutive expression of RT_A
variants caused an increase in the production of ROS over
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Figure 2: Expression of reverse transcriptase (RT) by 4T1luc2-derived cell lines carrying genomic inserts of sequences encoding variants of
the consensus HIV-1 FSU_A RT. (a) Western blot analysis of lysates of derivative 4T1luc2 clones (Table 2) stained with rabbit polyclonal
anti-RT antibodies [68] (I and II upper panels), and anti-actin monoclonal antibodies (I and II lower panels), recombinant RT_A as
positive control (III). The parental 4T1luc2 cell line was used as a reference. Polyclonal anti-RT antibodies weakly bind to reverse
transcriptase expressed by the lentivirus used to generate the parental 4T1luc2 cell line (II). Position of the weight mass marker is shown
on the left. (b) Quantification of RT_A expression using ImageJ software. Signal in the lane corresponding to a given derivative clone was
quantified using calibration curve built with the help of recombinant RT_A. Total amount of the expressed RT_A variant was divided by
the number of cells used to make the lysate (see Materials and Methods for description). Data represent the results (mean ± SD) from
three independent experiments.
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Figure 3: Continued.
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the levels characteristic to the parental adenocarcinoma cells,
resulting, on the long term, in increased levels of lipid
peroxidation. Interestingly, however, this effect was
minimal for cells expressing high levels of nonmutated RT_
A (Figure 3(d)).

3.5. RT_A-Expressing 4T1luc2 Cells Exhibit High Motility in
the Wound Healing Assay. Next, we assessed if expression
of RT_A variants influences the motility of 4T1luc2 cells in
the wound healing assay. All derivative clones had similar
doubling time of 13 to 15 hours. Considering this, cells grown
on plates were assessed for the capacity to heal the gap within
14 hours.

After the scratch (Suppl. Figure 5A-H, panels 1, 2), we
observed a difference between the parental 4T1luc2 cell
line and derivative clones in the closure of the wound
during the first 14 hours (a tendency for 4T1luc2_RT-
20.1, 4T1luc2_RT-An-1.4, and 4T1luc2_RT-An-10.1 and
significant difference for 4T1luc2_RT-Ann-10.2; Figure 4(a);
p < 0:05). Overall, the derivative clones healed larger areas
than the parental 4T1luc2 clone, with a higher speed of
wound healing (Figures 4(b) and 4(d)). We also tested if the
derivative clones were capable of continued growth after
passing the doubling time (with a short distance left to cover
between the edges of the healing wound). For this, we
measured wound healing 18 hours after the scratch (Suppl.
Figure 5A-H; panels 1, 3). Interestingly, while the parental
cell line and clones expressing nonmutated RT_A nearly
stopped growing (p > 0:05 in all pairwise comparisons; RT_
1.3, 5.3, and 20.1 behaved similarly to the parental 4T1luc2

cells; Figure 4(c)), cells of four clones expressing mutant RT_
As continued to move towards each other, albeit with a
different speed (Figure 4(e)). We noticed that cells of these
clones were moving both as a monolayer (epithelial
phenotype) and as single cells (mesenchymal phenotype)
(exemplified by Suppl. Figure 5H3).

Thus, the expression of RT_A variants led to an
enhanced capacity of the derivative 4T1luc2 clones to heal
the wound. The rates of cell migration during the first 14
hours after the scratch (Figure 4(d)) directly correlated to
the total level of ROS produced per cell in longitudinal cul-
ture (Figure 3(b); R = 0:775, p < 0:024, Spearman test) but
not to the level of RT expression.

3.6. RT_A-Expressing 4T1luc2 Cells Express Increased Levels
of Factors Associated with the Epithelial Mesenchymal
Transition (EMT). Acceleration of growth at the late stages
of wound healing and appearance of “jumping” cells may
indicate a change in the cell phenotype. This stimulated us
to investigate the expression in these cells of the factors asso-
ciated with epithelial/mesenchymal transition (EMT).
Expression of the basic factors indicative of the epithelial or
mesenchymal cell phenotype, E-cadherin as characteristic of
the epithelial and N-cadherin, Vimentin, and transcription
factors Twist and Snail as characteristic of the mesenchymal
cell phenotype [71, 72], was assessed by the levels of respec-
tive mRNAs normalized to that in the parental 4T1luc2 cells.
The assessment was done at days 3 and 14 of cell culture. All
markers demonstrated stable levels of expression, except for
Vimentin, expression of which significantly increased with
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Figure 3: Derivatives of 4T1luc2 cells expressing variants of consensus HIV-1 FSU_A reverse transcriptase (Table 2) exhibit increased levels
of ROS production (a–c) and lipid peroxidation (d). ROS production was measured using fluorescent dye DCFH2-DA and normalized to the
signal generated by DAPI staining. Total levels of ROS per cell on day 6 of cell culture; production of ROS is quenched by treatment with
antioxidants tocopherol (1 μM) and NAC (5mM); red asterisk indicates significant differences between 4T1luc2_RT-Ann-1.5 and other
RT-expressing variants (p < 0:05) (a). Total levels of ROS production per cell on day 14 of cell culture relative to the levels exhibited by
the parental 4T1luc2 cells (b). ROS levels on day 14 of cell culture normalized to the amount of RT_A variant (in fg) produced by one cell
(c). Level of lipid peroxidation on day 14 of cell culture assessed as the concentration of MDA in the lysate of a single cell normalized to
the amount of RT_A variant (in fg) produced by one cell (d). Values represent mean ± SD from two independent assays run in duplicates.
ns: not significant; ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001 (Kruskal-Wallis, followed by Mann-Whitney tests or ordinary one-
way ANOVA followed by unpaired t-test).
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time in all cell lines (p < 0:0001). This demonstrated that in
their phenotype all clones expressing RT_A variants were
similar to the parental cells but during long culture (14 days
equivalent to 24 doubling times) acquired more pronounced
mesenchymal features (Figure 5, Suppl. Table 2).

We have further assessed if expression of EMT markers
after 3 and 14 days in culture correlated with the levels of
expression of RT_A variants (Suppl. Table 2). None of the
parameters showed any correlation with the level of
expression of RT_A variants (E-cadherin: R = −0:3, p = 0:5;
N-cadherin: R = 0:21, p = 0:7; Vimentin: R = 0:4, p = 0:4;
Snail: R = 0:2, p = 0:7, Spearman test), except for Twist; the
latter reached high significance by day 14 (R = 0:9, p =
0:002) (Figure 6; Suppl. Figure 6). Levels of Twist
expression on day 14 showed a weak tendency to correlate

to the levels of ROS (R = 0:71, p = 0:13; Spearman test). We
confirmed ROS dependence of the upregulation of
expression of Twist by treating cells with the antioxidant
NAC. NAC treatment resulted in a complete disappearance
of the correlation between the levels of RT expression and
observed relative levels of Twist mRNA (Suppl. Fig. 6).

Twist expression correlated with the levels of expression
of Snail (R = 0:78, p = 0:02) and N-cadherin (R = 0:8, p =
0:016) and tended to correlate with expression of Vimentin
(p = 0:11) (all on day 14 of culture) (Suppl. Fig. 7). Impor-
tantly, early expression of N-cadherin and late expression
on Vimentin highly correlated with the production of ROS
(p = 0:02, Suppl. Figure 8). This pointed at the
interconnection between oxidative stress and induction of
factors associated with EMT: N-cadherin, Vimentin, and
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Figure 4: Performance of the derivatives of 4T1luc2 cells expressing variants of consensus HIV-1 FSU_A reverse transcriptase (Table 2) in
the wound healing assay. (a) The length of the gap (wound) in μm, at the time of the scratch and 14 and 18 hours later. (b) Distance covered by
the cells during the first 14 hours after the scratch, calculated as a difference in the length of the gap at the time of the scratch and after 14
hours. (c) Distance covered by the cells in the interval between 14 and 18 hours after the scratch. (d) Speed of cell migration during the
first 14 hours after the scratch, calculated as the covered distance divided by 14 h. (e) Speed of cell migration in the interval between 14
and 18 hours after the scratch. The length of the gap (distance covered by the cells) was calculated based on the light microscopy images
using ImageJ software. All values are expressed as mean ± SD from five independent experiment runs. ns: not significant; ∗p < 0:05; ∗∗p <
0:01; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001.
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Twist. Interestingly, relative levels of Twist expression on day
14 together with the levels of ROS and the level of RT
expression reliably predicted the speed of migration of RT-
expressing cells in the wound healing assay (multiple
regression analysis, Suppl. Table 3). The dependence of the
motility on the level of expression of RT was the least
significant, but still important for the prediction. Thus,
stable expression of RT_A variants led to a shift towards
mesenchymal phenotype with enhanced expression of
Twist, which governs the late stages of epithelial
mesenchymal transition, which we have shown to depend
on the production of ROS.

3.7. Tumorigenicity of 4T1luc2 Derivative Clones Expressing
Variants of RT_A. Finally, we performed an in vivo study of
tumorigenic and metastatic potential of RT_A-expressing
clones by implanting them into the syngeneic BALB/c mice;
parental 4T1luc2 cells served as control. All RT_A-express-
ing derivative clones formed solid tumors within 6 to 7 days
after ectopic implantation. Starting from day 3 and up to the
experimental endpoint, tumors formed by cells expressing
nonmutated RT_A were significantly larger than tumors
formed by the parental cell line, whereas tumors formed by
4T1luc2 cells expressing mutant RT_As did not differ in size
from those formed by 4T1luc2 cells (Figures 7(a) and 7(e)).
Furthermore, tumors exhibited different growth rates
(Figures 7(b) and 7(c)). Clones expressing RT_A demon-
strated higher in vivo growth at the exponential phase
(Figures 7(c) and 7(d)) and also by the experimental end-
point (Figure 7(e)). The in vivo growth characteristics of
4T1luc2 clones expressing mutant RT_As did not differ from
those of the parental cells (Figures 7(a)–7(f)).

The size of the tumors generated by a given clone, as
assessed by an increase in the total photon flux from day 1
to day 18, strongly correlated with the in vitro properties of
the inducing cell line, namely, the level of late expression of
Twist in an in vitro assay and the level of RT expression
(Figures 8(a) and 8(b); R = 0:73 and R = 0:76 correspond-
ingly, both p < 0:05, Spearman test). Tumor volume in the
morphometric assay (Figure 7(f)) tended to correlate with
the late expression of Twist (R = 0:74, p = 0:05) and strongly
correlated with the increase in expression of Twist between
days 3 and 14 of an in vitro culture of the respective tumor-
inducing cells (R = 0:96, p = 0:0001; Figure 8(c)).

At the experimental endpoint, tumors were excised,
fixed, paraffin embedded, sectioned, H&E stained, and exam-
ined by an experienced oncopathologist. All tumors were
high grade (G3) poorly differentiated adenocarcinomas with
increased cellular and nuclear atypia, stromal desmoplasia,
and frequent necrotic areas, multifocal for tumors formed
by the parental and RT_A-expressing 4T1luc2 cells or central
for tumors formed by 4T1luc2 cells expressing mutant RT_
As (Figures 9(a)–9(h)). Analysis of DNA isolated from the
sections confirmed presence of inserts corresponding to the
coding sequences of RT_A variants.

3.8. Metastatic Potential of 4T1luc2 Derivative Clones
Expressing Variants of RT_A. Next, we inquired if constitu-
tive expression of HIV-1 RT variants could influence the
metastatic activity of 4T1luc2 cells, in terms of the number
of distant metastases and/or their organ distribution. We
compared the metastatic activity of 4Tluc2 clones expressing
RT_A with that of two clones expressing relatively high levels
of mutant RT_A variants, 4T1luc2_RT-An-10.1 and
4T1luc2_RT-Ann-10.2. Organs (lungs, liver, and spleen) of
mice bearing respective tumors were excised and immedi-
ately after assessed for the presence of luciferase-expressing
cells by ex vivo bioluminescent imaging. Earlier, by injecting
mice with known numbers of 4Tluc2 cells, we have estab-
lished a direct correlation between the total photon flux from
the injected tissue and the number of injected luciferase-
expressing 4T1luc2 cells [73]. The total flux from the organs
of mice bearing tumors expressing RT_A significantly
exceeded the total flux from the organs of mice bearing
tumors formed by the parental 4T1luc2 cells. This was espe-
cially pronounced for lungs and livers of mice implanted with
cell lines expressing high levels of nonmutated RT_A
(4Tluc2-RT-5.3 and 4Tluc2-RT-20.1; Figures 10(a) and
10(b)) indicating that these mice had significantly more
luciferase-expressing cells in these organs than mice with
tumors formed by the parental cell line.

This approach did not allow to establish the actual num-
ber of metastases, as they could have been formed by differ-
ent numbers of cells (from as few as 3 to as many as 10000
[74]). To characterize the formation of metastases, we per-
formed histochemical screening of the selected organs.

Earlier, we have shown that the expression of luciferase
by 4T1 cells compromise the capacity of these cells to form
metastases in distant organs, specifically in the liver [49].
Based on these observations, we have chosen to assess the
actual number of metastases formed by the derivatives of
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Figure 5: Relative expression levels of EMT markers in the
derivatives of 4T1luc2 cells expressing variants of consensus HIV-
1 FSU_A reverse transcriptase (Table 2) after 3 and 14 days in
culture. Expression level was normalized to HPRT1 expression and
calculated as fold change compared to the parental 4T1luc2 line.
Results are presented as mean ± SD from two independent assays
run in duplicates. ns: not significant; ∗∗∗∗p < 0:0001 by the
ordinary two-way ANOVA.

14 Oxidative Medicine and Cellular Longevity



4Tluc2 cells in the liver as a sensitive indicator of possible
deficiencies in the metastatic activity. The assessment of
H&E-stained liver sections revealed that mice implanted with
4T1luc2 cells expressing RT_A had significantly more metas-
tases in the liver than mice implanted with the parental
4Tluc2 cells or 4Tluc2 derivatives expressing mutant RT_
As (Figures 11(a)–11(g)).

The metastases formed by 4T1luc2 expressing RT_A var-
iants did not differ in size (Figure 11(h)); however, on the
average, their size was larger than the size of metastasis
formed by the parental 4T1luc2 cells (Figure 11(i)). The
number of metastases formed by derivative 4Tluc2 clones
tended to correlate with their capacity to express Twist
(Figure 11(j); R = 0:83, p = 0:06) and RT_A protein (per cell)
(Figure 11(k); R = 0:9, p = 0:08); statistical significance was
not reached due to a small sample size. No correlations were
observed between the number of metastases detected by the
histochemical assay and any of the in vitro characteristics of
the clones other than Twist (such as the levels of production
of ROS, MDA, the parameters of the wound healing assay, or
the expression of EMT factors; all p > 0:1). Thus, expression
of HIV-1 RT, particularly of the nonmutated RT_A variant,
led to an increase in the metastatic activity of 4T1luc2 cells
expressing the respective RT_A variant, compared to the
parental cells, with the increase proportional to the expres-
sion of RT and induction of expression of Twist.

3.9. Mice Bearing Tumors Formed by the Derivatives of
4T1luc2 Cells Expressing RT_A Exhibit Splenomegaly with
Granulocyte Infiltration into the Spleen and No Cellular
Response to a Mitogen. Initial examination revealed that all
mice bearing 4Tluc2-derived tumors developed splenomeg-
aly, especially pronounced in mice bearing tumors expressing
RT_A (Figure 12(a); normal spleen weight in healthy naïve
12-week BALB/c mice is 80 ± 10 mg). The weight of the

spleen increased proportionally to the level of RT_A expres-
sion by the clone (not significant due to a small number of
observations).

Further, we prepared single splenocyte cultures and
assessed the proportion of leukocyte subpopulations in the
spleens by flow cytometry. Analysis revealed a reduced num-
ber of lymphocytes and gross overrepresentation of granulo-
cytes (Figure 12(b)), supporting the earlier findings in mice
bearing 4T1 tumors [75, 76]. Due to this disproportion, sple-
nocyte cell cultures of mice bearing RT_A-expressing tumors
exhibited low proliferative response to the mitogen Conca-
navalin A (ConA) (given as number of IFN-γ-producing cells
per 106 splenocytes): 100 ± 50 for subclones expressing non-
mutated and 1100 ± 600 for subclones expressing mutated
RT_As. In mice implanted with 4T1luc2, the number of
IFN-γ-producing cells per 106 splenocytes was 400 ± 200,
and in healthy mice of similar age, over 3000 IFN-γ-produc-
ing cells per 106 splenocytes. We have also stimulated spleno-
cytes with a peptide, which we have earlier shown to contain
a cluster of CD4+ and CD8+ T cell epitopes of RT [52, 77], to
see if any of them formed an immune response against RT_A
as a foreign antigen. No responses were detected in any of the
groups (less than 50 IFN-γ-producing cells per 106 spleno-
cytes). Thus, expression of HIV-1 RT by 4T1luc2 tumors
induced a systemic pathological effect manifested by spleno-
megaly, disproportion of leukocyte populations in the
murine spleen, and anergy, which was more pronounced in
mice implanted with RT_A-expressing 4T1luc2 than in those
implanted with the parental 4Tluc2 cells.

4. Discussion

Our first findings of enhanced ROS production by eukaryotic
cells expressing RT of HIV-1 were made for RT of an HIV-1
clade B HXB2 strain [26, 27]. Here, we inquired if this is a
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Figure 6: Relative levels of expression of Twist by the derivatives of 4T1luc2 cells expressing variants of consensus HIV-1 FSU_A reverse
transcriptase (Table 2) after 14 days in culture (a) and correlation of the relative expression of Twist with the levels of expression of RT_A
variants (b). Expression level of Twist was normalized to the expression of HPRT1 and calculated as fold change compared to the levels
exhibited by the parental 4T1luc2 cells. Values are presented as mean ± SD from the assay run in triplicates. The amount of RT_A variant
produced per cell and expression of Twist at day 14 were correlated using Spearman ranking test (R = 0:9, p = 0:002); ∗∗p < 0:01.
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Figure 7: Formation of solid tumors by the derivative clones of 4T1luc2 expressing variants of HIV-1 FSU_A reverse transcriptase (RT_A)
after ectopic implantation into BALB/c mice. In vivo bioluminescent images showing growth of representative tumors formed by clones
4T1luc2_RT-1.3 (I), 4T1luc2_RT-5.3 (II), 4T1luc2_RT-20.1 (III), 4T1luc2_RT-An-1.4 (IV), 4T1luc2_RT-An-10.1 (V), 4T1luc2_RT-Ann-
1.5 (VI), 4T1luc2_RT-Ann-10.2 (VII), and parental cells 4T1luc2 (VIII); red circles show the regions of interest (ROI) from which the
total luminescent signal was collected (a). Growth of tumors assessed as the average total photon flux from the sites of injection encircled
by ROI (b), the average percent change in the total photon flux compared to the photon flux from the site obtained on day 1 (c), the total
photon flux from each of the injections sites on days 6 (d) and 18 (e) as percent of that on day 1, and palpable tumor size at the
experimental endpoint (f). All group values represent the mean ± SD. After day 3, 4T1luc2_RT-1.3 and 4T1luc2_RT-5.3 derivative clones
demonstrated significantly higher total photon flux, and 4T1luc2_RT-20.1 tended to have higher photon flux (p = 0:1) than the parental
4T1luc2 cells. ∗p < 0:05, ∗∗p < 0:005, ∗∗∗p < 0:0005, and ∗∗∗∗p < 0:0001, Kruskal-Wallis, followed by Mann-Whitney tests.
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general property of HIV-1 reverse transcriptases and if this
property is linked to the enzymatic activity of the protein.
We designed the consensus RT of HIV-1 clade A FSU_A
strain (RT_A) and two RT_A variants with primary muta-
tions of resistance to NRTI (K65R and M184V; RT_An)
and NNRTI (K103N and G190S; RT_Ann) [60, 78]. NRTI
resistance mutations reduce the efficacy of tRNA-primed
(-)ssDNA synthesis resulting in a diminished enzyme pro-
cessivity [36, 79]. NNRTI resistance mutations affect
RNase H activity and DNA synthesis from tRNALys [61,
80]. By introducing these mutations, we expected to gener-
ate RT_A variants with reduced respective activities to fur-
ther test how this would affect the capacity of the enzyme
to induce ROS. As expected, the consensus RT_A was
enzymatically active, RT-An (K65R/M184V) was compro-
mised in the polymerase, and RT_Ann (K103N/G190S), in
the RNase H activities.

We started with the study of the effects of these RTs on an
epithelial cell line. Epithelial cells appear to be grossly
affected by HIV-1. Deposition of HIV-1 in the intact oropha-
ryngeal [81], anal/rectal [82], cervicovaginal and foreskin/pe-
nile [81, 83–85], airway [86], and gastric epithelial cells [87]
promotes systemic infection of CD4+ T lymphocytes, Lan-
gerhans/dendritic cells, and macrophages both in vivo and
ex vivo [83, 84, 88–92]. This “contamination” creates proin-
flammatory environment characterized by the production
of inflammatory mediators such as IL-6 and TNF-α and

impairment of cell adhesion [86, 87, 90, 93]. With this in
mind, we selected a cell line of epithelial origin, namely,
murine mammary gland adenocarcinoma 4T1 cells synge-
neic to BALB/c mice, to further evaluate the effect of RT
expression on the properties of these cells in vitro (induction
of ROS, cell phenotype, and motility) and in vivo (tumor
growth and metastasis formation).

All variants of RT_A induced production of ROS over the
already high levels exhibited by the parental 4T1luc2 cells.
This supported our earlier findings for clade B RT, as
ROS were induced by a panel of RT_Bs including
multidrug-resistant and inactivated variants [26, 27]. The
effect was long lasting in cell lines expressing low levels
of RT_An and RT_Ann and subsided with time in cells
overexpressing RT_A (see clones 4T1luc2_RT-5.3 and
4T1luc2_RT-20.1; Figure 3). High levels of ROS persisting
over a long period of time were translated into increased
levels of lipid peroxidation. Cells expressing nonmutated
RT_A were able to diminish (“quench”) ROS production
and prevent lipid peroxidation. “Quenching” was ineffi-
cient in cells expressing mutated RT_A variants with com-
promised enzymatic activities.

ROS orchestrated cell migration. The rates of cell migra-
tion directly correlated with the normalized levels of ROS
produced in a prolonged cell culture (day 13; R = 0:9048,
p < 0:01, Spearman test). Further, we observed a change
in the pattern of cell migration in the wound healing
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Figure 8: Correlations (Spearman correlation test) between the tumor sizes represented by the total photon flux from tumor on day 18 and
the levels of expression of RT_A variant per cell (R = 0:76, p < 0:05) (a); the levels of expression of Twist (normalized against the expression of
HPRT1 and represented as fold increase compared to that of the parental 4T1luc2 cells) (R = 0:74, p < 0:05) (b); and palpable tumor volume
on day 18 and change in the levels of expression of Twist from day 3 to day 14 in % (R = 0:96, p = 0:0001) (c).
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assay, namely, clones expressing mutated “nonquenching”
RT variants demonstrated steady growth with little or no
contact inhibition even when cells were in close proximity
(after 14 hours of culture). Cell motility could have been
accelerated by ROS or ROS-induced soluble mediators
released by cells residing at the edges of the wound. Indeed,
it has been shown that ROS production elicits rapid ion
fluxes to the cytosol and triggers the response in the adjacent
cells opening them to a slow entry of extracellular ROS
through aquaporins. This terminates ROS signaling in the
current cell and amplifies it in the neighboring cells [94,
95]. One such soluble mediator could be H2O2 with the life
of 1ms which can cover the distances of hundreds of micro-
meters [96]. In support of this assumption, H2O2 at low levels
is known to promote adhesion, migration, and wound heal-
ing in epithelial cells [97].

ROS play essential role in the EMT process in cancer cells
by regulating extracellular matrix remodeling, cytoskeleton
remodeling, cell-cell junctions, and cell mobility [98, 99].
Recent study has shown that ROS induce EMT by activating

Snail expression, which then represses the expression of E-
cadherin, a classical marker of the epithelial phenotype
[100]. Several independent studies demonstrated that EMT
can be induced by direct contact of epithelial cells with HIV
proteins [24, 86, 101, 102]. To see if this is the case for
4T1luc2 cells expressing RT, we monitored them for the
expression of E-cadherin, mesenchymal cell phenotype
markers N-cadherin and Vimentin, and of two transcription
factors, heavily involved in EMT, Twist and Snail [71, 98].
We compared the relative levels of expression of these EMT
markers and checked if their expression was correlated with
the expression of RT_A variants. Analysis revealed that at
the late stages of cell culture (14 days or >20 doubling times)
cell lines characterized by high levels of RT expression had
proportionally increased expression of Twist. This was a fas-
cinating finding considering the results of a recent study
demonstrating functional linkage between Twist factors and
ROS [103]. Based on this study, one can assume that in
4T1luc2 cells stably expressing HIV-1 RT, RT induces the
production of ROS, which in its turn, directly or through

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 9: Histochemical characterization of the solid tumors formed by the parental 4T1luc2 cells (a) and their derivatives expressing variants
of HIV-1 FSU_A reverse transcriptase (RT_A) after ectopic implantation into BALB/c mice: 4T1luc2_RT-1.3 (b), 4T1luc2_RT-5.3 (c),
4T1luc2_RT-20.1 (d), 4T1luc2_RT-An-1.4 (e), 4T1luc2_RT-An-10.1 (f); 4T1luc2_RT-Ann-1.5 (g), 4T1luc2_RT-Ann-10.2 (h). H&E
staining: magnification ×400.
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mediators, upregulates the expression of Twist switching on
the antioxidant activities of the latter. This would explain
the low normalized levels of ROS (per fg of RT per cell) in
4T1luc2 daughter clones expressing high levels of nonmu-
tated RT_A and high levels of Twist as a result of a “positive
feedback loop”: overexpressed RT_A induces high total levels
of ROS production and activates Twist, which, in its turn,
suppresses the production of ROS. This would explain highly
significant dependence of Twist expression on the level of RT
expression, but not on the levels of ROS.

Twist occupies a key position in the EMT cascade in
tumor cells, regulating the expression of a large number of
genes, including Nrf-2 [104] and Snail [105]. The RT/ROS-
dependent induction of Twist described here gives additional
mechanistic explanation to our earlier findings of the RT-
induced upregulation of expression of Nrf-2 [26] and of Snail
observed in this study. Overexpression of Twistmay promote

the migration of 4T1luc2 cells, as it has been previously
shown, specifically in cancer cells [106, 107]. Indeed, we were
able to reliably predict the motility of RT_A-expressing 4Tl
cells using three parameters: the level of RT expression,
expression of Twist on day 14, and relative levels of ROS
production.

Finally, we undertook the in vivo study of tumorigenic
and metastatic potential of RT-expressing cells compared to
the parental 4T1luc2 cell line. All RT-expressing clones
formed solid tumors and metastases in multiple organs.
The tumors formed by 4T1luc2 clones expressing nonmu-
tated RT_A were significantly larger than tumors formed
by the parental cells or cells expressing mutant RT_A vari-
ants. Tumor size correlated with late expression of Twist in
the in vitro tests and could be predicted based on the proper-
ties of implanted cells, such as the level of expression of RT
and relative expression of Twist.
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Figure 10: Localization of luciferase-expressing cells in the organs of mice implanted with 4Tluc2 and derivative clones expressing variants of
HIV-1 FSU_A reverse transcriptase (RT_A) after ectopic implantation into BALB/c mice as assessed by ex vivo bioluminescent imaging of the
lungs (a), liver (b), and spleen (c). The values represent the mean total flux ðp/sÞ ± SD (n = 3). ∗Significant difference from the value exhibited
by the respective organ in 4Tluc2-implanted mice (p < 0:05; Mann-Whitney test).
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Figure 11: Continued.
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Mice harboring RT_A-expressing tumors had pro-
nounced splenomegaly marked by infiltration of granulo-
cytes, characteristic to the 4T1 tumor model [76]. Recent
studies reported the accumulation in the tumor-bearing
animals, most notably in the spleen, of immature myeloid-
derived suppressor cells, neutrophils, and granulocyte-
macrophage progenitor-derived splenic monocytes
(CD11b+Gr-1+). These overlapping cell populations express
immunosuppressive enzymes such as arginase 1 and induc-
ible nitric oxide synthase (NOS2), produce ROS, suppress
antitumor T cell activity in vivo, and inhibit T cell prolifera-
tion/IFN-γ production in coculture experiments [108]. These
observations support our findings of the suppressed response
of splenocytes of tumor-bearing mice to a mitogen as well as
the absence of immune recognition of RT_A as foreign pro-
tein. Another nonexcluding explanation of these findings
would be the properties of 4T1 cells, which release soluble
mediators (detectable in conditioned media of cultured cells)

inhibiting INF-γ production, which could also occur in the
murine spleens infiltrated by the metastatic cells [109].

As the result, mice bearing 4T1luc2 tumors expressing
nonmutated RT_A demonstrated complete loss of immune
control of tumor growth (which may have otherwise led to
the rejection of tumors [110]) and wide dissemination of
metastatic luciferase-expressing cells in multiple organs,
compared to that in mice bearing tumors formed by the
parental 4T1luc2 cells [110]. Interestingly, mice with
4T1luc2 tumors expressing nonmutated RT_A had signifi-
cantly more Luc-expressing cells in the lungs, spleen, and
liver than mice implanted with cells expressing mutant RT_
As. Thus, the expression of RT_A, but not of the mutated
RT_A variants, “rescued” the metastatic potential of
4T1luc2 cells. This data was confirmed by the histochemical
evaluation of the number of metastasis in the liver. The num-
ber of metastatic cells detected in the livers of mice bearing
tumors formed by RT_A-expressing 4T1luc2 cells was
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Figure 11: Histochemical characterization of the formation of metastases in the livers of BALB/c mice ectopically implanted with 4Tluc2 and
derivative clones expressing variants of HIV-1 FSU_A reverse transcriptase (RT_A). H&E staining of liver sections of mice injected with
4T1luc2 and its RT-expressing subclones (×400): 4T1luc2 (a), 4T1luc2_RT-1.3 (b), 4T1luc2_RT-5.3 (c), 4T1luc2_RT-20.1 (d), 4T1luc2_
RT-An-10.1 (e), 4T1luc2_RT-Ann-10.2 (f). Mean number (g) and size (h) of metastases. Mean size of liver metastasis formed by all RT_
A-expressing clones compared to the parental 4Tluc2 cells (i). Correlations between the mean numbers of metastases in a mouse liver
assessed by histochemical staining and the levels of expression by the respective 4T1luc2 clone of Twist (day 14 of cell culture) (j) and
of RT_A variant per cell (k). Ten high-power fields per mouse (n = 3) were screened to assess the number of metastasis; their size was
evaluated using NIS-Elements software (Nikon, Tokyo, Japan), both values were represented as mean ± SD. Expression level of Twist
was normalized to the expression level of HPRT1 and represented as fold change compared to the level in the parental 4T1luc2 cells.
Comparisons were done using the Mann-Whitney test, and correlations, using the Spearman correlation test. ∗p < 0:05, ∗∗p < 0:005,
∗∗∗p < 0:0005, and ∗∗∗∗p < 0:0001.
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significantly higher than that in mice implanted with tumor
cells expressing mutated RT_As or the parental cells. The
number of metastasis significantly correlated to the propen-
sity of the inducing cells to express Twist in the in vitro assay.
No correlations were observed of the number of metastatic
cells (by BLI or by histology) with any other cell line param-
eter of the ones assessed in this study. Earlier, we had
observed that 4Tluc2 cell line is impaired in the capacity to
form metastases in organs and tissues other than the lungs
(such as liver, brain, or bones); we attributed this property
to the induction of immune response against luciferase which
can clear metastatic cells expressing the reporter [49]. Here,
we demonstrate that expression of nonmutated RT_A (but
not of RT_An or RT_Ann) restores the metastatic potential
of 4T1luc2 cells to the level of the initial 4T1 adenocarcinoma
cells, possibly by increasing the level of immune suppression.

Altogether, our data on ROS induction, lipid peroxida-
tion, cell motility, upregulation of transcription of EMT fac-
tors, specifically of Twist, tumor growth, and metastatic
potential of 4T1luc2 cells expressing HIV-1 RT indicate that
RT_A variants had differential effects on the expressing cells.
Although mutated RT_A variants induced the production of
ROS, they seemed to be compromised in other properties
associated with malignancy, starting from inability to effi-
ciently induce the expression of Twist. Thus, the in vitro
and in vivo properties of RT_A-expressing cell lines were
not clustered according to the upkeep of their individual
enzymatic activities, either polymerase (RT_A and RT_Ann
have intact polymerase activity) or RNase H (RT_A and
RT_An have intact RNase H activity). In contrast, according
to their properties, RT_A-expressing 4T1luc2 variants could
be clustered into highly malignant clones overexpressing
nonmutated RT_A and clones expressing low levels of RT_
An and RT_Ann, nondistinguishable from the parental cells.
In this context, it is important to mention that drug resis-

tance mutations in RT target it to processing by the protea-
some [41]. Mutations may be important not because of
their effect on the enzymatic activity of the protein but as
determinants of protein availability, localization, and intra-
cellular partnerships.

Which properties of HIV-1 RT are responsible for the
induction of ROS, if not the enzymatic activities, remains
unknown. A review done by Warren et al. described cellular
interactions of HIV-1 RT, listing factors which directly or
indirectly bind to RT and regulate the reverse transcription
[111]. The spectrum of RT partners included APOBEC3G,
DNA Topoisomerase I, components of the Sin3a complex,
GErmin2, a number of IN-binding proteins including IN1.
Two of these partners are of specific interest: HuR (also
referred to as ELAVL1, HuA, orMelG) and the kinase anchor
protein 121 (also referred to as AKAP1 or AKAP149 as
human homologue). HuR is an ubiquitously expressed 326
amino acid protein with nucleocytoplasmiс shuttling capa-
bilities. Overexpression of HuR in cancer cells has been asso-
ciated with poor prognosis and resistance to therapy.
Absence of HuR is signified by the defective mitochondrial
metabolism resulting in production of the large amounts of
ROS and increased DNA damage [112, 113]. AKAP121 is
an essential regulator of the mitochondrial respiration. Dis-
placement of AKAP121 with an inactive analog results in
the mitochondrial dysfunction manifested by the increased
production of ROS [114]. Both HuR and AKAP121 are
involved in the mitochondrial metabolism, their interaction
with HIV-1 RT may imply their mitochondrial colocaliza-
tion. Interestingly, regions of RT interacting with HuR and
AKAP1 were both mapped to the RNase H domain of RT
[115]. We find it reasonable to hypothesize that increased
levels of ROS production observed in several RT-expressing
eukaryotic cell lines tested by us previously and in RT-
expressing 4T1luc2 cells tested here might be a consequence
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Figure 12: BALB/c mice ectopically implanted with 4Tluc2 and derivative clones expressing HIV-1 FSU_A reverse transcriptase (RT_A)
have grossly enlarged spleens (a) and a disproportion in the leukocyte subpopulations in the spleen (b). Spleen weight, in mg (a) and
proportion of leukocytes in the spleen (b) of BALB/C implanted with given 4T1luc2 derivative clones (n = 3-9) was assessed at the
experimental end-point, and represent mean ± SD. Data from naïve BALB/c mice (n = 3-5) is given for comparison. ∗p < 0:05; ∗∗p < 0:005
(two-way ANOVA test).
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of direct interaction of HIV RT with HuR and/or AKAP121,
which disturb their functions. Interference of RTs with HuR
and/or AKAP121 functions would induce the production of
ROS, which in its turn, would activate Twist, and start the
cascade of EMT-related events, resulting in the enhancement
of oncogenic and metastatic potential of RT-expressing
tumor cells.

As we have shown earlier, drug-resistant HIV-1 RTs are
proteolytically unstable with degradation governed by the
proteasome. The half-life of the protein decreases from
approximately 20h for the wild-type RT to <2 hours for the
multidrug-resistant enzyme forms [40, 41]. Both HuR [116]
and AKAP1 [117] are degraded by the proteasome. One
can speculate that binding of HuR and/or AKA121 to the
mutated RT variants can target them to an enhanced protea-
somal degradation. This way to deplete the pool of regulatory
proteins is widely used by tumorigenic viruses, for example,
E6 protein of HPV [118] or LT antigen of SV40 [119].
Reduced intracellular levels of HuR and/or AKA121 in
4Tluc2 cells expressing mutated RT_A variants would lead
to overproduction of ROS beyond the levels controlled
by Twist. Another explanation of overproduction of ROS
in cells expressing mutant RT_As would be their aberrant
capacity to induce Twist, which implies direct (not purely
ROS mediated) involvement of HIV-1 RT in the regula-
tion of Twist expression. The actual mechanism of the
RT-induced production of ROS with possible involvement
of HuR, AKAP 1, and/or other protein partners remains
to be investigated.

In conclusion, the capacity to induce ROS appears to be a
general property of HIV-1 reverse transcriptase; however,
only the wild-type enzyme can efficiently induce activation
of Twist to hamper oxidative stress. This property is respon-
sible for the enhancement of tumorigenic and metastatic
potential of RT-expressing cells. Our study casts light on
one of the mechanisms of the direct potentiation of tumori-
genesis by HIV resulting from the prooxidative activity of
HIV-1 proteins. RT-mediated induction of ROS is of great
interest also in the context of HIV-1 infection, as ROS are
known to promote HIV-1 replication [120].
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Supplementary Materials

Supplementary Table 1: table of primers. Primers used for con-
firmation of RT expression in 4T1luc2 derivatives and for rela-
tive quantification of epithelial to mesenchymal transition
markers. Supplementary Table 2: table of semiquantitative
PCR values. Relative expression levels of EMT markers in
4T1luc2 subclones expressing RT. Raw data used for correlation
analysis and analysis of antioxidant treatment effect. Supple-
mentary Table 3: table of statistical characteristics of multiple
regression analysis of in vitro migration rate in wound healing
assay. Statistical model of prediction of 4T1luc2 subclone
migration in vitro in wound healing assay during 14 hours after
the scratch was made based on different parameters, such as RT
protein level, relative level of Twist expression, andmigration in
wound healing test during 14-18 hours after the scratch was
made. Prediction was made by multiple regression analysis.
Supplementary Figure 1: geographic and temporal distribution
of RT amino acid sequences. Geographic origins and year of
sample collection of the full-length sequences of reverse tran-
scriptase (RT) of HIV-1 subtype A FSU_A strain used for the
design of the amino acid consensus AFSUp66 (n = 44).
Sequences were isolated from treatment-naïve patients free
of known drug resistance mutations selected from HIV-1
sequence database and HIV Drug Resistance database. Sup-
plementary Figure 2: schematic representation of lentiviral
vector pRRLSIN.cPPT.PGK used for transduction of
4T1luc2 cell line with the polynucleotide sequences encoding
the consensus RT_A with or without drug resistance muta-
tions. Lentiviral transduction resulted in seven 4T1luc2 deriv-
ative clones expressing different levels of three RT variants.
Supplementary Figure 3: RNase H activity of consensus
RT_A variants with and without drug resistance mutations.
Graphs demonstrate RNase activity of RT_A variants, firstly
as products of RNase H cleavage of the substrate after anal-
ysis by PAGE and secondly concentration dependence of
RNase H activity of the variants of consensus RT of clade
A FSU_A strain with and without drug resistance mutations.
The respective kinetic parameters are described in the main
text. Supplementary Figure 4: graphs comparing the levels
of ROS in 4T1luc2 cells expressing RT_A, parental 4T1luc2
cells, and immortal NIH3T3 cell line. Increased level of pro-
duced ROS by 4T1luc2 derivative clones expressing RT com-
pared to the parental cells, measured as an increase of
relative intensity of DCFH2-DA/DAPI fluorescent signal.
Cells treated with H2O2 or tert-butylhydroquinone (tBHQ)
were used as positive control, and cells treated with antioxi-
dants tocopherol and N-acetyl-L-cysteine (NAC) as negative
control. Increased level of ROS production in the parental
4T1luc2 resulted in increased basal level of lipid peroxida-
tion, measured by MDA level in cell lysates, as compared
to the immortal NIH3T3 cell line known to produce low
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levels of ROS. Supplementary Figure 5: wound healing assay.
Panels represent light microscopy images of the gap area at 0,
14, and 18 hours after making the scratch. Timeline was settled
to measure the migration rate before and after doubling time
(approx. 14 hours). Original .tif files of high resolution are avail-
able at the following link https://drive.google.com/drive/folders/
1a4VbLzFYeny9LDf5iTxyhSmSanIesLl1?usp=sharing. Supple-
mentary Figure 6: graphs showing that expression of Twist on
day 14, but not on day 3 of cell culture, correlates to the
level of expression of RT. Treatment of cells with antioxidant
N-acetyl-L-cysteine (NAC) leads to the loss of correlation
between expression of RT and Twist on day 14, demonstrat-
ing that induction of expression of Twist depends on the
production of ROS. Graphs are supplemented with r, r2,
and p values of the Spearman correlation test. Supplementary
Figure 7: graphs showing correlation between the levels of
expression of Twist and other EMT markers. On day 14 of
cell culture, level of expression of Twist correlated with the
levels of expression of EMT markers N-cadherin, Vimentin,
and Snail, but not with the expression of E-cadherin. Text-
box in the figure shows correlation values (r, r2, and p) mea-
sured by the Spearman correlation test. Supplementary
Figure 8: graphs showing correlation between the levels of
ROS and the levels of expression of EMT markers N-
cadherin on day 3 and Vimentin on day 14 of cell culture.
ROS levels are presented either per cell or relative to the
levels exhibited by the parental 4T1luc2 cells. Textbox in
the figure shows correlation values (r, r2, and p) measured
by the Spearman correlation test. (Supplementary Materials)
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Schiff bases (SBs) are chemical compounds displaying a significant pharmacological potential. They are able to modulate the activity
of many enzymes involved in metabolism and are found among antibacterial, antifungal, anti-inflammatory, antioxidant, and
antiproliferative drugs. A new thiazolyl-triazole SB was obtained and characterized by elemental and spectral analysis. The
antibacterial and antifungal ability of the SB was evaluated against Gram-positive and Gram-negative bacteria and against three
Candida strains. SB showed good antibacterial activity against L. monocytogenes and P. aeruginosa; it was two times more active
than ciprofloxacin. Anti-Candida activity was twofold higher compared with that of fluconazole. The effect of the SB on cell
viability was evaluated by colorimetric measurement on cell cultures exposed to various SB concentrations. The ability of the SB
to modulate oxidative stress was assessed by measuring MDA, TNF-α, SOD1, COX2, and NOS2 levels in vitro, using human
endothelial cell cultures exposed to a glucose-enriched medium. SB did not change the morphology of the cells. Experimental
findings indicate that the newly synthetized Schiff base has antibacterial activity, especially on the Gram-negative P. aeruginosa,
and antifungal activity. SB also showed antioxidant and anti-inflammatory activities.

1. Introduction

Aerobic organisms have antioxidant defense systems against
reactive oxygen species- (ROS-) induced damage produced
in various stress conditions. ROS are also involved in the
innate immune system and have an important role in the
inflammatory response; they attract cells, by chemotaxis, to
the inflammation site. Nitric oxide (NO) is another impor-
tant intracellular and intercellular signaling molecule
involved in the regulation of multiple physiological and path-
ophysiological mechanisms. It acts as a biological modulator.

NO is able to regulate vascular tone and can function as a
host defense effector. Also, it can act as a cytotoxic agent in
inflammatory disorders. NO synthase (NOS) enzyme family
catalyzes NO production. Inhibition of inducible NOS
(iNOS) might be beneficial in the course of treatment of cer-
tain inflammatory diseases [1]. The reactions between NO
and ROS, such as superoxide radicals (O2

⋅−), lead to the pro-
duction of a potent prooxidant radical (peroxynitrite), thus
inducing endothelial and mitochondrial dysfunction. The
major cellular defense against peroxide and peroxynitrite
radicals are the superoxide dismutases (SODs) that catalyzes
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the transformation of peroxide radicals into hydrogen perox-
ide (H2O2), which is further transformed by catalase into
water and molecular oxygen. Also, SODs play an important
role in preventing peroxynitrite formation [2]. All isoforms
have in their catalytic site a transition metal, such as copper
and manganese [3].

Recent studies showed that exogenous NO, produced by
bacterial NOS, protects Gram-positive and Gram-negative
bacteria (Pseudomonas aeruginosa, Staphylococcus aureus,
etc.) against oxidative stress and increases bacterial resistance
to a broad spectrum of antibiotics [4]. Fungal resistance to
antimycotic treatment is one of the consequences of the
emergence of resistant strains, but more and more, in the last
years, fungal resistance is due to the capacity of fungal strains
to form biofilms, which are considered critical in invasive
fungal infections, associated with high mortality. Certain
studies showed that only a few antimycotics are effective
against fungal biofilms. All of them have the capacity to
induce ROS formation in fungal biofilm cells [5]. In this
context, finding bioactive substances capable to reduce NO
synthesis in bacteria or able to induce ROS synthesis in
fungal biofilms could represent new directions in the devel-
opment of new antimicrobial drugs. Thiazoles, triazoles,
and their derivatives are found among antibacterial and
anti-inflammatory drugs [6–9].

Schiff bases (SBs) are chemical structures that have a
significant pharmacological potential. SBs contain an
azomethine group obtained through the condensation of
primary amines with carbonyl compounds [10]. The phar-
macophore potential of this group is due to their ability to
form complex compounds with bivalent and trivalent metals
located in the active center of numerous enzymes involved in
metabolic reactions. The relationship between a chemical
structure and biological activity (SAR) underlines the impor-
tance of the azomethine group for the synthesis of new com-
pounds with antibacterial, antifungal, and even antitumor
activities [11–13].

Multiple studies showed the ability of SBs to act as
antiproliferative and antitumoral agents [14–16]. The azo-
methine pharmacophore is used in developing new bioactive
molecules [17]. The discovery of selective cytotoxic drugs
influenced oncological therapy. However, completely satis-
factory answers for metastasis onset have not yet been found.
Due to the increased prevalence of neoplasia and to the exis-
tence of various cellular tumor lines resistant to cytotoxic
therapy, the research of new active agents is justified [18, 19].

The current study is aimed at testing a newly synthetized
heterocyclic SB in terms of antimicrobial activity against
Gram-positive and Gram-negative bacteria and antifungal

effects against Candida strains [20, 21], as well as to evaluate
the biocompatibility of the SB in vitro on human endothelial
cells and the ability of this SB to modulate oxidative stress, by
assessing enzymes involved in cellular antioxidant defense.

2. Materials and Methods

2.1. Synthesis of the Schiff Base.All reagents and solvents used
were purchased from Sigma-Aldrich and were used without
further purification. The starting compound was previously
reported and was synthesized by us according to methodolo-
gies described in the literature [21].

The synthesis of Schiff base (SB) 4-(3-bromobenzylidenea-
mino)-5-(4-methyl-2-phenylthiazol-5-yl)-4H-1,2,4-triazole-3-
thiol was made using a general procedure (Scheme 1) [21].
2mmol (0.578g) of 4-amino-5-(4-methyl-2-phenylthiazol-5-
yl)-4H-1,2,4-triazole-3-thiol was suspended in 10mL of abso-
lute ethanol. The resulting suspension was added with an
alcoholic solution of 2mmol of 3-bromobenzaldehyde in
5mL of absolute ethanol and 2-3 drops of concentrated
H2SO4, as a catalyst. The reaction mixture was refluxed for
6h. The obtained precipitate was filtered hot and washed
with absolute ethanol, and then, it was dried and recrystal-
lized from dimethyl sulfoxide (DMSO).

2.2. In Vitro Antibacterial and Antifungal Screening

2.2.1. Preparation of Sample Solution. SB was dissolved in
DMSO, at a final concentration of 100 μg/mL. Sample solu-
tion was stored at 4°C [22, 23].

2.2.2. Inhibition Zone Diameter Measurements. Antimicro-
bial activity was tested in vitro using the agar disk diffusion
method through the measurement of the inhibition zone
diameters. Agar plates were inoculated with a standardized
inoculum of the test microorganisms: two Gram-negative
bacterial strains—Salmonella enteritidis ATCC 14028 and
Escherichia coli ATCC 25922, two Gram-positive bacterial
strains—Listeria monocytogenes ATCC 19115 and Staphylo-
coccus aureus ATCC 49444, and a fungal strain—Candida
albicans ATCC 10231. Petri plates with Mueller Hinton Agar
(20.0mL) were used for all bacterial tests. Mueller-Hinton
medium supplemented with 2% glucose (providing adequate
growth of yeasts) and 0.5 g/L methylene blue (providing a
better definition of the inhibition zone diameter) was used
for antifungal testing. Each paper disk was impregnated with
10 μL of solution (100μg compound/disk). The filter paper
disks were placed on Petri dishes previously seeded “in layer”
with the tested bacterial strain inoculums. Then, Petri dishes
were maintained at room temperature to ensure the equal
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Scheme 1: Synthesis of the Schiff base (SB).
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diffusion of the compound in the medium, and afterwards,
the dishes were incubated at 37°C for 24 hours. Inhibition
zones were measured after 24 hours of incubation. Assess-
ment of the antimicrobial effect was realized by measuring
the diameter of the growth inhibition zone. Ciprofloxacin
(10 μg/well) and fluconazole (25μg/well) were used as
standard antibacterial and antifungal drugs. DMSO was used
for comparison, as a negative control, for all experiments,
and it did not inhibit the growth of microorganisms
(diameter = 6mm). The clear halos with a diameter larger
than 10mm were considered positive results [22, 23]. Tests
were performed in triplicate, and values are presented as
the average value ± standard deviation.

2.2.3. Determination of Minimum Inhibitory Concentrations
(MICs), Minimum Bactericidal Concentrations (MBCs), and
Minimum Fungicidal Concentrations (MFCs). Minimum
inhibitory concentrations (MICs), minimum bactericidal
concentrations (MBCs), and minimum fungicidal concentra-
tions (MFCs) were determined by an agar dilution method.
Strains of microorganisms used were as follows: Salmonella
enteritidis ATCC 14028, Escherichia coli ATCC 25922,
Listeria monocytogenes ATCC 19115, Staphylococcus aureus
ATCC 49444, Candida albicans ATCC 10231, Candida
albicans (ATCC 18804), and Candida krusei (ATCC 6258)
[22–26]. For the experiment, 100 μL nutrient broths were
placed in a 96-well plate, and sample solution at high con-
centration (100μg/mL) was added into the first rows of the
microplates. 10μL of culture suspensions was inoculated
into all the wells. The plates were incubated at 37°C for
16-24 hours (48 hours for fungi). The reference drugs,
ciprofloxacin and fluconazole, were used in the same
concentrations.

2.3. Determination of Antioxidant Activity by DPPH (2,2-
Diphenyl-1-picrylhydrazyl) Bleaching Assay. The DPPH
antioxidant activity assay was done as previously
described, with minor modification. SB was dissolved
in DMSO (1mg/mL). DPPH∙ radical was dissolved in
methanol (0.25mM). Equal volumes (1.0mL) of metha-
nolic DPPH solution and sample solution (or standard)
in methanol at different concentrations have been used.
The mixtures were incubated for 30min at 40°C in a
thermostatic bath; absorbance was measured at 517nm.
The percent DPPH scavenging ability was calculated as
follows: DPPH scavenging ability = ðAcontrol − AsampleÞ/
Acontrol × 100, where Acontrol is the absorbance of DPPH
radical and methanol (containing all reagents, except
the sample) and Asample is the absorbance of the mixture
of DPPH radical and sample. A curve of % DPPH scavenging
ability versus concentration was plotted, and IC50 values were
calculated. The IC50 value is the sample concentration
required to scavenge 50% of DPPH free radicals. The lesser
the IC50 value, the stronger the antioxidant capacity. Thus,
if IC50 ≤ 50 μg/mL, the sample shows a high antioxidant
capacity; if 50μg/mL < IC50 ≤ 200 μg/mL, the sample has a
moderate antioxidant capacity; if IC50 > 200 μg/mL, the sam-
ple has poor or no activity. BHT (butylated hydroxytoluene)

and trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid) were used as positive controls [20, 27–30].

2.4. Assessment of the Ability of the SB to Modulate
Inflammatory Response and Oxidative Stress on Cell Cultures

2.4.1. Cell Source. Human umbilical vein endothelial cells
(HUVECs, Promocell, Hamburg, Germany) were used. The
cells were grown in RPMI medium supplemented with 5%
fetal calf serum, 50 μg/mL gentamycin, and 5ng/mL ampho-
tericin (Biochrom Ag, Berlin, Germany). Cell cultures in the
13rd to 15th passages were used. SB was diluted in DMSO
(Biochrom Ag, Berlin, Germany) to obtain a stock solution
of 1mg/mL. The stock solution was used to make further
dilutions in complete cell growth medium, immediately prior
to the experiments. The final DMSO concentration was lower
than 0.05%, a nontoxic concentration for the cells [31].

2.4.2. Cell Viability Testing. Cells cultured at a density of
104/well on ELISA 96-well plaques (TPP, Switzerland) were
settled for 24 hours, then exposed to different concentrations
of the substance ranging from 0.001 to 200 μg/mL. Viability
was measured by the colorimetric measurement of a colored
compound—formazan, generated by viable cells using the
CellTiter 96® AQueous Non-Radioactive Cell Proliferation
Assay (Promega Corporation, Madison, USA). Readings
were done at 540 nm, using an ELISA plate reader (Tecan,
Mannedorf, Austria). Results were presented as OD540. All
experiments were performed in triplicate. Untreated cultures
were used as controls [32].

2.4.3. Experimental Design. Four groups were made: (1) con-
trol cells treated only with medium, (2) cells exposed to a
high-glucose (4.5 g/L) medium, (3) cells treated with SB
0.001 μg/mL, and (4) cells concomitantly exposed to high
glucose and SB (0.001μg/mL). All groups were treated for
24 hours. Afterwards, cells were used for the assessment of
cytoskeleton modifications—phalloidin staining (fluores-
cence microscopy), oxidative stress (Western blot measure-
ment of SOD1, COX2, and inducible NOS2 and
spectrophotometric measurement of MDA), and inflamma-
tion (ELISA measurement of TNF-α).

2.4.4. Cell Lysis. The cell lysates used in the following exper-
iments were prepared as previously described [33]. Protein
concentrations were determined by the Bradford method,
according to the manufacturer’s specifications (Bio-Rad,
Hercules, California, USA) and using bovine serum albumin
as standard. For all assays, the lysates were corrected by total
protein concentration.

2.4.5. Oxidative Stress and Inflammation Assessment.
Quantification of malondialdehyde (MDA) a marker for
the peroxidation of membrane lipids was performed by
spectrophotometry, as previously described [34]. All reagents
were purchased from Sigma-Aldrich. Data were expressed
as nM/mg protein [35]. Following viability testing and
following the assessment of the MDA level, cells used in
further experiments were treated with a concentration of
0.001 μg/mL.
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TNF-α ELISA Immunoassay kit from R&D Systems, Inc.
(Minneapolis, USA) was used. Cell supernatants were treated
according to the manufacturer’s instructions; readings were
done at 450 nm with correction wavelength set at 540nm,
using an ELISA plate reader (Tecan) [33].

Lysates (20 μg protein/lane) were separated by electropho-
resis on SDS PAGE gels and transferred to polyvinylidene
difluoride membranes, using a Bio-Rad Miniprotean system
(Bio-Rad). Blots were blocked and then incubated with anti-
bodies against superoxide dismutase 1 (SOD1), cyclooxygen-
ase 2 (COX2), and inducible nitric oxide synthase 2 (NOS2),
then further washed and incubated with corresponding
secondary peroxidase-linked antibodies. All antibodies were
acquired from Santa Cruz Biotechnology. Proteins were
detected using Supersignal West Femto Chemiluminescent
substrate (Thermo Fisher Scientific, Rockford IL, USA) and
a Gel Doc Imaging system equipped with a XRS camera
and Quantity One analysis software (Bio-Rad). Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH, Trevigen Bio-
technology, Gaithersburg, MD (Maryland), USA) was
used as a protein loading control.

Phalloidin-FITC 50 μg/mL (Sigma-Aldrich, St. Louis,
MO, USA) a marker for actin myofilaments (green) was used,
according to the manufacturer’s instructions. Cells were
seeded in chamber slides at a density of 5 × 104/chamber,
allowed to settle for 24 hours, and then exposed to high
glucose and SB as described above. Treated cells were then
stained with phalloidin-FITC. Images of cells were
documented at a magnification of 20x, using an inverted
microscope Olympus BX40 equipped with an Olympus
CKX-RFA fluorescent lamp and an E330 camera (Olympus,
Hamburg, Germany).

2.5. Statistical Analysis. The statistical significance of the dif-
ferences between the control group and the treated groups
was assessed with the nonparametric Kruskal-Wallis test for
multiple groups, followed by a post hoc analysis using the
Conover test. Correlation coefficients between parameters
have been calculated using Spearman’s correlation coefficient
for ranks (rho). Statistical tests were performed using Med-
Calc version 18.11.3 and GraphPad Prism Software version
8.0.2. The results were considered statistical significant at
p < 0:05.

3. Results

3.1. Chemical Characterization of the SB. The SB structure
was confirmed by elemental analysis and on the basis of its
mass spectrum (MS), infrared spectrum (IR), and nuclear
magnetic resonance (1H NMR and 13C NMR) spectra [21].

4-(3-Bromobenzylideneamino)-5-(4-methyl-2-phenylthia-
zol-5-yl)-4H-1,2,4-triazole-3-thiol. Yield 80.3% (0.366 g);
m.p. 268-270°C; light yellow powder; Anal. Calcd for
C19H14BrN5S2 (456.38): C, 49.89; H, 3.06; N, 15.33; S,
14.02; Found: C, 50.1; H, 3.07; N, 15.33; S, 14.07; IR
(ATR, cm−1): 3104 (ν NHtriazole), 1618 (ν -N=CH-), 1274
(ν C=S); 1055 (ν C-Br); 1H NMR (500MHz, DMSO-d6,
δ/ppm): 14.18 (s, 1H, NH), 9.52 (s, 1H, -N=CH-), 7.97–8.06

(d, 2H, ArH), 7.92 (s, 1H, ArH), 7.77 (d, 1H, ArH), 7.59
(d, 1H, ArH), 7.47-7.54 (m, 4H, ArH), 2.41 (s, 3H, CH3);
13C NMR (125MHz, DMSO-d6, δ/ppm): 170.12 (C=S),
159.15 (C), 157.66 (CH=N), 153.81 (C), 151.07 (C),
143.96 (C), 135.16 (C), 134.51 (C), 131.21 (CH), 130.93
(2CH), 130.29 (CH), 129.29 (2CH), 128.94 (CH), 128.68
(C), 127.36 (CH), 127.14 (CH), 15.92 (CH3); MS (EI,
70 eV) m/z (%): 457 (M+1).

3.2. Antimicrobial Activity. Results obtained by measuring
the diameters of growth inhibition zones of the tested micro-
organisms, compared to ciprofloxacin and fluconazole, used
as standard reference drugs, are presented in Table 1.

MIC, MBC, and MFC values of the new compound are
presented in Tables 2 and 3. The results showed that MIC
values ranged from 1.95 (Listeria monocytogenes) to
62.5 μg/mL, MBC values were between 3.9 and 125μg/mL,
and MFC scores ranged between 62.5 and 125μg/mL.

3.3. In Vitro Antioxidant Capacity. The antioxidant capacity
of the SB was determined by the DPPH bleaching method,
and BHT and trolox were used as positive controls. The
results are displayed in Table 4. The new compound showed
a very low IC50 value (16.10 μg/mL), similar to that of BHT
(16.39μg/mL).

3.4. Cell Viability. SB did not lead to significant changes in
HUVEC viability for doses lower than 0.1μg/mL (Figure 1).
Higher concentrations led to a dose-dependent viability
decrease, compared with control.

3.5. Assessment of the Ability of the SB to Modulate
Inflammatory Response and Oxidative Stress on HUVECs.
Lipid peroxidation level (MDA), the ability to modulate
inflammatory response (TNF-α, COX2), and the activity of
enzymes involved in the prooxidant/antioxidant equilibrium
(SOD1, NOS2) were appreciated. The ability of the SB to
modulate oxidative stress was tested in vitro on HUVECs,
using a glucose-enriched medium [36–38]. A SB concentra-
tion of 0.001 μg/mL was used for all experiments.

The effect of the newly synthetized compound on lipid
peroxidation (MDA level) was assessed. SB administration
decreased the MDA level compared with both control and
glucose-enriched medium, thus reducing the lipid peroxida-
tion in endothelial cells (Figure 2).

The TNF-α level was quantified through ELISA for the
same SB concentration (Figure 3). Glucose-enriched medium
slightly increased the TNF-α level. SB also increased the
TNF-α level both alone and in combination with glucose.

Table 1: Inhibition zone diameters on tested microorganisms.

Samples
Diameter of the inhibition zone (mm)

SA LM EC ST CA

Schiff base 14 14 14 18 18

Ciprofloxacin 28 18 27 22 —

Fluconazole — — — — 25

SA: Staphylococcus aureus; LM: Listeria monocytogenes; EC: Escherichia coli;
ST: Salmonella typhimurium; CA: Candida albicans.
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The same SB concentration (0.001 μg/mL) was used to
further test its effect on the protein level of the enzymes
involved in the oxidant/antioxidant equilibrium and in the
inflammatory response (SOD1, NOS2, and COX2).

An inflammatory marker (COX2) and antioxidant
enzyme (constitutive SOD1 and inducible NOS2) expression
was quantified by Western Blot (Figure 4).

COX2, an inflammatory marker, significantly decreased
after both glucose and SB treatments, compared to control.
Combined exposure (SB+G) strongly decreased the protein
level of COX2 (Figure 4(b)). This finding is consistent with
MDA levels and may be due to the antioxidant effect of the
SB in this experimental setting. Interestingly, it is not con-
sistent with TNF-α, a fact which might be explained by a
different mechanism than oxidative stress that triggers an
increase of TNF-α. Exposure to glucose-enriched medium
significantly decreased SOD1. SB slightly decreased SOD1
activity compared with the control group, but SOD1 activ-
ity was maintained at a significantly higher level, compared
with glucose (p < 0:05). Combination (SB+G) treatment sig-
nificantly decreased SOD1 compared with both glucose and
control (Figure 4(c)). Exposure to glucose increased signif-
icantly NOS2. The SB drastically decreased the NOS2 level
compared with both the control and glucose groups
(Figure 4(d)).

Correlation analysis, using Spearman’s coefficient for
rank correlation (Table 5), revealed statistically significant
positive correlations between MDA and enzyme (COX2,
SOD1, and NOS2) levels. On the other hand, the TNF-α
level negatively correlates with both MDA and all
enzymes measured.

Cell morphology does not seem to be affected by exposure
to the Schiff base compared to control. When exposed to
high-glucose concentration, cells had a tendency to conglom-
erate and to form multilayered spherical bodies, with alter-
ation of the actin filament disposition. The aspect of the
cells receiving combination treatment was similar to those
of controls (Figure 5).

4. Discussion

The structure of the Schiff base was established by elemental
analysis and on the basis of its mass spectrum (MS), infrared
spectrum (IR), and nuclear magnetic resonance (1H-NMR
and 13C-NMR) spectra. The results of the C, H, N, S quanti-
tative elemental analysis were in agreement with the calcu-
lated values, within ±0.4% of the theoretical values. The
spectral data confirmed the formation of the SB. The
recorded mass spectrum revealed the correct molecular ion
peak (M + 1), as suggested by the molecular formula. The
absence of the NH2 asymmetric and symmetric stretching
vibrations at 3281 cm−1 and 3186 cm−1, and the presence of
N=CH stretch absorption bands at 1618 cm−1 in the IR spec-
trum of the final compound provided strong evidences for
the formation of the SB. The 1H-NMR spectrum of the start-
ing compound was recorded a signal characteristic for the
amino protons, as a singlet, at 5.73 ppm. The absence of this
signal from the 1H-NMR spectrum of the newly synthesized
compound and the presence of a singlet characteristic to the
N=CH proton at 9.52 ppm further confirmed the condensa-
tion between the 4-amino-5-(4-methyl-2-phenylthiazol-5-
yl)-4H-1,2,4-triazole-3-thiol and the 3-bromo-phenyl-car-
baldehyde. The 13C-NMR spectrum of the newly synthesized
compound was consistent with the proposed structure.

The aim of the present study was to evaluate the antibac-
terial and antifungal activity of a new SB as well as its ability
to modulate oxidative stress.

The new thiazolyl SB exerted moderate to good antibacte-
rial activity against tested strains (Tables 1–3). The inhibition
of bacterial growth was more pronounced in Gram-negative
bacteria, especially in Pseudomonas aeruginosa strain, where

Table 2: Minimum inhibitory concentrations (MIC).

Samples
Minimum inhibitory concentration (MIC (μg/mL))

SA LM PA ST CA (ATCC 10231) CA (ATCC 18804)

Schiff base 31.25 1.95 1.95 62.5 62.5 31.25

Ciprofloxacin 1.95 3.9 3.9 0.97 — —

Fluconazole — — — — 62.5 62.5

SA: Staphylococcus aureus; LM: Listeria monocytogenes; PA: Pseudomonas aeruginosa; ST: Salmonella typhimurium; CA: Candida albicans.

Table 3: Minimum bactericidal (MBC) and minimum fungicidal concentrations (MFC).

Samples
MBC (μg/mL) MFC (μg/mL)

SA LM PA ST CA (ATCC 10231) CA (ATCC 18804) CK (ATCC 6258)

Schiff base 62.5 3.9 3.9 125 125 62.5 62.5

Ciprofloxacin 3.9 7.8 7.8 1.95 — — —

Fluconazole — — — — 125 125 125

SA: Staphylococcus aureus; LM: Listeria monocytogenes; PA: Pseudomonas aeruginosa; ST: Salmonella typhimurium; CA: Candida albicans; CK: Candida krusei.

Table 4: Antioxidant capacity using the DPPH method.

Samples IC50 (μg/mL)

Schiff base 16:10 ± 1:2
BHT 16:39 ± 0:9
Trolox 11:98 ± 0:4
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the SB showed better activity compared with ciprofloxa-
cin, used as the reference drug. Regarding antifungal
activity, the compound showed a better anti-Candida
effect than fluconazole, used as the reference drug. Previ-
ous studies showed that SBs have the ability to modulate
oxidative stress [17, 39]. This ability can be exploited in
order to use them as antibacterial drugs and/or as poten-
tial oxidative stress modulators in medicine. The SB was
tested on endothelial cells exposed to a glucose-enriched
environment.

High-carbohydrate intake, impaired glucose tolerance,
and diabetes mellitus lead to hyperglycemia and chronic
inflammatory status. Endothelial lesions are often involved
in the pathology of these conditions [40]. During inflamma-
tory episodes, such as response to injury, nitric oxide (NO) is
released in order to modulate vascular tone. Since glycocalyx

plays an important role in transducing the fluid stress to
the cytoskeleton of the endothelial cells, vasodilator sub-
stance production is stimulated [40–42]. High-glucose con-
centration increases oxidative stress and influences the
structure of the cytoskeleton. Exposure to high-glucose
hyperosmolar medium induces, using an AQP1-dependent
mechanism, remodeling of the F-actin and cytoskeleton
[43]. Our results are consistent with these findings
(Figure 5). A high-glucose level led tomitochondrial dysfunc-
tion and increased production of ROS [44, 45].

A glucose-enriched environment also triggers the release
of proinflammatory cytokines, such as tumor necrosis factor
alpha (TNF-α), by the cells involved in immune reactions
[46, 47], along with other proinflammatory molecules, such
as CRP, interleukin 6, intercellular adhesion molecule 1,
and VCAM-1. In diabetic patients, TNF-α was related with
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Figure 1: Cell viability testing. Schiff base (SB) was tested for multiple concentrations (0.01-200 μg/mL). Cell viability is presented as OD
540 nm (mean values ± standard deviation at 540 nm, n = 3).
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Figure 2: Lipid peroxidation levels (MDA) in endothelial cells
exposed to medium (control), glucose (G), Schiff base (SB),
and combination treatment (SB+G). Each bar represents the
mean ± standard deviation (n = 3). #Not significant. ∗p < 0:05.

0.0

0.5

1.0

1.5

Control G SB SB+G

pg
/m

L

#

⁎

⁎
⁎

Figure 3: TNF-α levels in endothelial cells exposed to medium
(control), glucose (G), Schiff base (SB), and combination treatment
(SB+G). Each bar represents the mean ± standard deviation (n = 3).
#Not significant. ∗p < 0:05.
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an atherogenic profile and with vascular complications
[48]. A similar effect was obtained in our study, where
higher levels of TNF-α were observed after hyperglycemia
exposure. This effect was also seen after SB treatment
and was augmented by the combined SB and high-
glucose concentration. However, TNF-α production was
negatively correlated with MDA and antioxidant enzymes
(Table 5). This suggests that the increased TNF-α was
not produced through enhanced oxidative stress, but
through a different mechanism. Its clarification requires fur-
ther studies. Since TNF-α acts as a promoter of leucocyte
adhesion to the endothelium, the SB might be beneficial as
antimicrobial, local immune response, and oxidative status
modulator in the treatment of infectious diseases.

The results obtained by the DPPH study showed that the
SB exhibited antioxidant activity. The low IC50 value, similar
to the positive control (BHT), reflects a strong antioxidant
activity in vitro. The new compound showed radical scaveng-
ing activity according to the DPPH method, the presence of
the -SH group being probably responsible of the radical scav-
enging activity [49–51]. The effect of the SB on the oxidative
stress was also tested in vitro on cell cultures (HUVECs), by
assessing the MDA level, a marker of lipid peroxidation
and the expression of two enzymes involved in the oxidative
equilibrium (SOD1 and NOS2). The results showed that, at
the tested concentration (0.001 μg/mL), SB decreased lipid
peroxidation (MDA) and the protein level of certain enzymes

involved in the modulation of oxidative stress and inflamma-
tory response (COX2 and NOS2). These changes are consis-
tent with the DPPH result and suggest an anti-inflammatory
effect of the tested SB, mostly by interfering with the prooxi-
dant mediators.

The ability of the SB, in low concentrations, to decrease
lipid peroxidation, might be explained by its capacity to form
complexes with the bivalent and trivalent metal ions located
in the active center of the enzymes involved in the onset of
the oxidative stress or in the scavenging of the prooxidant
molecules [52–57]. The antioxidant effect on the human cells
(Figures 2 and 4) is also consistent with the absence of mor-
phological changes of the cells observed in the present study
(Figure 5).
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Figure 4: Protein levels of COX2, SOD1, and NOS2 in endothelial cells exposed to medium (control), glucose (G), Schiff base (SB), and
combination treatment (SB+G). Comparative Western blot images showing expressions of COX2, SOD1, and NOS2 in HUVECs (b, c, d).
Image analysis of Western blot bands (a) was performed by densitometry; results were normalized to GAPDH. Each bar represents the
mean ± standard deviation (n = 3). #Not significant. ∗p < 0:05.

Table 5: Spearman’s coefficient of rank correlation (rho) between
the oxidative stress and inflammation markers in HUVECs.

MDA TNF-α COX2 SOD1 NOS2

MDA 1.00 -0.776∗∗ 0.699∗ 0.462 0.595∗

TNF-α 1.00 -0.818∗∗ -0.566 -0.455

COX2 1.00 0.755∗∗ 0.431

SOD1 1.00 -0.144

NOS2 1.00
∗p < 0:05, ∗∗p < 0:01.
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Considering antibacterial activity, especially against Pseu-
domonas aeruginosa, the decrease of the NOS2 protein level
in HUVECs after SB exposure, it might be possible that the
synthesis of NO by bacteria could also be reduced. One of
the many proposed roles of NO in bacteria is to help protect
the bacteria from host cell antibiotic-induced oxidative stress;
therefore, the inhibition of bacterial nitric oxide synthase has
been identified as a promising antibacterial strategy, espe-
cially for resistant bacteria [58].

Nitric oxide synthase (NOS) inhibitor NO-donating
drugs were reported to inhibit IL-1β production, modulate
PGE2 production, and protect against apoptosis in human
endothelial cells and human monocytes [59]. In type 2
diabetes, hyperglycemia stimulates endothelial cell migration
in the retina, leading to retina neoangiogenesis and visual
impairment by CXC receptor-4 stimulation and activation
of the PI3K/Akt/eNOS signaling pathway. Therefore, SB
modulation of the NOS2 might be beneficial for the endothe-
lial dysfunction in hyperglycemia [60, 61].

Recent studies showed that the antibacterial and anti-
fungal activity in general and antibiofilm activity of some
newly identified classes seem to correlate with their ability
to induce ROS synthesis [5]. The SB showed an anti-Can-
dida effect, with a twofold increased activity compared
with the consecrated antifungal fluconazole (Tables 2 and
3). Also, the results showed that SB reduced the SOD1
level and increased the activity of the proinflammatory
cytokine (TNF-α). The antifungal effect could also be
explained by the ability of the tested SB to form com-
plexes between the azomethine group and the metal from
the active center of the enzymes and also by its capacity to
induce ROS production, similar with some antifungal azoles
(e.g., miconazole) [5].

Additional studies are needed in order to clarify the effect
of such compounds as SB and their role as adjuvant antioxi-
dant, antimicrobial, and local immune response modulators
(TNF-α) in the treatment of infectious diseases.

5. Conclusions

The new Schiff base exhibited antibacterial effects on both
Gram-positive and Gram-negative bacteria, as well as anti-
fungal activity against Candida albicans. The results of the
present study show that the new SB plays a role in the proox-
idant/antioxidant equilibrium. In the tested dose, SB does not
change endothelial cell morphology, has an antioxidant
effect, as demonstrated by the DPPH test, decreased lipid
peroxidation (MDA), and decreased the inducible NOS2
level. Therefore, it can be considered a potential candidate
with promising antioxidant properties that may be used as
an adjuvant therapy in diseases caused by excessive free rad-
ical production. The decrease in COX2 and NOS2 levels also
might suggest an anti-inflammatory action. A possible mech-
anism for the antibacterial activity on Gram-negative bacilli
could include the decrease of the bacterial NOS level and
the formation of complexes with metals located in the active
center of certain bacterial enzymes. Also, the SBmight poten-
tially act as an antifungal agent, through ROS production in
fungal biofilm cells. Its clarification requires further studies.

Data Availability

The data used to support the findings of this study are
included within the article.
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Figure 5: Images of HUVECs treated with medium (control), glucose (G), Schiff base (SB), and combination treatment (SB+G), stained with
phalloidin-FITC; the same microscopic field is presented as phase contrast images (a) and fluorescence images (b) for comparison (pictures
taken through an Olympus BX inverted microscope, original magnification 20x).
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Bovine herpesvirus type 1 (BoHV-1) is a significant cofactor for bovine respiratory disease complex (BRDC), the most important
inflammatory disease in cattle. BoHV-1 infection in cell cultures induces overproduction of pathogenic reactive oxygen species
(ROS) and the depletion of nuclear factor erythroid 2 p45-related factor 2 (Nrf2), a master transcriptional factor regulating a
panel of antioxidant and cellular defense genes in response to oxidative stress. In this study, we reported that the virus
productive infection in MDBK cells at the later stage significantly decreased the expression levels of heme oxygenase-1 (HO-1)
and NAD(P)H quinone oxidoreductase-1 (NQO1) proteins, the canonical downstream targets regulated by Nrf2, inhibited Nrf2
acetylation, reduced the accumulation of Nrf2 proteins in the nucleus, and relocalized nuclear Nrf2 proteins to form dot-like
staining patterns in confocal microscope assay. The differential expression of Kelch-like ECH associated protein 1 (KEAP1) and
DJ-1 proteins as well as the decreased association between KEAP1 and DJ-1 promoted Nrf2 degradation through the ubiquitin
proteasome pathway. These data indicated that the BoHV-1 infection may significantly suppress the Nrf2 signaling pathway.
Moreover, we found that there was an association between Nrf2 and LaminA/C, H3K9ac, and H3K18ac, and the binding ratios
were altered following the virus infection. Taken together, for the first time, we provided evidence showing that BoHV-1
infection inhibited the Nrf2 signaling pathway by complicated mechanisms including promoting Nrf2 degradation,
relocalization of nuclear Nrf2, and inhibition of Nrf2 acetylation.

1. Introduction

Bovine herpesvirus type 1 (BoHV-1) belongs to the family
Herpesviridae and the subfamily Alphaherpesvirinae. As an
important pathogen for cattle of all ages and breeds, the virus
infection causes diverse clinical symptoms, such as inflam-
mation in the upper respiratory tract and reproductive
system [1]. The erosion of mucosal surfaces and disruption
of immune protection attributed to the virus infection may
lead to a secondary infection, which consequently leads to a
disease known as bovine respiratory disease complex
(BRDC), the most important disease in cattle [2, 3].
Therefore, BoHV-1 is regarded as a critical cofactor for

BRDC development. The virus infection as well as the
virus-induced BRDC causes great economic loss to the cattle
industry worldwide [3].

Under physiological conditions, the production of reac-
tive oxidative species (ROS) [4], such as hydrogen peroxide
(H2O2), peroxynitrite (OONO−), and hydroxyl radicals
(OH⋅), is tightly controlled by both intracellular enzymatic
and nonenzymatic antioxidants responsible for ROS neutral-
ization and removal. Therefore, ROS are generated and
maintained at relatively low levels and act as second messen-
gers to regulate diverse biological processes, such as gene
expression, cell proliferation, and differentiation [5–8]. How-
ever, the overproduction of ROS induced by various factors,

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2019, Article ID 4957878, 14 pages
https://doi.org/10.1155/2019/4957878

https://orcid.org/0000-0002-9579-2252
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/4957878


including virus infection, can result in pathogenic oxidative
stress [9, 10]. Accumulating studies have indicated that
excessive ROS play important roles in the pathogenesis of
inflammatory diseases. For example, ROS contribute to virus
replication and the activation of inflammatory cytokines
during the infection of both influenza virus and HSV-1
[6, 7, 11, 12]; thereby, the inhibition of ROS production
is regarded as a potential therapeutic approach against virus
infection [13]. The overproduction of ROS in BoHV-1-
infected cells has been demonstrated to enhance viral
replication, mitochondrial dysfunction, and DNA damage
[4, 14, 15]. It is well established that the redox-sensitive tran-
scription factor, NF-E2-related factor 2 (Nrf2), and Nrf2 anti-
oxidant response pathways provide the primary cellular
defenses against the oxidative stress [16, 17].We have recently
reported that BoHV-1 infection inMDBK cells inhibited Nrf2
expression [18].

Under normal conditions, Nrf2 is constitutively
expressed and remains inactive in the cytosol by binding to
its inhibitor protein Kelch-like ECH-associated protein 1
(KEAP1) to form a complex, which promotes the degrada-
tion of Nrf2 via the ubiquitin proteasome pathway [19]. In
response to oxidative or electrophilic stress, Nrf2 is released
from the KEAP1 complex and translocates to the nucleus,
where it forms a heterodimer with small Maf (musculoapo-
neurotic fibrosarcoma) (sMaf) protein and binds to the
DNA at the site of the antioxidant response element (ARE)
[20, 21]. ARE sequences are conserved regions in the pro-
motors of antioxidant and detoxifying genes, such as heme
oxygenase-1 (HO-1), NAD(P)H quinone oxidoreductase-1
(NQO1), glutamate cysteine ligase catalytic and regulatory
subunits (GCLC and GCLM), glutathione S-transferase
(GST), uridine diphosphate glucuronosyltransferase (UDPGT),
superoxide dismutase (SOD), catalase (CAT), glucose 6 phos-
phate dehydrogenase (G6PD), and glutathione peroxidase-1
(GPx) [22–24]. Recently, multiple studies have shown that
the Nrf2 signaling pathway can either be stimulated or be
inactivated by diverse viruses, contributing to viral pathogen-
esis and disease progression [23, 25]. For example, Nrf2 sig-
naling is stimulated by the infection of influenza virus, but is
suppressed during RSV infection, and the Nrf2-deficient
mice exhibit much stronger inflammatory responses follow-
ing either virus infection [26–29]. It is evident that intact
Nrf2 signaling is essential for protecting a host against virus
infection, and the dysfunction of Nrf2 signaling is potentially
involved in viral pathogenesis.

Though we have recently demonstrated that BoHV-1
infection destabilized Nrf2 protein expression [18], the
status of Nrf2-regulated antioxidant signaling and the
mechanisms underlying Nrf2 depletion in the virus-
infected cells have yet to be determined. Here, for the first
time, we demonstrated that the virus infection suppressed
the Nrf2 signaling pathway through multiple approaches,
including inhibiting of the Nrf2 accumulation in the
nucleus, inducing the relocalization of nucleus Nrf2 to
form dot-like structures and the deacetylation of nucleus
Nrf2, and manipulating the DJ-1/KEAP1 complex to
promote the degradation of Nrf2 via the ubiquitin protea-
some pathway.

2. Materials and Methods

2.1. Cells and Virus. MDBK cells were cultured in DMEM
(Gibco BRL) containing 10% horse serum (HyClone Labora-
tories, Logan, UT, USA). BoHV-1 (Colorado1 stain) was
propagated in MDBK cells. Aliquots of the virus stocks were
tittered in MDBK cells and stored at −80°C.

2.2. Antibodies and Chemicals. The following chemicals were
used in this study: tert-Butyl hydroperoxide solution (tBHP)
(Sigma, cat# 458139), MG132 (Sigma, cat# 474791-1), and
Trolox (MedChemExpress, cat# HY-101445). The following
antibodies were used in this study: Nrf2 rabbit polyclonal
antibody (Abcam, cat# ab137550), LaminA/C mouse mono-
clonal antibody (Santa Cruz Biotechnology, cat# sc-376248),
phospho-(Ser/Thr) Phe rabbit polyclonal antibody (Cell Sig-
naling Technology, cat# 9631), HO-1 mouse monoclonal
antibody (Enzo Life Sciences, cat# ADI-OSA-110-D),
NQO1 rabbit polyclonal antibody (ABclonal, cat# A0047),
DJ-1 (ABclonal, cat# A0201), KEAP1 (D6B12) rabbit mono-
clonal antibody (Cell Signaling Technology, cat# 8047),
acetyl-Histone H3 (Lys9) rabbit monoclonal antibody (Cell
Signaling Technology, cat# 9649), acetyl-Histone H3
(Lys18) rabbit monoclonal antibody (Cell Signaling Technol-
ogy, cat# 13998), ubiquitin mouse monoclonal antibody (Cell
Signaling Technology, cat# 3936), pan acetyl Lysine rabbit
polyclonal antibody (ABclonal, cat# A2391), β-actin rabbit
monoclonal antibody (Cell Signaling Technology, cat#
4970), Mouse Control IgG (ABclonal, cat# AC011), rabbit
control IgG (ABclonal, cat# AC005), BoHV-1 VP16 rabbit
polyclonal antibody (kindly provided by Prof. Vikram Misra
at the University of Saskatchewan [30]), HRP- (horseradish
peroxidase-) conjugated goat anti-mouse IgG (Cell Signaling
Technology, cat# 7076), and goat anti-rabbit IgG (Cell Sig-
naling Technology, cat# 7074).

2.3. Western Blot Analysis. MDBK cells were seeded into
60mm dishes and cultured overnight and subsequently were
infected with BoHV-1 (MOI = 0:1) for 4, 8, 16, 24, 36, and
48 hours. Cell lysates were prepared using lysis buffer (1%
Triton X-100, 50mM sodium chloride, 1mM EDTA,
1mM EGTA, 20mM sodium fluoride, 20mM sodium pyro-
phosphate, 1mM phenylmethylsulfonyl fluoride, 0.5 g/mL
leupeptin, 1mM benzamidine, and 1mM sodium orthova-
nadate in 20mM Tris-HCl, pH8.0). After centrifugation at
13,000 rpm for 10min at 4°C, the clarified supernatants were
collected and boiled together with Laemmli sample buffer
for 10min, and the samples were then separated on 8% or
10% SDS-PAGE and proteins were transferred onto PVDF
membranes (Bio-Rad, cat# 1620177). After blocking with
5% nonfat milk in PBS (pH, 6.8) for 1 hour (h) at room
temperature, the membranes were incubated with primary
antibodies diluted in 5% bovine serum albumin in PBS
(pH, 6.8), overnight at 4°C. All the primary antibodies were
diluted 1 : 1000 for Western blots unless indicated specifi-
cally. After extensive washing with PBST (0.1% Tween 20
in PBS, pH6.8), the membranes were incubated with
secondary antibodies (1 : 1000) of either anti-rabbit or
anti-mouse for 1 hour at room temperature. After extensive
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washing with PBST, the protein bands were developed using
Clarity Western ECL Substrate (Bio-Rad, cat# 1705061). The
band intensity was analyzed using software ImageJ.

To analyze the effects of chemicals on the expression of
indicated proteins, MDBK cells in 60mm dishes were pre-
treated with either solvent DMSO or the individual chemicals
at indicated concentrations for 1 h; then the cells were
infected with the virus (MOI = 0:1) for 24 h in the presence
of the chemicals or DMSO solvent. The cell lysates prepared
using the lysis buffer as described above were subjected to
Western blot analysis.

2.4. Immunoprecipitation (IP) Assay. MDBK cells grown in
60mm dishes were mock infected or infected with BoHV-1
(MOI = 0:1). At 24 h after infection, cells were lysed with
600 μL of RIPA buffer (1x PBS, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with aforementioned
protease inhibitors. The cell lysates were then clarified by
centrifugation at 13,000 rpm for 10 minutes and incubated
with Dynabeads protein A (Life Technologies, cat#
10001D), which have been precoated with primary antibod-
ies by incubation for 1 h at room temperature with rotation.
After overnight incubation at 4°C with rotation, the beads
were collected with the help of a magnet (DynaMag™) (Life
Technologies, cat# 12321D). After three washings with PBS
(pH6.8), the beads were boiled in SDS-loading buffer and
Western blots were performed using the indicated
antibodies.

2.5. Immunofluorescence Assay (IFA). MDBK cells seeded
into 2-well chamber slides (Nunc Inc., IL, USA) were mock
infected or infected with BoHV-1 (MOI = 0:1) for 24 h. Cells
were fixed with 4% paraformaldehyde prepared in PBS
(pH7.4) for 10min at room temperature, permeabilized with
0.25% Triton X-100 in PBS (pH7.4) for 10min at room tem-
perature, and blocked with 1% BSA in PBST (PBS+ 0.1%
Tween 20) for 1 h followed by the incubation with the anti-
body against Nrf2 (1 : 500 dilution) and/or LaminA/C
(1 : 500) in 1% BSA in PBST for 12 h at 4°C. After three wash-
ings, the cells were incubated with Alexa Fluor 488®-
conjugated goat anti-rabbit IgG (H+L) (Invitrogen, cat# A-
11008, 1 : 500 dilution) and/or Alexa Fluor 633®-conjugated
goat anti-mouse IgG (H+L) (Invitrogen, cat# A-21052,
1 : 500 dilution) for 1 h in the dark. After three washings,
DAPI (4′,6-diamidino-2-phenylindole) staining was per-
formed to visualize nuclei. Slides were covered with cover-
slips by using of antifade mounting medium (Electron
Microscopy Sciences, cat# 50-247-04). Images were captured
by using a confocal microscope (Leica).

2.6. Relative Quantification of mRNA by qRT-PCR. Total
RNA was extracted from infected cells or uninfected control
cells using a TRIzol LS reagent (Ambion, cat# 10296010) fol-
lowing the manufacturer’s instructions. Freshly prepared
total RNA (1 μg) was used as a template for the synthesis of
first-strand cDNA with commercial random hexamer
primers using Thermoscript™ RT-PCR system Kit (Invitro-
gen, cat# 11146-024) following the manufacturer’s instruc-
tions. The cDNA products were then used as templates for

real-time quantitative PCR to measure mRNA levels of indi-
cated genes with gene-specific primers. For these studies, we
analyzed HO-1 (forward primer: 5′-CAGAAGATGTAGCC
AGAGCA-3′ and reverse primer: 5′-CATAGGGCAAG
CGGTCA-3′) [31], NQO1 (forward primer: 5′-TGTATG
CCATGAACTTCAATCC-3′ and reverse primer: 5′-AGTC
TCGGCAGGATACTGAAAG-3′) [31], Nrf2 (forward
primer: 5′-TCCAGGCGGATTCTTTACCA-3′ and reverse
primer: 5′-TGACGCACCTCCCATTTCTC-3′) [32], and
GAPDH (forward primer: 5′-CCATGGAGAAGGCTGG
GG-3′ and reverse primer: 5′-AAGTTGTCATGGATGA
CC-3′) [25].

Analysis of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA was used as an internal control. Real-
time PCR was carried out using the ABI 7500 fast real-time
system (Applied Biosystems, CA). The expression levels of
the tested genes were normalized to that of the GAPDH gene.
The relative mRNA level of each gene was calculated using
the method (2-ΔΔCT) by a comparison to the control.

3. Results

3.1. BoHV-1 Infection Suppressed Nrf2 Signaling. We have
recently reported that the steady-state protein levels of Nrf2
are significantly reduced during BoHV-1 productive infec-
tion at the later stage [18]; however, whether the Nrf2 signal-
ing pathway is consequently inhibited remains unknown. In
order to evaluate the activity of Nrf2 signaling, we first
detected the protein levels of HO-1 and NQO1, the canonical
downstream targets regulated by Nrf2 signaling. Our data
indicated that the virus infection altered the protein expres-
sion of Nrf2, HO-1, and NQO1 with diverse kinetics prior
to 16h after infection (Figures 1(a), 1(c), 1(d), and 1(f)).
But from 24 to 48 hours post infection (hpi), the protein
levels of all three molecules were consistently reduced
(Figures 1(a) and 1(c)–1(f)). Particularly at 36 and 48 hpi,
HO-1 protein expression was reduced to a level barely detect-
able. Quantitative analysis indicated that at 24 hpi the expres-
sion levels of Nrf2, HO-1, and NQO1 proteins were reduced
to 23.2%, 19.3%, and 39.2% relative to the control, respec-
tively (Figure 1(f)). To validate the correlation between virus
infection and these varied protein expressions, we performed
cell proliferation assay following virus infection and detected
the protein expression of viral protein VP16. As shown in
Figure 1(b), the cell proliferation was significantly inhibited
from 16 hpi and gradually decreased until 48 hpi, which cor-
related with the positive detection of viral protein VP16 from
16 to 48 hpi (Figures 1(a) and 1(e)). Therefore, the virus-
productive infection kinetics supported the finding that the
virus infection modulated the protein expression of Nrf2,
HO-1, and NQO1. In addition, we found that at 24 hpi, but
not at 16 hpi, the mRNA levels of Nrf2 and NQO1 were con-
sistent with those at the protein level (Figures 1(f) and 1(g)).
Since HO-1 and NQO1 proteins are widely used indicators of
Nrf2 activity, these data suggest that BoHV-1 infection at a
later stage suppresses the Nrf2 signaling pathway.

Mechanistically, the Nrf2 signaling can be affected by
either a ROS-dependent or ROS-independent pathway
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Figure 1: The effects of BoHV-1 infection on the expression of Nrf2-regulated downstream targets. (a, c, d, and e) MDBK cells in 60mm
dishes were mock infected or infected with BoHV-1 at an MOI of 0.1 for 4, 8, 16, 24, 36, and 48 h. The cell lysates were then prepared for
Western blots to detect the expression of Nrf2, HO-1, NQO1, and VP16 using the Nrf2 antibody (Abcam, cat# ab137550, 1 : 500), HO-1
monoclonal antibody (mouse) (Enzo Life Sciences, cat# ADI-OSA-110-D, 1 : 1000), NQO1 polyclonal antibody (ABclonal, cat# A0047,
1 : 1000), and VP16 antibody (a gift from Prof. Vikram Misra at the University of Saskatchewan, 1 : 2000). (b) MDBK cells were seeded
into 24-well plates. After overnight incubation, the cells were infected with BoHV-1 at an MOI of 0.1. After infection for 4, 8, 16, 24, 36,
and 48 h, the cells were collected and cell numbers were counted using a Trypan-blue exclusion test. Data shown are representative of
three independent experiments. (f) The band intensity was analyzed with software ImageJ. Each analysis was compared with that of
uninfected control at each time point, which was arbitrarily set as 100%. These images are representative of those from three independent
experiments. (g) Total RNA was prepared at 16 and 24 hpi in MDBK cells, and the mRNA levels of Nrf2, HO-1, and NQO1 were
measured by qRT-PCR. Each analysis was compared with that of uninfected control, which was arbitrarily set as 100%. Data represent
three independent experiments. The significance was assessed with Student’s t-test (∗P < 0:05).
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[33, 34]. Trolox, a chemical having strong capacity to neu-
tralize intracellular ROS with minor off-target effects, has
been widely used to study the interaction between ROS
and Nrf2 signaling; e.g., it has been reported that Trolox
contributes to Nrf2-mediated protection from injury by
cigarette smoke in human and murine primary alveolar
cells [35]. As expected, Trolox at a concentration of 1
and 2mM showed no cytotoxicity to MDBK cells, but sig-
nificantly reduced the virus production in a dose-
dependent manner (Figures 2(i) and 2(j)). The treatment
of virus-infected cells with 1mM Trolox could partially
restore Nrf2 depletion induced by virus infection albeit
not to the initial level (Figures 2(a) and 2(d)). However,
the Trolox treatment could not partially restore the deple-
tion of either HO-1 or NQO1 protein at 24 hpi
(Figures 2(b)–2(d)). We concluded that ROS may play a
minor role in regulating Nrf2 signaling transduction dur-
ing virus infection.

To confirm that the Trolox used in this study functioned
properly, the effect of hydrogen peroxide (tBHP) on the acti-
vation of Nrf2 in the presence/absence of Trolox was exam-
ined. We found that either tBHP or Trolox along could
stimulate the expression of both Nrf2 and HO-1 proteins,
and the stimulatory effects of tBHP were further boosted by
Trolox. However, neither of them had effects on the NQO1
protein expression in MDBK cells (Figures 2(e)–2(h)). These
data confirmed that Trolox used in this study functioned as
predicted, which validated its effects on the Nrf2 expression
during virus infection.

3.2. BoHV-1 Infection Stimulated Nrf2 Degradation through
the Ubiquitin Proteasome Pathway. It has been reported that
the degradation of Nrf2 protein through the ubiquitin pro-
teasome pathway is regulated by either KEAP1-dependent
or KEAP1-independent mechanisms [36]. To confirm that
the ubiquitin proteasome pathway was involved in Nrf2 deg-
radation in the virus-infected MDBK cells, the cells were
exposed to proteasome inhibitor MG132 throughout viral
infection as described previously [37]. We have reported that
MG132 at a concentration of 1 μM had no cytotoxicity to
MDBK cells [37]. The treatment of MG132 (1μM) partially
restored the Nrf2 depletion induced by the virus infection,
and its protein level was increased to ~3.5-fold relative to
the mock-treated infected control (Figures 3(a) and 3(b)),
indicating that the ubiquitin proteasome pathway was poten-
tially involved in the Nrf2 depletion in virus-infected cells. To
provide direct evidence that Nrf2 was ubiquitinated, the
lysates of either virus-infected or mock-infected cells were
subjected to immunoprecipitation (IP) assay using the anti-
body against Nrf2; subsequently, the extents of ubiquitina-
tion of the Nrf2 protein were detected by immunoblots
using the antibody against ubiquitin. To accurately deter-
mine the identity of the Nrf2 bands, both IP samples and
whole cell extract (WCE) were loaded in the same gel spaced
by a lane loaded by a protein ladder marker. The membrane
was cut into two pieces along with the protein marker, and
both ubiquitin and Nrf2 were incubated with an individual
primary antibody, respectively. They were finally combined
together and developed at the same time in parallel. So the

bands with molecular weights showing the same size as that
in Nrf2 were regarded as the ubiquitinated Nrf2. As expected,
the high levels of ubiquitin were detected in virus infected cell
cultures (Figure 3(c)), which further confirmed that virus
infection enhanced the ubiquitination levels of Nrf2. Collec-
tively, these results suggested that the ubiquitin proteasome
pathway was involved in the degradation of Nrf2 following
virus infection.

KEAP1 is known to mediate the degradation of Nrf2 pro-
tein through the ubiquitin proteasome pathway. We then
examined the effects of virus infection had on the expression
of KEAP1 in MDBK cells. As shown in Figures 3(d) and 3(f),
the protein levels of KEAP1 were consistently increased from
8 to 24hpi. Particularly, it was increased approximately 4-
fold at 24 hpi compared to the control. So the increased
expression of KEAP1 protein may potentially contribute to
Nrf2 degradation through the ubiquitin proteasome
pathway.

DJ-1 can stabilize Nrf2 expression through preventing
protein association between Nrf2 and KEAP1 [38, 39]. Our
study demonstrated that the expression of DJ-1 protein was
significantly reduced at 24hpi (Figures 3(e) and 3(f)). More-
over, we found that virus infection destabilized the protein
association between DJ-1 and KEAP1 (Figures 3(i) and
3(j)), which further supported the findings that virus infec-
tion promoted the ubiquitination of Nrf2 (Figure 3(c)). In
addition, specific binding to DJ-1 by the antibody used in
IP was confirmed (Figure 3(k)). It is reasonable to speculate
that the reduced expression levels of DJ-1 protein result in
the release of more KEAP1 from the KEAP1-DJ-1 complex,
which consequently sequesters more cytosol Nrf2 and ulti-
mately promotes Nrf2 degradation through the ubiquitin
proteasome pathway. Taken together, these data implied that
BoHV-1 infection promoted Nrf2 degradation partially
through the regulation of the KEAP1 and DJ-1 complex.

In addition, the accumulation of DJ-1 protein in the
nucleus was also inhibited at 24 hpi (Figure 3(g)). Quantita-
tive analysis indicated that the protein levels of DJ-1 in the
nucleus were decreased to ~12.15% in the virus-infected cells
(at 24 hpi) relative to the mock-infected control
(Figure 3(h)). It has been previously reported that nuclear
translocation of DJ-1 protects neurons from cell death after
oxidative stress [40]. Therefore, we speculated that the
reduced accumulation of DJ-1 protein in the nucleus follow-
ing virus infection is a potential pathogenic effect of the virus
infection.

3.3. Virus Infection Relocalized Nuclear Nrf2 and Inhibited
the Accumulation of Nrf2 Protein in the Nucleus. To under-
stand whether BoHV-1 infection influences the subcellular
localization of Nrf2, an immunofluorescence assay (IFA)
was performed at 24 hpi. Interestingly, in mock-infected
MDBK cells, Nrf2 was predominantly detected in the nucleus
but not in the cytosol (Figure 4(a)). Similarly, in the virus-
infected cells, Nrf2 was mainly present in the nucleus rather
than in the cytosol, either (Figure 4(b)). These findings were
not in line with the canonical model that Nrf2 is mainly inac-
tivated and sequestered by KEAP1 in the cytosol, in
unstressed conditions, and once stimulated, it is translocated
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into the nucleus [36]. Of note, the virus infection destabilized
Nrf2 protein steady-state expression (Figure 1(a)), so in the
confocal microscopy, longer exposure time was required to
detect the presence of Nrf2 protein in the virus-infected cells
relative to that in the uninfected control; thus, one cannot
compare Nrf2 levels between these IFA images. Our results
suggested that in MDBK cells Nrf2 was mainly located in
the nucleus. To examine whether Nrf2 protein inMDBK cells
is active prior to viral infection, the cells were treated with
Trolox; both cytoplasmic and nuclear proteins were extracted
for the detection of Nrf2 proteins. As shown in Figure 5(c),
the expressions of Nrf2 protein from both cytosol and
nuclear fractions were significantly increased in comparison
to those in the mock-treated controls (Figure 5(c)), suggest-

ing that Nrf2 was readily activated by Trolox in cell culture.
Thus, these data indicated that MDBK cells used in this study
were not in an activated status, which validated our novel
findings that Nrf2 was mainly distributed in the nucleus
rather than in the cytosol in either mock or infection
contexts.

Interestingly, immunofluorescence revealed a dot-like
staining pattern for nuclear Nrf2 in the virus-infected cells
(Figures 4(b) and 4(c)). Following viral infection, approxi-
mately 74.5% of the cells exhibited a dot-like staining pattern
in the nucleus while in mock infection control only ~4.1% of
the cells show faint dot-like staining (Figure 4(d)), suggesting
that virus infection led to the relocalization of Nrf2 in the
nucleus.
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Figure 2: The effects of Trolox on the expression of Nrf2 and its downstream targets. (a, b, and c) MDBK cells in 60mm dishes pretreated
with Trolox (1mM) or DMSO control for 1 h were infected with BoHV-1 (MOI = 0:1); in the presence of Trolox or DMSO control for 24 h,
the cell lysates were prepared for Western blots to detect the expression of Nrf2 (a), HO-1 (b), and NQO1 (c). (e, f, and g) MDBK cells in
60mm dishes pretreated with Trolox (1mM) or DMSO control for 1 h were exposed to tBHP in the presence of Trolox or DMSO control
for 2 h; the cell lysates were prepared for Western blots to detect the expression of Nrf2 (e), HO-1 (f), and NQO1 (g). (d and h) The
relative band intensity was analyzed with software ImageJ, and each analysis was compared with that of uninfected control at each time
point, which was arbitrarily set as 100%. Data shown are representative of three independent experiments. (i) MDBK cells in 24-well
plates pretreated with Trolox at indicated concentrations or MDSO control were infected with BoHV-1 (MOI = 0:1) for 24 hours in the
presence of an inhibitor or DMSO. The cell cultures were subjected to frozen-thawing twice, and viral yield was determined with the
results being expressed as TCID50/mL. (j) The cytotoxicity of Trolox in MDBK cells for 24 h was analyzed by Trypan-blue exclusion. The
significance was assessed with Student’s t-test (∗P < 0:05).
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Nuclear translocation of Nrf2 protein is essential for sub-
sequent transactivation of its downstream target genes.
Therefore, the accumulation of Nrf2 in the nucleus is a
canonical indicator of Nrf2 activation. To test whether
BoHV-1 productive infection altered Nrf2 nuclear accumula-

tion, MDBK cells were mock infected or infected for 24 h;
nuclear proteins were purified by using a commercial kit.
As a result, there was a significant decrease of the nuclear
Nrf2 protein level in the virus-infected cells, relative to that
in mock-infected control (Figure 5(a)). A further study
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Figure 3: BoHV-1 infection promoted Nrf2 depletion through a proteasome pathway. (a, c, and i) MDBK cells in 60mm dishes were infected
with BoHV-1 at an MOI of 0.1 in the presence of MG132 (1 μM) or DMSO control. After infection for 24 h, the cell lysates were prepared for
Western blotting to detect the expression of Nrf2 (a) or were prepared for IP using antibodies against Nrf2 (c), DJ-1 (d), and unrelated IgG (k).
The IP samples were subjected to immunoblots using antibodies against ubiquitin (Cell Signaling Technology, cat# 3936, 1 : 1000) and Nrf2
(Abcam, cat# ab137550, 1 : 500), respectively. (d and e) MDBK cells in 60mm dishes were mock infected or infected with BoHV-1 (MOI = 0:1
) for an indicated time length. The cell lysates were then prepared for Western blots to detect the expression of KEAP1 and DJ-1 using
antibodies against KEAP1 mAb (Cell Signaling Technology, cat# 8047, 1 : 1000) and DJ-1 (ABclonal, cat# A0201, 1 : 1000), respectively.
Data shown are representative of three independent experiments. (f, h, and j) The band intensity was analyzed with software ImageJ. Each
analysis was compared with that of control, which was arbitrarily set as 100%. These images are representative of those from three
independent experiments. The significance was assessed with Student’s t-test (∗P < 0:05). (g) MDBK cells in 60mm dishes were mock
infected or infected with BoHV-1 (MOI = 0:1) for 24 hpi. Then, the nuclear proteins were prepared using a commercial kit, and the levels
of protein DJ-1 were detected by immunoblots. Data shown are representative of three independent experiments. WCE: whole cell extract.
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confirmed that the nucleus protein extraction was not con-
taminated by cytosol protein (Figure 5(b)), which validated
the finding that the virus infection inhibited the accumula-
tion of Nrf2 protein in the nucleus.

3.4. BoHV-1 Infection Inhibited the Acetylation of Nuclear
Nrf2 Protein. Posttranslational modification, such as by
acetylation and phosphorylation, is known to regulate Nrf2
transcriptional activity [41, 42]. It has been documented that
the phosphorylation and acetylation of Nrf2 are critical for
the nuclear translocation and transcriptional activation
[43, 44]. Therefore, the effects of virus infection on the
phosphorylation and acetylation of Nrf2 were further inves-
tigated. For this purpose, Nrf2 was precipitated from either
nuclear protein extract or whole cell extract, and the levels
of either phosphorylated or acetylated Nrf2 protein were
detected by Western blot using antibodies against phos-
pho-(Ser/Thr) Phe and acetyl Lysine, respectively. As
shown in Figures 6(a) and 6(b), the expression levels of

phosphorylated Nrf2 from either whole cell or nuclear
extract were increased upon virus infection. Compared to
the mock-infected control, the level of phosphorylated
Nrf2 protein from whole cell and nuclear extract was
increased to 136.1% and 223.7% at 24 hpi, respectively
(Figures 6(a) and 6(b)). Therefore, the virus infection
enhanced the phosphorylation of Nrf2 proteins, particularly
of those located in the nucleus.

Virus infection at 24 hpi significantly decreased the acet-
ylation levels of the nucleus Nrf2 protein, which was reduced
to ~60.7% relative to that in the mock-infected control
(Figure 6(c)), which is in consistent with our findings that
virus infection inhibited the accumulation of Nrf2 in the
nucleus (Figure 5), and depressed the expression of HO-1
and NQO1 (Figures 1(c), 1(d), and 1(f)). Interestingly, the
acetylated Nrf2 from the whole cell extract was not readily
detected in either mock-infected or virus-infected cell cul-
tures (Figure 6(d)). We speculated that the acetylated Nrf2
protein mainly accumulates in the nucleus because the
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Figure 4: BoHV-1 infection altered the localization of nuclear Nrf2 protein. MDBK cells in 2-well chamber slides were mock infected (a) or
infected with BoHV-1 (MOI = 0:1) (b) for 24 hours. After three washings with PBS, cells were fixed with 4% formaldehyde, and Nrf2 was
detected by IFA using the Nrf2 antibody (1 : 500) and LaminA/C antibody (1 : 500). DAPI staining was used to stain nuclear DNA. Images
were obtained by performing confocal microscopy (Leica). These images are representative of three independent experiments. (c) Zoom-in
cells showing typical dot-like staining. (d) The percentage of dot-like staining-positive cells among ~400 cells was estimated from photos
derived from three independent experiments. Scale bar: 200 μM.
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acetylation of Nrf2 increases its transcriptional activity and
nucleus localization, whereas the deacetylation leads to
Nrf2 nuclear export [42]. Taken together, BoHV-1 infec-
tion inhibited Nrf2 acetylation, further supporting our
hypothesis that BoHV-1 infection inactivates the Nrf2
signaling pathway.

3.5. BoHV-1 Infection Altered the Association Ratio between
Nrf2 and LaminA/C. To better understand how the virus
infection relocalizes Nrf2, the antibody against LaminA/C
was used for specific staining of the nuclear membrane. We
found that nuclear Nrf2 proteins partially colocalized with
LaminA/C in the virus-infected cells (Figure 4(b)). We
speculated that Nrf2 was associated with LaminA/C. To
address this issue, nuclear proteins were extracted from
either mock-infected or virus-infected MDBK cells, which
were then subjected to IP assay using antibodies against

either Nrf2 or LaminA/C. As a result, when the antibody
against Nrf2 was used in the IP, much more LaminA/C
was precipitated in the virus-infected cells (Figure 7(a)).
While when IP was performed using the antibody against
LaminA/C, less Nrf2 was precipitated in the virus-infected
cells (Figure 7(b)). Based on these results, we assumed that
if the ratio between Nrf2 and LaminA/C was arbitrarily set
as 1 (Nrf2 : LaminA/C = 1) in the control, the ratio would
be less than 1 (Nrf2 : LaminA/C < 1) in the virus-infected
cells, suggesting that the virus infection reduced the asso-
ciation ratio between Nrf2 and LaminA/C. Unrelated IgG
was included to do IP, which confirmed that both anti-
bodies can be used for IP and validated that the target
proteins can be specifically precipitated (Figures 7(c) and
7(d)). This was an interesting finding which needs exten-
sive study to reveal the biological functions for this associ-
ation in the future.
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Figure 5: BoHV-1 infection altered the accumulation of Nrf2 in the nucleus. (a) MDBK cells in 60mm dishes were mock infected or infected
with BoHV-1 (MOI = 0:1) for 24 h, the cell cultures were collected for extracting nuclear proteins using commercial nuclear protein
purification kit (Beyotime Biotechnology, cat# P0027). Nrf2 was detected by Western blot using the antibody against Nrf2 (Abcam, cat#
ab137550). LaminA/C was detected and used as protein loading control. (b) Protein fractions of both the cytosol and nucleus were
subjected to Western blots using the antibody against β-tubulin. (c) MDBK cells in 60mm dishes were mock treated or treated with
Trolox (1mM) for 2 h; the cell lysates were collected for the purification of nuclear proteins and cytosol proteins using commercial
nuclear protein purification kit (Beyotime Biotechnology, cat# P0027). Nrf2 was detected by Western blot using the antibody against Nrf2
(Abcam, cat# ab137550). LaminA/C and β-tubulin were detected to characterize whether each fraction was contaminated. These images
are representative of three independent experiments.
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infected with BoHV-1 (MOI = 0:1) for 24 h; the cell cultures were collected to produce whole cell lysates (a and d) or to extract nuclear
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The LaminA/C antibody recognizes two bands with
molecular weights ranging from 65 to 70 kDa. In this study,
we found that this monoclonal antibody recognized three
bands which were denoted by A, B, and C in Figure 7(e),
when the samples from either mock treated or treated with
Trolox were applied for Western blots. However, when the
samples from the virus-infected cells were applied for West-
ern blots, band C disappeared, but the intensity of band A
increased, which was largely different from that in the con-
trol. This finding indicated that BoHV-1 infection altered
the LaminA/C expression pattern. Since LaminA/C is associ-
ated with Nrf2, it was reasonable to speculate that the altered
expression manners of LaminA/C would affect Nrf2 relocali-
zation in the nucleus.

3.6. BoHV-1 Infection Altered the Association Ratio between
Nrf2 and H3K9ac/H3K18ac. In eukaryotes, DNA is packaged
into a protein-DNA complex called chromatin. Histone H3,
an important component of chromatin, can regulate the
activity of chromatin through diverse epigenetic modifica-
tions, such as acetylation and phosphorylation. The acetyla-
tion of certain lysine (K) residues such as K9 and K18 in
histone H3 is an indicator of transcriptionally active chroma-
tin [45]. Whether histones, such as H3K9ac and H3K18ac,
are associated with Nrf2 is currently known. To further under-
stand how the virus infection relocalizes nuclear Nrf2, the asso-
ciation between Nrf2 and the acetylated H3 including H3K9ac
andH3K18ac was detected. For this purpose, IP was performed
using antibodies against Nrf2, H3K9ac, or H3K18ac, res-
pectively (Figures 8(a)–8(c)). Also, unrelated IgG was
included to confirm that these antibodies worked well for IP
and validate that the target proteins were precipitated specifi-
cally (Figures 8(d) and 8(e)). We demonstrated that Nrf2 stably

associated with both H3K9ac and H3K18ac in both mock-
infected and virus-infected MDBK cells (Figures 8(a)–8(c)).
When the antibody against Nrf2 was used to do IP, much
more H3K9ac and H3K18ac were precipitated in the virus-
infected cells (Figure 8(a)).When IP was performed using
antibodies against either H3K9ac or H3K18ac, less Nrf2
was precipitated in the virus-infected cells (Figure 8(b)).
Based on these results, we assumed that if the ratio between
Nrf2 and H3K9ac/H3K18ac was arbitrarily set as 1
(Nrf2 : H3K9ac/H3K18ac = 1) in the control, the ratio would
be less than 1 (Nrf2 : H3K9ac/H3K18ac < 1) in the virus-
infected cells, suggesting that the virus infection reduced the
association ratio between Nrf2 and H3K9ac/H3K18ac. Since
we have previously reported that the virus infection signifi-
cantly reduced the protein levels of both H3K9ac and
H3K18ac [37], the association between Nrf2 and H3K9ac/H3-
K18ac supported our findings that virus infection relocalized
nuclear Nrf2. It is highly possible that more Nrf2 protein was
relocalized to the transcriptionally active chromatin in the
virus-infected cells, which is a possible mechanism to overcome
adverse effects of Nrf2 depletion during virus infection.

4. Discussion

The transcriptional activator Nrf2 plays a vital role in main-
taining cellular homeostasis through regulating the expres-
sion of multiple antioxidant proteins, detoxification
enzymes, and xenobiotic transporters [46, 47]. Nrf2 also reg-
ulates multiple cellular processes including cell differentia-
tion, proliferation, and inflammation [36], which may be
closely related to virus pathogenesis. BoHV-1 infection sig-
nificantly reduces Nrf2 expression which is inconsistent with
the report that virus infection enhances ROS production in
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Figure 7: BoHV-1 affected the association between Nrf2 and LaminA/C. MDBK cells in 60mm dishes were mock infected or infected with
BoHV-1 for 24 h. Nucleus proteins were purified using commercial nuclear protein purification kit (Beyotime Biotechnology, cat# P0027). IP
was performed using antibodies against Nrf2 (a), LaminA/C (b), Nrf2 and unrelated IgG (c), and LaminA/C and IgG (d) (R: rabbit; M:
mouse). Then, Western blots were performed using corresponding antibodies. (e) MDBK cells in 60mm dishes were mock treated or
treated with Trolox (1mM) for 2 h. Nucleus proteins were purified using commercial nuclear protein purification kit (Beyotime
Biotechnology, cat# P0027), and LaminA/C was detected by Western blots.
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cell cultures [4, 15, 18]. Here, we raised questions of whether
and how the virus infection inhibits the Nrf2 signaling
pathway.

In this study, we provided evidence that (i) BoHV-1
infection (after 24 hpi) significantly reduced the expression
of HO-1 and NQO-1 (Figure 1), the known downstream pro-
teins regulated by Nrf2 signaling, (ii) virus infection signifi-
cantly reduced accumulation of Nrf2 in the nucleus
(Figure 5), (iii) virus infection induced the deacetylation of
nucleus Nrf2 (Figure 6), and (iv) virus infection led to reloca-
lization of nuclear Nrf2 and forming a dot-like structure
(Figure 4). These data unanimously suggested that BoHV-1
infection at a later stage led to the suppression of the Nrf2 sig-
naling pathway.

HO-1 and NQO-1 are known downstream proteins reg-
ulated by Nrf2 signaling. In this study, we found that the
treatment with Trolox could partially restore Nrf2 depletion
induced by virus infection albeit not to the initial level, but
it had no effects on the protein levels of either HO-1 or
NQO-1 (Figure 2). These data implied that the virus infec-
tion hijacked the Nrf2 signaling pathway and preferentially
controlled these Nrf2 downstream targets using Nrf2-
independent manners.

In a canonical theory, Nrf2 is sequestered in the cytosol
by forming a complex with KEAP1 which targets Nrf2 for
proteasome degradation. Once activated, the complex is des-
tructed, and therefore, Nrf2 is released and enters the nucleus
where it stimulates the expression of downstream target
genes. However, our data indicated that in MDBK cells either
with or without infection, Nrf2 protein was readily detected
in the nucleus rather than in the cytosol (Figures 4(a) and
4(b)). This is a novel finding which is in contrast to the
canonical model that Nrf2 translocates to the nucleus under
stimulation. We speculated that the cellular localization of
Nrf2 protein is cell-type specific.

Of note, nuclear Nrf2 was relocalized following virus
infection, forming dot-like structures identified by IFA
(Figure 4(b)). Interestingly, partial part of Nrf2 colocalized
with LaminA/C, and the association between LaminA/C
and Nrf2 was confirmed by IP assay using the antibody
against either Nrf2 or LaminA/C (Figure 7). Considering
that the virus infection altered the expression patterns of
LaminA/C and reduced the association ratio between
Nrf2 and LaminA/C (Figure 7), it is reasonable to specu-
late that these changes may affect relocalization of nuclear
Nrf2.
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Figure 8: BoHV-1 affected the association between Nrf2 and H3K9ac/H3K18ac. MDBK cells in 60mm dishes were mock infected or infected
for 24 h. The cell lysates were prepared to perform IP using antibodies against Nrf2 (a), H3K9ac (b), H3K18ac (c), H3K9ac and rabbit IgG (d),
and H3K18ac and rabbit IgG (e). The precipitated proteins were subjected toWestern blots using the following antibodies: Nrf2 (Abcam, cat#
ab137550, 1 : 1000), acetyl-Histone H3 (Lys9) rabbit mAb (Cell Signaling Technology, cat# 9649, 1 : 1000), and acetyl-Histone H3 (Lys18)
rabbit mAb (Cell Signaling Technology, cat# 13998, 1 : 1000). Data shown are representative of three independent experiments. The
significance was assessed with Student’s t-test (∗P < 0:05).
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By using ChIP assay, it has been revealed that both phos-
phorylated histone H3 at serine 10 (H3S10) and Nrf2 are
recruited to the promoter region of HO-1, and consequently,
they coordinately stimulate HO-1 transcription in response
to arsenite stimulation [48], suggesting a relationship
between H3S10 and Nrf2. Here, we provided evidence show-
ing that Nrf2 associated with activated histone H3 such as
H3K9ac and H3K18ac (Figure 8). Since H3K9ac and
H3K18ac are markers of transcriptional active chromatin, it
is highly possible that Nrf2 preferentially binds to transcrip-
tional active chromatin to overcome the adverse effects of
Nrf2 depletion following virus infection. In addition, the
virus infection reduced the association ratio between Nrf2
and H3K9ac/H3K18ac (Figure 8) and decreased the protein
levels of both H3K9ac and H3K18ac [37], which potentially
induce nuclear Nrf2 relocalization. This is an interesting
finding which needs further study to reveal the biological
effects of these associations.

Phosphorylation of Nrf2 by multiple kinases, such as
PKC [44], AMPK [49], and CK2 [43], is critical for nuclear
translocation and transcription activation. In this study, we
found that the total phosphorylation levels of nuclear Nrf2
protein were significantly increased following virus infec-
tion (Figure 6). Of note, in this study, the phospho-
(Ser/Thr) Phe antibody recognizing pan-phosphorylation
sites was applied; therefore, the data represented the total
phosphorylation status of Nrf2 proteins. The phosphoryla-
tion status in certain residues of Nrf2 such as Ser558 or ser-
ine 40 is critical for Nrf2 nuclear accumulation [49–51].
While the relationship between the total phosphorylation
status of Nrf2 and Nrf2 activity has not been reported,
our results provided a possibility that the increasing levels
of phosphorylated Nrf2 proteins are negatively related to
Nrf2 nuclear accumulation.

Diverse cellular factors, such as KEAP1 and DJ-1, may
potentially influence Nrf2 stabilization and activation. Nrf2
expression can be regulated with KEAP1-dependent and
KEAP1-independent mechanisms [36]. In this study, our
findings indicated that BoHV-1 infection promoted the pro-
teasome degradation of Nrf2 (Figure 2(a)) in line with the
increased expression of KEAP1 protein following the virus
infection (Figure 2(d)), suggesting that KEAP1 is potentially
involved in the virus infection-induced degradation of Nrf2.
DJ-1 may potentially stabilize Nrf2 expression through com-
petitively binding to KEAP1 protein [38, 52, 53]. It has been
reported that the activation of the DJ-1/Nrf2 pathway is
involved in the pathogenesis of diabetic nephropathy in rats
[54]. In this study, our findings indicated that BoHV-1 infec-
tion decreased DJ-1 expression, which may result in a
decreased capability of binding to Nrf2 through competing
with KEAP1. Immunoprecipitation using the antibody
against DJ-1 further confirmed that virus infection led to a
reduced capacity of binding to KEAP1. Therefore, virus
infection rendered DJ-1 loss capacity to protect Nrf2 degra-
dation which facilitated the degradation of Nrf2 through
the ubiquitin proteasome pathway mediated by KEAP1.

Taken together, in this study, we provided evidences
indicating that BoHV-1 infection led to an inactivation of
the Nrf2 signaling pathway through complicated mecha-

nisms such as by relocalization of nuclear Nrf2, deacetyla-
tion of nuclear Nrf2, and inhibition of Nrf2 nucleus
translocation, as well as by promoting Nrf2 degradation
through lost capacity of DJ-1. This study would extend
our understanding of the mechanism of the virus
infection-induced oxidative stress.
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Hepatitis B virus (HBV) infection is one of the major causes of liver diseases, which can lead to hepatocellular carcinoma. The role
of HBV envelope proteins is crucial in viral morphogenesis, infection, and propagation. Thus, blocking the pleiotropic functions of
these proteins especially the PreS1 and PreS2 domains of the large surface protein (LHBs) is a promising strategy for designing
efficient antivirals against HBV infection. Unfortunately, the structure of the LHBs protein has not been elucidated yet, and it
seems that any structure-based drug discovery is critically dependent on this. To find effective inhibitors of LHBs, we have
modeled and validated its three-dimensional structure and subsequently performed a virtual high-throughput screening against
the ZINC database using RASPD and ParDOCK tools. We have identified four compounds, ZINC11882026, ZINC19741044,
ZINC00653293, and ZINC15000762, showing appreciable binding affinity with the LHBs protein. The drug likeness was further
validated using ADME screening and toxicity analysis. Interestingly, three of the four compounds showed the formation of
hydrogen bonds with amino acid residues lying in the capsid binding region of the PreS1 domain of LHBs, suggesting the
possibility of inhibiting the viral assembly and maturation process. The identification of potential lead molecules will help to
discover more potent inhibitors with significant antiviral activities.

1. Introduction

Historically, one of the major human challenges has been to
fight against infectious diseases; viruses are one of the causa-
tive agents of these diseases. Hepatitis B virus (HBV) infects
480-520 million people globally; this means that 1 out of
every 12 people is affected, chronically [1]. Hepatitis B virus,
in fact, causes about 650,000 deaths annually around the
world. Sometimes, hepatitis leads to chronic liver disease
and its recurrence may lead to liver fibrosis. Thus, it is the

most usual cause of liver-related incidences and fatalities
worldwide [2]. HBV is a small enveloped hepatotropic virus
(~42 nm), having a partially double-stranded DNA genome
(~3.2 kb) where the negative strand includes 3020-3320 nucle-
otides and the positive strand has 1700-2800 nucleotides [3, 4].

The HBV genome consists of four open reading frames
(ORFs) encoding viral surface proteins (LHBs, MHBs, and
SHBs also referred to as L, M, and S, respectively), polymer-
ase (P), and core (C) and HBx (X) proteins. The LHBs has
389 amino acids (39 kDa) encoded by the PreS1, PreS2,
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and S domains. The MHBs antigen includes a polypeptide
encoded by PreS2 and S, whereas the SHBs contains the poly-
peptide encoded by the S domain only [5, 6]. Depending on
genotype, the PreS1 domain has 108, 118, or 119 amino acids,
the PreS2 domain has 55 amino acids, and the S domain con-
tains 226 amino acids, also known as hepatitis B virus surface
antigen (HBsAg) [7]. Thus, LHBs is divided into three main
domains: PreS1 (1-108), PreS2 (109-163), and S (164-389)
[7]. LHBs also contains four putative transmembrane (I-IV)
regions. According to previous reports, domains PreS1 and
PreS2 have a very critical role in the viral entry process [8].
It has been proven that the PreS1 domain is required for
HBV morphogenesis. Deletion of some amino acids between
aa 114 and 163 of the PreS2 domain did not impair the pro-
duction process of the virus [9]. Amino acids 2-78 of the
PreS1 domain of the LHBs protein is involved in the recogni-
tion of a hepatocyte receptor [10]. The first 77 residues of the
PreS1 domain are essential for HBV infectivity [11]. This
protein also has the highly conserved “a” determinant region
between aa 122 and 147 which remains involved in the bind-
ing of antibodies against HBsAg. A variety of mutations have
been reported within this region [12]. Therefore, this region
does not seem appropriate for drug designing.

Currently available targets for the anti-HBV therapeutic
approach is largely based on nucleos(t)ide analogues (NAs)
targeting polymerase. However, extensive usage of NAs is
gradually becoming less effective due to many reasons, the
most important is the emergence of resistant mutants and
their consequences [13–18]. Finding HBV entry inhibitors
and appropriate neutralizing antibodies are becoming the
prime focus of therapeutic intervention [19]. Hence, the
importance of identifying the structure of HBV proteins is
being felt more than ever. Moreover, investigating the under-
lying immune mechanisms and associated signaling path-
ways, for instance Toll-like receptors, is also an important
and growing concern these days. It is needless to say that tar-
geting any of the envelope proteins could lead to a potential
threat of a disproportionate accumulation of L, M, or S pro-
teins. The accumulation of the L protein (LHBs) coordinates
with tampering of the viral assembly process [20]. Its eventu-
ality coincides with the generation of oxidative stress within
the ER, consequently altering the downstream signaling
processes. Under oxidative stress, the misfolding of proteins
is a predominant phenomenon which is readily sensed by
mammalian cells through a signaling network referred to as
unfolded protein response (UPR). UPR is induced by factors
known to contribute to calcium homeostasis and protein gly-
cosylation and those related to physiological stresses like
hypoxia and glucose deprivation [21]. Altogether, they dis-
rupt the folding of proteins in ER, consequently triggering
the signaling network which involves transmembrane pro-
tein kinases, transmembrane transcription factors, and trans-
membrane proteases. The cumulative response culminates
into UPR activation [22]. The endoplasmic reticulum (ER)
serves multiple functions needed for the execution of normal
cellular function and cell survival. To name a few are Ca2+

storage, posttranslational modification, and the folding and
assembly of newly synthesized secretory proteins. In the hep-
atitis B virus life cycle, the ER is the venue of envelopment as

well as the maturation of viral particles [23, 24]. This cellular
response triggers precursor mechanisms responsible for both
survival and apoptosis [25]. Hence, both the advantages and
disadvantages associated with potent inhibitors of the viral
envelope protein, specially the LHBs, are naturally suspected.

Unfortunately, the 3D structure of the LHBs has not yet
been discovered, and the critical functions of this protein
are not fully determined. Thus, determining the structure of
the LHBs protein can be very significant for researchers to
clarify its function. In this study, we have tried to predict
the structure of the LHBs of HBV by using bioinformatics
instrument (computational methods) and accessible data-
bases. The definition of the 3D structure of the large surface
protein can be effective in controlling and preventing the
development of hepatitis disease and hepatocellular carci-
noma (HCC) and in exploring the better and comprehensive
biological mechanisms and related signaling pathways
involved in the HBV life cycle in liver cells. Sufficient knowl-
edge of this protein structure may provide beneficial targets
for designing some specific drugs for a better treatment of
HBV infection. At the end of the present study, we introduce
four optimized small molecules with less energy bonding and
low toxicity. This study may thus lead to the identification of
reliable candidate drugs for inhibiting HBV infection.

2. Materials and Methods

We have utilized modern computational methods to identify
potential inhibitors of LHBs. The scheme of work is illus-
trated in the form of a flow chart (Supplementary, Figure S1).

2.1. Target Structure Prediction. The amino acid sequence of
the LHBs of HBV (genotype D, subtype ayw) was retrieved
from UniProt (P03138). The retrieved sequence was used to
predict the secondary structure of LHBs by the PSIPRED tool
[26] which predicts the ratio of α-helices and β-sheets within
a protein from its sequence. This information is useful to
generate a better structure in a 3D model. The ProtParam
[27, 28] was used to identify the physicochemical character-
istics such as the aliphatic index and GRAVY value to deter-
mine the hydrophobic or hydrophilic nature of the protein,
which helps in estimating the chemical nature of the binding
pockets of the protein. Furthermore, the tertiary structure of
the protein was modeled by hybrid methods involving homol-
ogy, threading, and ab initio approaches via structure predic-
tion tools such as the RM2TS+ server [29] and I-TASSER
[30]. RM2TS+ is one among the state-of-the-art prediction
tools and derives its skeletal framework from the higher order
Ramachandran map. I-TASSER utilizes the knowledge of
structural templates from the PDB and generates models using
iterative template-based fragment assembly simulations.
These servers cover the exhaustive modeling algorithm in
order to yield a promising tertiarymodel for the LHBs protein.

The structures obtained from RM2TS+ and I-TASSER
were further analyzed for their quality check using the pro-
tein structure analysis and validation (ProtSAV) [31] and
RAMPAGE tools [32]. The ProtSAV server can assess the
quality of a predicted protein and can determine the correct-
ness of the predicted model by giving the score. RAMPAGE
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generates the Ramachandran plot which defines whether the
phi-psi value of each residue is in the allowed or disallowed
location [33]. Both tools helped in analyzing if the tertiary
predicted model of the LHBs protein is within the accept-
able limits of the structure. The best models obtained
based on the ProtSAV score and percentage allowed resi-
dues using ProtSAV and RAMPAGE, respectively, were
further optimized using Galaxy refine tool. After several
refinements, the 3D structure was minimized using AMBER
14 [34]. The protein was provided with a water environment
of 12Å TIP3P water model. After minimization, slow heating
for 20ps was run and the system was left in the NPT ensemble
for a 20ns run length to study its most favorable structural
conformations to yield a final model of the LHBs protein.

2.2. Binding Site Prediction. The identification of active sites
and experimental information about LHBs is essentially
important. In order to predict the active site of the refined
model, the AADS server [35] was used. AADS is a tool
to predict all the possible binding pockets within a protein
based on its tertiary structure with a 100% accuracy of
acquiring the real binding site within the top 10 identified
pockets. The final best-modeled protein obtained was sub-
mitted to the AADS server (http://www.scfbio-iitd.res.in/)
which then identified the best ten potential active sites.

2.3. Hit Identification. After the binding sites of the target
protein are predicted, the RASPD software [36] was used to
identify the best hits from a library of a million small mole-
cules obtained from ZINC database [37]. The protein was
screened against all of the best ten binding sites using
RASPD. The hit molecules were further optimized based on
the Lipinski parameters such as the number of the hydrogen
bond of acceptors and donors, Wiener index, volume for the
protein and functional groups, and the molar refractivity and
through proper ADMET profiles. The most interesting fea-
ture of RASPD is that it generates a set of hit molecules based
on the complementarities of the properties. The screening
was done against the million-molecule database which
resulted in more than 1000 hits per binding site, out of which
the top 50 hits for each site was taken for further analysis.

2.4. Molecular Docking. The screening is followed by all atom
energy-based Monte Carlo protein-hit molecule docking
using ParDOCK [38] for identifying the best candidates
which could be selected for empirical synthesis and testing.
The ParDOCK module of Sanjeevini is an automated server
for protein ligand docking (http://www.scfbio-iitd.res.in). It
considers the optimal position of ligands with the best config-
uration in binding sites of the target protein and classifies
them according to their interaction energies. Thus, the best
molecule is chosen based on the score of the binding energy
of candidates and it is considered as the best binder to the tar-
get. The threshold kept here was -11 kcal/Mol binding energy
values for the L protein-small molecule complexes.

2.5. Molecular Dynamic Simulations. From static, the ener-
getic perspectives in terms of dynamics were taken into
consideration by running 100ns long molecular dynamic
simulations mimicking the in vitro environment to increase

the reliability of these hits as potential inhibitors and to
understand their mode of interaction mechanisms. The com-
plexes were solvated in TIP3P [39] water box molecules of
12Å. The input for simulations was the best-docked protein
inhibitor generated via ParDOCK for each inhibitor. Ligand
and protein files were prepared using the AMBER 14 package
for performing MD. Parameter and topology files were gen-
erated using the “ff99SB” and “GAFF” force field, respectively
[40, 41]. The compounds were first subjected to 5000 steps of
minimization (2500SD+2500CG) to set the water box. A fur-
ther 5000 steps of hydrogen minimization (2500SD
+2500CG) were performed on the complex to relieve any ste-
ric clashes. Slow heating of the solvent to 300K over a period
of 20 ps was done. Equilibration for 300 ps was also per-
formed before letting the manufacture phase run for 100ns
with a time step of 2 femtoseconds under NPT conditions
with boundary situations. Simulations were investigated
through energy and density plots. The amount of pressure
and temperature was kept fixed, and hydrogen atoms were
finite by the SHAKE algorithm [42, 43]. The poses were writ-
ten after every 100 ps. Finally, analysis of the molecular
dynamic curves was carried out and PME summation [44]
was used for electrostatic calculations. All the results pre-
sented here were analyzed on the last 100 ns trajectory of
each system.

2.6. Toxicity Prediction. Pharmacokinetic properties and
percent human oral absorption values such as absorption,
distribution, metabolism, excretion, and the potential tox-
icity (ADMET) of the selected molecules were estimated
with the admetSAR database [45], SwissADME [46], and
Komputer-Assisted Technology (TOPKAT) software [47]
developed by Health Designs Inc. (Discovery Studio 2.5,
USA). These values provide an estimate for the drug likeness
of the candidate molecules and predict their bioavailability.

3. Results

3.1. Physicochemical Characteristics. To identify the physico-
chemical characteristics of LHBs, the ProtParam tool was
used (Supplementary, Table S1). The isoelectric point value
(pI = 8.40) shows that the target protein is basic in nature.
The half-life of LHBs is approximately 30 hours, and its
stability lies in the middle (46.08). The aliphatic index
determines the relative volume occupied by a protein and
its aliphatic side chains, and the results show that LHBs has
a high aliphatic index (82.24). The GRAVY value is the
sum of the hydropathy values of all the residues of the
protein divided by the number of amino acids of that
protein, and based on this, the LHBs is considered a
hydrophobic protein (0.146).

3.2. Protein Structure Prediction and Validation. For predict-
ing the secondary structure of LHBs, the amino acid
sequences were submitted to the PSIPRED server. The large
envelope protein is 389 residues long, of which 26% is
α-helix, 9% is β-sheet, and approximately 60% is coil
(Supplementary, Figure S2). The amino acid sequences were
exported to RM2TS+ and I-TASSER software which uses
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both homology and ab initio approaches for generating
three-dimensional structures (Supplementary, Figure S3).
The predicted structure of LHBs was refined using
“Galaxy refine,” and energy was minimized using AMBER
14; MD simulations were run for 100ns. A single
polypeptide of LHBs with its boundaries determining the
domains PreS1, PreS2, and S and with its residues lying
within extracellular, transmembrane, and cytosolic regions
has schematically been represented in Figure 1(a). The
modeled structure of LHBs is shown in Figure 1(b). The
refined structure has a close resemblance to the predicted
secondary structure. Figure 1(b) shows three distinct
domains of LHBs, also referring to the corresponding
surface proteins of HBV.

After simulations, the structure was further analyzed
by the structure validation tool “ProtSAV.” According to
the ProtSAV protocol, green is the best and the yellow
color is acceptable; our modeled protein appeared in the
yellow region (Figure 2(a)). Furthermore, we calculated the
Ramachandran plot (RAMPAGE tool) for structural quality;
we found that 94.39% of the residues are in the favored
region (Figure 2(b)).

To predict the best structure of a target protein and to
design especially small molecules based on drug discovery,
we required accurate information about the binding pocket
on the target which can inhibit the protein function. The
prominent binding sites of the LHBs protein were evaluated
through AADS which identified 19 potential binding sites
on the LHBs structure and out of which we considered the
top 10 cavities.

3.3. Hit Identification and Molecular Docking. For finding the
probable hits, the top 10 cavities of the structure which were
identified by AADS were subjected to the RASPD software.
The RASPD provides more than 1000 molecules against the
predicted cavities of our target protein by selecting the ZINC
database (-7.0 kcal/Mol to -13.5 kcal/Mol). The top 50 com-
pounds of each cavity were taken for further scoring analysis
and docking. Furthermore, all cavities were docked with
compounds proposed by RASPD through the ParDOCK
software. It imports the ligands with the best configuration
in the target binding site and scores them based on their
estimated free interaction energies using the BAPPL scoring
function [48]. Finally, six compounds were selected based
on the least binding energy between -11 kcal/Mol and
-12.69 kcal/Mol. These were further subjected to MD simula-
tion to check for the protein-hit interactions of over 100ns.

3.4. MD Simulation. All molecular dynamic simulations were
carried out using AMBER 14. The overall binding free energy
of the protein-hit molecule complexes throughout the 100ns
trajectories was calculated using BAPPL. To calculate the
overall binding free energy between the targeted LBHs pro-
tein and the hit molecules over 100ns long explicit simula-
tions, the binding energies of the frames that were obtained
at an interval of each nanosecond were calculated and then
averaged out. A threshold of -8.0 kcal/Mol overall binding
free energy for 100ns simulations was set for proposing the
molecules as potential therapeutics against the LHBs protein.

Finally, we found four out of the six screened hit molecules as
potential inhibitors based on the binding free energy score
during molecular dynamic simulations (Table 1). For each
system simulated, the root mean squared deviation, energy
(kinetic, potential, and total), density, and temperature were
monitored to ensure that the standard deviation of each of
these values was within acceptable limits of experimental
error. The RMSD graphs of the hit molecules with promising
inhibitory potential along with the above values are shown in
Figure 3, which shows an overall stability within the complex.
Finally, we found four out of the six compounds as potential
inhibitors based on the affinity score and explicit simulation
(Table 1, Table S2).

We visualized the interactions of our LHBs vs. poten-
tial ligands (complexes) using PyMOL and LigPlot (2D)
(Figure 4). Our results indicate that all four selective ligands
are bonded to the amino acids which are among the impor-
tant regions, primarily at nucleocapsid binding residues and
at a residue relevant to the entering of the virus and conse-
quent infectivity. ZINC11882026 has been bonded by three
H-bonds through Ala51 (3.33Å); Thr104 (3.32Å) of LHBs,
which is in PreS1 (1-108); and Trp111 (3.08Å) of LHBs;
which is in PreS2 (109-163). Both of these regions are more
important for NTCP receptor-mediated entry and nucleo-
capsid binding, respectively [8, 47, 48]. The compound
ZINC00653293 is involved with Pro106 (2.9Å) and Ala108
(3.2Å) of LHBs; both of them are in PreS1 that signifies the
nucleocapsid binding and consequent envelopment of a virus
in the ER. The compound ZINC19741044 has only one
H-bond with Ser90 (3.2Å) of LHBs, which is also in the
PreS1 region. The compound ZINC15000762 binds with
one H-bond to Ser280 of LHBs (2.89Å) linked to the protein
which lies on the external side of the viral envelope
(Table S3). Interestingly, none of them connects to the
amino acids in the “a” determinant region (aa 122-147 of
SHBs, corresponding to aa 286-311 of LHBs, respectively).
Therefore, in case of any mutation in this region,
selective ligands will still be suitable for LHBs inhibition.
Therefore, our results indicate that all four selective
ligands are bonded to the amino acids which are among
the important regions referring to the process of entry
and viral maturation. For more details, the molecular
properties of each compound were also extracted from
the ZINC database (http://ZINC.docking.org/), and the
results indicate that our selective compounds have
pharmaceutical capabilities (Table 2).

3.5. Drug Likeness Prediction. Drug ability and toxicity of
selected candidates have been computed by using admetSAR,
SwissADME, and TOPKAT software. Parameters such as
absorption, distribution, metabolism, excretion, and the toxic-
ity [49–51] of selected candidates were evaluated by admetSAR
(Table S4). All candidates showed positive results for the
blood-brain barrier, Caco-2 permeability, and human
intestinal absorption, warranting that they have no side
effects about absorption. Also in terms of metabolism,
various substrates and inhibitors of cytochrome P450
[52, 53] were investigated and the results are indicated in
Table S4. In case of toxicity, all four compounds have
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Figure 1: Schematic representation of the modelled protein structure of the large surface protein of HBV (LHBs). (a) Numbering and
positions of amino acid residues as determinants of PreS1, PreS2, and S domains; extracellular, transmembrane, and cytosolic regions as
determinants of the structure of LHBs. (b) The modeled structure of LHBs showing the PreS1, PreS2, and S domains in magenta, green,
and yellow colors, respectively.
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non-AMES toxicity, are noncarcinogenic, and have no
carcinogenicity (three-class) required. To distinguish any
unfavorable toxic properties of novel hits, TOPKAT
software was also used [54]. Several descriptors such as

the Ames mutagenicity test, weight of evidence
carcinogenicity (v5.1) (WOE), rat oral LD50, skin
irritation, skin sensitization, and aerobic biodegradability
[55, 56] were investigated (Table S5).
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The TOPKAT results indicated that none of the com-
pounds were mutagenic, and all of them showed a negative
response to the Ames mutagenicity test. The weight of evi-
dence carcinogenicity (WOE) was also evaluated as another
toxicity predictor to determine the carcinogenicity of virtual
hits, and all compounds were found to be noncarcinogenic,
except compound (ZINC19741044). About skin irritation
and skin sensitization, all four candidates have no skin irri-
tancy and no skin sensitivity effect, and of these compounds,
only compound ZINC00653293 and ZINC15000762 were
predicted to be aerobic biodegradable. The comparative
ADMET data and TOPKAT results of virtual hits with a stan-
dard drug proposed that selected hits may be used as inhibitor
molecules for HBV.

4. Discussion

4.1. Structurally Validated Modeled LHBs Occupy Significant
Numbers of Residues in the Favored Region. The surface open
reading frame (S-ORF) of the hepatitis B virus genome
encodes proteins of three distinct types; namely, large (L),
middle (M), and small (S) surface proteins, also referred to
as LHBs, MHBs, and SHBs, respectively. All of them share
common C terminals [5]. The S protein is also referred to
as HBsAg and is the most abundant among these three pro-
teins. Its expression is not directly dependent on the L and
M envelope protein expression. However, in order to accom-
plish the normal viral life cycle, the presence of the proper
proportion of all the three envelope proteins is essential. If

Table 1: The binding affinity of top hits with LHBs are shown.

ZINC ID ParDOCK ID RASPD score (kcal/Mol) ParDOCK score (kcal/Mol) Average affinity∗ Proposed

ZINC11882026 33625775 -11.4 -11.49 -8.87 Yes

ZINC00653293 21425236 -13.1 -11.75 -8.60 Yes

ZINC19741044 72860345 -13.4 -12.69 -8.33 Yes

ZINC15000762 78876711 -10.1 -12.46 -8.71 Yes

ZINC11784805 34135187 -10.5 -12.36 -4.63 No

ZINC12243260 32993271 -11.5 -12.39 -2.88 No
∗Found for 100 ns scale explicit simulations.
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Figure 3: RMSD plots of the LHBs protein with corresponding ligands.
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LHBs is overexpressed, an indirect hindrance appears in
HBsAg secretion [57]. In spite of many studies performed
on the pathogenicity of the large HBV surface protein (LHBs)
over the past two decades, there is still not much information
about the 3D structure of this protein. Several evidences
indicate that LHBs is expressed in liver cells and plays a
prominent role in chronic hepatitis B even in the develop-
ment of HCC. On the other hand, with regard to the realiza-
tion of this fact that the fundamental role of this protein in
vaccine development is undeniable, our motivation to predict
the 3D structure and perform a geometry optimization was
conceived more than ever.

In this study, the LHBs of HBV genotype D has carefully
been modeled with the aid of RM2TS+ and I-TASSER and
subsequently has the best possible refinements. The purpose
of the selection of genotype D is that it is the most prevalent
genotype among the Indian population. The amino acid
sequences of LHBs were elaborately analyzed, and efforts
were made to predict the best optimized structure. The
potential LHBs structure was subjected to ProtSAV and

RAMPAGE. Thus, the obtained structure of LHBs lies in
the acceptable yellow region (Figure 2(a)) with 94.39% of
the residues occupying the favored region (Figure 2(b)).
Our findings provided basic insights into the 3D structure
of LHBs and introduced four novel compounds having the
best interconnection with the most important structural
and functional regions of this protein. It is important to men-
tion that LHBs performs many different functions, right from
the viral entry to the hepatocytes until the maturation of
infectious virions within the endoplasmic reticulum (ER).
The protein facilitates the adherence of infectious virions to
the heparansulphate proteoglycan on the surface of hepato-
cytes. The myristoylated N-terminal of the PreS1 domain of
the L protein subsequently binds to the sodium taurocholate
cotransporting polypeptide (NTCP), the potent receptor
identified during the last few years [58]. The PreS1 sequence
(2-48) specifically interacts with NTCP [8, 59]. Furthermore,
aa 49-75 is also needed for infection. The definitive function
of this sequence is not fully established, but it has widely been
assumed that aa 49-75 is involved in targeting the NTCP
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Figure 4: The binding patterns (a–d) and 2D representations (e–h) of LHBs in-complexed with ligands are shown: (a, e) 11882026,
(b, f) 00653293, (c, g) 19741044, and (d, h) 15000762.

Table 2: Molecular properties of selected ligands.

Compound ID
ALogP
(≤5)

Molecular
weight

H-bond
acceptors (≤10)

H-bond
donors (≤5)

Apolar desolvation
(kcal/Mol)

Polar desolvation
(kcal/Mol)

Rotatable bonds
(≤10)

ZINC11882026 3.78 514.69 6 1 -1.52 -49.29 9

ZINC00653293 1.91 515.614 9 0 -5.09 -14.77 6

ZINC19741044 4.02 532.734 7 1 13.34 -52.43 6

ZINC15000762 1.70 536.697 9 2 7.87 -57.67 10
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[59]. There is a spacer region towards the C-terminal to the
NTCP binding site which consists of a nucleocapsid binding
sequence, essentially needed for the envelopment process of
HBV [8].

4.2. Identification of Potential Compounds That Possess the
Best Features of Binding Affinity with LHBs. The present
study has elaborately been undertaken to create a reliable
model to display the construction of LHBs using exhaustive
computational approaches, and subsequently, identification
of potential compounds showing high affinity with the LHBs
protein was carried out. The interactions of LHBs vs. poten-
tial ligands (complexes) were visualized in PyMOL (3D)
and LigPlot (2D). Four selective ligands, ZINC11882026,
ZINC19741044, ZINC00653293, and ZINC15000762 were
identified establishing covalent linkages with the amino acids
significantly essential for the viral entry process and viral
nucleocapsid envelopment. To the best of our knowledge,
these compounds as well respective amino acids have for
the first time been explored in this study, which apparently
could be of relevance in antiviral drug design and related
studies. The obtained insight into the modeled protein and
the identification of potential inhibitory compounds could
be an important milestone in search for the alternative
therapies against HBV infection.

The structural organization of L, M, and S proteins and
their consequent functions, on one hand are guided in an
orchestrated manner, and on the other hand, these critical
sequences and structural organization provide enormous
space to explore the newer therapeutic approaches for the
improvement in HBV-related disease management over a
period of time. Interestingly, all the four ligands show a
desired affinity with the NTCP binding region (aa 2-48),
the most important newly discovered entry receptor. The
one which has the closest proximity and forms a hydrogen
bond at Ala51 (3 aa downstream) is ZINC11882026. It is per-
ceived that blocking Ala51 with the help of this compound
may have some influence on inhibiting the viral entry
process. The rest of the residues (111, 104, 106, 108,
and 90) are being targeted by ZINC11882026, 00653293,
and 19741044 (Figure 4 and Table S3). It is quite interesting
to point out that these residues are lying within the so-called
spacer region of LHBs, which is supposed to be involved in
NC binding that is the envelopment and maturation process
of the encapsidated viral genome undergoing in the ER.
In the present study, we were able to identify the
ligands targeting the spacer region of LHBs for the first
time. In other words, the envelopment and morphogenesis
of the virus could potentially be inhibited with the help of
these ligands.

Only the receptor inhibitor Myrcludex B at a median
contraction of 80 pmol/L has been known till date. It is a syn-
thetic N-acylated PreS1 lipopeptide and has been shown to
block the NTCP and virus entry process, both in vitro and
in vivo [60, 61]. There was lack of information regarding
capsid binding inhibitors. The present study exhaustively
searched, analyzed, and identified three inhibitors at the
capsid binding locus of LHBs and one at the suspected exten-
sion of the receptor. The combination of these compounds in

varying permutation combinations could be a novel approach
for the simultaneous inhibition of entry/infection and capsid
binding/envelopment, thus, targeting the early as well as later
phases of viral infection at the same time. However, these
warrant an urgent need of testing these newly identified
compounds singly or in combination in a cell culture system.

4.3. The Binding Affinity of Identified Compounds and
Regulation of Cellular Redox Homeostasis-Associated
Therapeutic Advantages Might Outnumber the Disadvantages.
Careful modeling of LHBs followed by the identification of
entry as well as capsid binding inhibitors having maximum
suitability to be used as potential drugs might be of important
significance in search of newer therapeutic approaches in
order to overcome the difficulties associated with extensive
use of nucleoside analogues. However, the suspected accu-
mulation of disproportionate levels of the large surface pro-
teins, in the absence of capsid binding and assembly of the
virus, and thus, the possible downstream consequences like
the generation of oxidative stress and activation of resultant
pathways, at this stage cannot be ruled out. Three of the
four inhibitors, namely, ZINC11882026, ZINC00653293,
and ZINC19741044, make hydrogen bonds with amino acid
residues lying in the capsid binding region of the PreS1
domain of LHBs (Figure 4 and Table S3). The expected
result of the usage of these inhibitors may coincide with the
viral assembly process. The logical consequences could lead
to the accumulation of LHBs within the ER and the possible
eventuality could also be related to the disproportionate
existence of the L, M, and S envelope proteins intracellularly.
The cumulative effect might be reflected in the generation
of oxidative stress. It is of quite relevance to critically
apprehend the advantages as well as disadvantages of the
potential inhibitors. Nevertheless, experimental validation
would essentially be needed.

As reported earlier, viral infection may trigger the UPR as
a consequence of the overloading of the ER. Viral infection-
mediated ER stress, on one hand may promote cell suicide
as a strategy to avoid viral replication and spreading, while
on the other hand may contribute to innumerable deleterious
consequences [62, 63], primarily related to the production of
overwhelming levels of reactive oxygen species (ROS). The
predominant forms are anionic superoxide (O2

-) and hydro-
gen peroxide (H2O2) [64, 65]. We apprehend a couple of pos-
sible consequences in response to the binding affinity shown
by potential compounds with the LHBs identified in this
study. Firstly, the possibility of a decreased or impaired
encapsidation process might enhance the accumulation of
LHBs and/or MHBs in the ER. As a result, the generated
stress could be a major contributory cause to the produc-
tion of more H2O2. This could lead to an increased num-
ber of disulfide bridge formation during the folding of a
protein, involving enzymes such as endoplasmic reticulum
oxidoreductin-1 alpha (Ero1α). The relevant signaling path-
way might get triggered consequently. Secondly, in response
to stress signals, Ca2+ might be released from the ER and
taken up by mitochondria via the mitochondrial uniporter
(MCU). The point of contact between the ER and mitochon-
dria has a major role to play while triggering Ero1α/Ca2+ in
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this signaling pathway. The activated pathways might involve
mitochondrial accumulation of Ca2+ in order to trigger sig-
naling and downstream processes [22]. The point of contact
between the ER and mitochondria is established by the inosi-
tol triphosphate receptor (IP3R) and the voltage-dependent
anion channel protein (VDAC). There is a direct impact on
the functioning of the electron transport chain (ETC) by
the Ca2+ level inside the mitochondria with consequences
of an increase in ROS production [22].

We had previously demonstrated in one of our stud-
ies the intracellular reactive oxygen species production
culminating into mitochondrial depolarization. However,
the study was an elaborated comparative account of hepa-
titis B virus X protein mutants K130M, V131I, and
KV130/131MI to investigate their roles in fibrosis, cirrhosis,
and hepatocellular carcinoma. It was found that the
expression of KV130/131MI induced cell proliferation
and altered the expression of cell cycle regulatory genes
in favor of cell proliferation, intracellular reactive oxygen
species (ROS) production, and mitochondrial depolarization
[66]. Hence, it is quite understandable that the present study
highlighting the binding affinity of newly identified com-
pounds with LHBs might enhance ROS production through
Ca2+-mediated alterations in mitochondrial functioning
and unfolded protein response.

However, the activation of the Nrf2/ARE pathway is a
parallel cascade of signaling in order to provide the rescue
operation sensed through the deleterious effects of ROS.
The hepatitis B virus induces this pathway of antioxidant
defense [20, 67]. Both the transfected cell lines with the
HBV genome as well biopsy samples from CHB patients have
demonstrated the salvage pathway. Several independent
studies have shown the increased levels of Nrf2-dependent
phase II enzymes such as glutathione synthetase (GSS) and
glutathione reductase [24, 68]. The activation of Nrf2/ARE
is known to be triggered by HBx and LHBs also in in vitro cell
cultures [67]. PERK, one of the transmembrane kinases, is
very important in PERK-dependent activation of Nrf2 and
is critical for survival signaling. PERK-dependent phosphor-
ylation leads to the nuclear accumulation of Nrf2 and
increased transcription of Nrf2 target genes [69]. PERK func-
tion is needed for cellular response to ER stress [23]. Nrf2
confers a protective advantage to stressed cells with the help
of an interesting rescue operation that its activation contrib-
utes to the maintenance of glutathione levels. Glutathione
functions as a buffer/neutralization component at the time
of accumulation of reactive oxygen species during the
unfolded protein response. Logically, the deleterious effects
of Nrf2 or PERK deficiencies could be attenuated by the
restoration of cellular glutathione levels or Nrf2 activity.

Based on the findings indicating the appreciable affinity
of the inhibitor compounds identified in this study and their
high degree of suitability as a drug seen with the help of
reliable computational methods (Tables S4 and S5), these
compounds could be of great importance in the future.
However, it is difficult to predict if these compounds would
act as an antiviral either by suppressing the viral load
directly or by reducing the opportunity for newer infection
of the uninfected hepatocytes in in vitro conditions

(transformed cell lines). Again, whether the magnitude of
ER stress and generation of ROS would be substantial or
there will be no or only a minimal level of such stress due
to the apprehended accumulation of LHBs cannot be
predicted at present.

It must be emphasized here that all the previous studies
and their findings discussed here are based on several types
of point as well as deletion mutants within the S-ORF, more
specifically in the functionally critical residues of the PreS1
and PreS2 domains of LHBs. Several mutations in S-ORFs
lead to ER stress in hepatocytes through the accumulation
of HBV virions and in the general consequent development
of hepatocellular carcinoma and liver damage. Most studies
have employed specific types of deletion mutants in LHBs
[70, 71]. It is important to mention here that mutations dis-
turbing amino acids 88-108 of PreS1 and the first five amino
acids of PreS2, where most of the newly identified com-
pounds in our present study are supposed to interact, have
been believed to varyingly influence the capsid binding with
the eventuality of interference with HBV assembly. However,
the M protein-deficient HBV consisting of arbitrary PreS2
sequences within the L protein has been shown to be infec-
tious [72]. However, because of the presumed lack of viral
assembly due to a deficient M protein, the sustainability of
the infection still remains unanswered.

Based on the available literature, we still believe that the
identified compounds in the present study would be potential
inhibitors, primarily for the residues lying within the nucleo-
capsid binding region at the carboxy terminal region of PreS1
of LHBs (aa90, 104, 106, 108, and 111). The most effective
compounds, referred to as ZINC11882026, might have the
best inhibitory effects both by virtue of establishing a cova-
lent bond at aa 51 (a suspected residue at the locus within
PreS1 facilitating the entry process) and by interacting with
aa 104 and 111, which are responsible for NC binding and
viral maturation. Both of the significant processes of the viral
life cycle, one at the early events of infections and another at
the late events related to viral maturation and morphogene-
sis, may simultaneously be blocked hand in hand with this
compound. It is theoretically conceived that ZINC11882026
may regulate both the early and late phases of viral life cycles,
thereby controlling the overaccumulation of LHBs and other
viral proteins within the ER and cytosol. This could also be
attributed to the regulation of the deleterious effects of ROS
production and oxidative stress generation; consequently,
signaling pathways responsible for tumor genesis might
not cross the limits that generally accelerate the process
of liver damage. Furthermore, the combination of compound
ZINC11882026 with any of the other three compounds could
also be of significant relevance in inhibiting the viral life cycle
without deregulating the underlying molecular mechanisms
pertaining to the signaling cascades of oncogenesis and/or
apoptosis by maintaining the desired proportion of L, M,
and S proteins. The fourth compound with ZINC15000762
has been shown to interact with serine aa 280 of LHBs which
is in fact the aa 117 of the major surface protein (SHBs or
HBsAg). This residue lies within the well-known major
hydrophilic region (MHR) of HBsAg (aa 100-160). Dual
possible impacts may be attributed by this inhibitor: the first
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is viral infectivity and the other could be its influence on the
antigenicity of HBsAg. The region is also known as the anti-
genic loop (AGL), and researchers have demonstrated that
the residues of AGL, transmembrane-II (Trn-II), and
transmembrane-III (Trns-III) are required for infectivity,
particularly Gly-119, Pro-120, Cys-121, Arg-122, and Cys-
124 [62]. However, the identified residue Ser-117 (Ser-280
with reference to LHBs) in thus study, being present in
AGL, might have a role in infectivity also. However, it may
not have as much significance with respect to antigenicity like
the other residues of MHR. It is quite logical to appreciate
that, in addition to many other important features, a good
antiviral must have the primary quality of being a good
inhibitor of the viral life cycle without significantly modulat-
ing antigenicity, particularly for these viral proteins which
are involved in eliciting the host immune response. In light
of the concept, the inhibitor ZINC15000762 establishes cova-
lent linkage with Ser-117 (with reference to SHBs or HBsAg),
and although it would not be able to influence the antigenic-
ity of HBsAg substantially, it may inhibit the infectivity pro-
cess, in accordance with previous studies. The resulting
situation would possibly be a favorable situation in order to
present the infectious virions or subviral particles to the
immune response of the host and consequently eliminate
the existing infection with simultaneous inhibitions of newer
infectivity. Nevertheless, the biochemical significance of the
amino acid (ser-117) and its presence in AGL could be of rel-
evance to prevent infectivity if inhibited by ZINC15000762.

To conclude, the LHBs modeled with utmost precision
and care and the identification of biologically potent inhibi-
tors with the best possible therapeutic features are novel find-
ings, which possibly could be of positive impact in the search
of newer therapeutic approaches against hepatitis B virus
infection. The expected ROS generation and ER stress
development could be managed by using the combination
of compounds in order to maintain the proportionate
expression and accumulation of large, major, and middle
surface proteins, for the purpose of accomplishing normal
encapsidation and envelopment processes as generally seen
in wild-type HBV.

Data Availability

The amino acid sequence of LHBs of HBV (genotype D, sub-
type ayw) was retrieved from the UniProt (P03138). The data
for the ligands were obtained from the ZINC database. These
data and other data used to carry out the study and to sup-
port the findings of this study are included within the article
and in the supplementary information files.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

All authors have given approval to the final version of the
manuscript.

Acknowledgments

MM sincerely acknowledges the Indian Council for Cultural
Relations (ICCR) for the award of fellowship. The authors
acknowledge Prof. B. Jayaram and SCFBio lab members
(IIT, Delhi, India) for providing resources and their valuable
inputs. SNK sincerely thanks the Department of Biotech-
nology, Ministry of Science and Technology (Grant no.
BT/PR10740/MED/29/79/2008) and the Science and Engi-
neering Research Board, Ministry of Science and Technology,
Govt. of India (Grant no. SR/SO/BB-0056/2010) for the
financial support.

Supplementary Materials

Figure S1: diagrammatic representation of a structure-guided
approach to design potential inhibitors of the LHBs protein.
Figure S2: distribution of α-helix (pink), β-sheet (yellow),
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Hepatitis C virus (HCV) triggers massive production of reactive oxygen species (ROS) and affects expression of genes encoding
ROS-scavenging enzymes. Multiple lines of evidence show that levels of ROS production contribute to the development of
various virus-associated pathologies. However, investigation of HCV redox biology so far remained in the paradigm of oxidative
stress, whereas no attention was given to the identification of redox switches among viral proteins. Here, we report that one of
such redox switches is the NS5B protein that exhibits RNA-dependent RNA polymerase (RdRp) activity. Treatment of the
recombinant protein with reducing agents significantly increases its enzymatic activity. Moreover, we show that the NS5B
protein is subjected to S-glutathionylation that affects cysteine residues 89, 140, 170, 223, 274, 521, and either 279 or 295.
Substitution of these cysteines except C89 and C223 with serine residues led to the reduction of the RdRp activity of the
recombinant protein in a primer-dependent assay. The recombinant protein with a C279S mutation was almost inactive in vitro
and could not be activated with reducing agents. In contrast, cysteine substitutions in the NS5B region in the context of a
subgenomic replicon displayed opposite effects: most of the mutations enhanced HCV replication. This difference may be
explained by the deleterious effect of oxidation of NS5B cysteine residues in liver cells and by the protective role of
S-glutathionylation. Based on these data, redox-sensitive posttranslational modifications of HCV NS5B and other proteins merit
a more detailed investigation and analysis of their role(s) in the virus life cycle and associated pathogenesis.

1. Introduction

Hepatitis C virus (HCV) is a widespread human pathogen
that in 80% cases establishes persistent replication in the liver
[1]. The WHO estimates 0.5-2% of the world population to
be chronic hepatitis C (CHC) carriers. CHC is often accom-
panied by persistent inflammation, fibrosis, and various met-
abolic disorders in the liver [2]. All these pathologies
contribute to a possible development of liver cirrhosis and
hepatocellular carcinoma. Together with hepatitis B virus
(HBV), HCV accounts for approximately 80% of HCC cases

in the world [3]. Since 2011, multiple compounds that target
enzymatic activity and/or functions of the HCV protease
(NS3 protein), RNA-dependent RNA polymerase (RdRp,
NS5B protein), and the regulatory NS5A protein were
approved for the treatment of CHC [4]. Using treatment
combinations, sustained virological response rates have
reached 95-99% (for example, [5–7]). At the same time,
clearance of the infection does not reduce risks of the devel-
opment of liver cirrhosis and cancer to the initial level,
observed in the uninfected population [8]. Scarce studies
provided evidence that even acute hepatitis C that clears
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spontaneously leads to an elevated rate of liver pathologies.
So, the investigation of the interplay between the virus and
host cell processes requires additional endeavors.

One of the factors that contributes to liver pathologies is
the disturbance of the redox status of the host cell (reviewed
in [8]). It results from enhanced production of reactive
oxygen species (ROS) and altered expression of ROS-
scavenging enzymes. ROS represent a spectrum of short-
lived oxygen intermediates including hydroxyl radicals
(HO⋅), superoxide anions (O2

⋅-), hydrogen peroxide (H2O2),
and others [9]. As several types of ROS have a very high oxi-
dizing potential towards various biological molecules,
enhanced ROS production above the levels that can be scav-
enged by the host antioxidant systems was considered haz-
ardous for cells. At the same time, there are mounting
pieces of evidence that ROS play signaling and regulatory
functions and thus are indispensable for cells [10]. So, in
recent years, the redox community shifted away from mea-
suring and identifying ROS towards the identification and
investigation of redox switches, such as oxidation of cysteine
-SH groups into sulfenic (-SOH) or sulfinic (-SO2H) acid res-
idues, and S-glutathionylation (i.e., coupling to glutathione
via disulfide bond), and to assess the consequent impact
on protein structure, stability, and function. Oxidation
changes for example the enzymatic activity of protein
phosphatases (PTPs) [11] and thus affects signaling path-
ways, hyperoxidation-driven gain of chaperone activity by
peroxiredoxins [12], and redox-driven glutathionylation
of Na+/K+-ATPase that abolishes their activity and thus
changes the levels of monovalent ions in cells [13].

However, much less is known about redox biology of
viral infections. With few exceptions, studies so far focused
on the investigation of mechanisms by which various viruses
augment ROS production and solicit expression of antioxi-
dant enzymes such as catalase (CAT), superoxide dismutases
(SOD), or glutathione peroxidases (GPx) (as reviewed in
[8, 14, 15] and other reviews). In addition, some efforts were
given to establishing correlations between levels of ROS pro-
duction and virus-associated pathologies [8, 14–17]. In con-
trast, almost no attention was given to a possibility of redox
posttranslational modification of viral proteins and their role
in virus life cycle and pathogenesis. The only exceptions
are the reported S-glutathionylation of retroviral proteases
[18–20], nsP2 of chikungunya virus [21] and of NS5 protein
of Zika, and dengue [22].

There are many pieces of evidence that show that HCV
triggers massive ROS production that is even higher than that
observed in HBV infections. HCV induces mitochondrial
dysfunction and induces ROS-producing enzymes such as
NADPH oxidases (Nox) 1 and 4 [23–26], cytochrome P450
2E1 [23, 24], and ER oxidoreductin 1α (Ero1α) [23]. HCV
also affects the expression of antioxidant enzymes including
those regulated by the Nrf2 transcription factor, although
the results from different groups remain controversial
[27–29]. Several studies also suggest that replication [30]
and production of infectious virions [31] are suppressed by
lipid peroxides whose production is augmented by the infec-
tion. However, a possibility of a direct modulation of HCV
protein functions by ROS or other reactive species, as well

as redox-sensitive cysteine modifications, remains unex-
plored. In the presence of the virus or its proteins, production
of hydrogen peroxide is augmented, which can lead to
oxidation of cysteine residues. In addition, HCV causes
elevation of the levels of oxidized glutathione that may drive
S-glutathionylation of cellular and viral proteins. So, our
goal was to investigate if the NS5B protein is subjected to
S-glutathionylation and if such a modification may play a
role in regulation of NS5B RNA polymerase activity.

2. Experimental Section

2.1. Reagents. The plasmid pJFH1-SGR andHuh7.5 cells were
courteously provided by Prof. C.M. Rice (The Rockefeller
University, New York, USA) and Apath, L.L.C. (St. Louis,
MI, USA). Restriction endonucleases were from Fermentas
(Vilnius, Lithuania), and oligonucleotides were synthesized
by Evrogen JSC (Moscow, Russia). DNA purification kits
and DNA polymerases were also provided by Evrogen.
Ni-NTA-agarose and Rosetta(DE3) Escherichia coli were
purchased fromNovagen (Madison,WI, USA). Most of other
reagents were from Sigma-Aldrich (St. Louis, MO, USA) if
not stated otherwise.

2.2. Construction of the Plasmids. The plasmid pET21-2c-
NS5BΔ21 encoding the C-terminally truncated protein of
the JFH1 isolate was constructed using the two-cistron
vector described previously [32]. The protein-encoding
DNA fragment was amplified from the plasmid pJFH1-
SGR using the oligonucleotides 5′-AATGAATTCCATGT
CATACTCCTGGAC-3′ and 5′-AATCTCGAGGCGGGGT
CGGGCGCGC-3′. The resulting DNA fragment was
digested with endonucleases EcoRI and XhoI and cloned into
the respective sites of the vector pET-21-2c.

Construction of the plasmids for the expression of NS5B
mutants with cysteine-to-serine substitutions was performed
according to an approach of Ho et al. [33]. Briefly, the
fragments containing the mutation were amplified from
the plasmid pET21-2c-NS5BΔ21 using two parts each
using the oligonucleotides listed in Table S1. A typical
reaction contained 5-10 ng of template DNA, 5 pmol of each
flanking primer and mutagenic primer, 200 μM of each
dNTP, and 2 units of Tersus polymerase mix (Evrogen) in
the recommended buffer. Amplification was obtained after
20 cycles of 15 sec at 95°C, 15 sec at 60°C, and 60 sec at 72°C.
Then, 15-30 ng the resulting products representing the
“Head” and the “Tail” of the target fragment bearing the
mutation were mixed together and subjected to additional
12 rounds of PCR, using 5 pmol of each flanking primer.
The products were isolated by agarose gel electrophoresis
with subsequent extraction using a Cleanup Standard kit
(Evrogen), digested with endonucleases listed in Table S1,
and cloned into the plasmid pET21-2c-NS5BΔ21 instead of
the nonmutated fragment.

Construction of the plasmids encoding HCV subgenomic
replicons with substitutions in the NS5B-coding region was
performed similarly, using the plasmid pSGR-JFH1 and the
oligonucleotides listed in Table S2. The mutants with
substitutions of C89S, C179S, C146S, and C223S were done
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by amplification of pairs of fragments constituting the region
between BsrGI and SnaBI sites, whereas the mutants C274S,
C279S, C295S, and D318N, and C521S were constructed by
amplification of the SnaBI-EcoRV fragment. In the latter
case, the analysis of insert orientation was performed. In
case of the C521S mutant, the single SnaBI-EcoRV
fragment was amplified, digested with these endonucleases,
and cloned as discussed above.

The sequence of all constructs was confirmed by
sequencing in Center “Genome” (EIMB, Moscow, Russia).

2.3. Expression and Purification of the NS5B Δ21 Protein.
Wild-type and mutant forms of the NS5B protein were
expressed in E.coli Rosetta(DE3) strain and purified on the
Ni-NTA column as described previously [32] with the excep-
tion of absence 2-mercaptoethanol during purification.

2.4. RNA Polymerase Activity Assay. The RNA-dependent
RNA polymerase activity of the NS5B protein was measured
in primer-dependent and primer-independent assays as
described previously [32, 34]. When required, the protein
was preincubated with 10mM dithiothreitol, 1mM GSH, or
1mM GSSG in the reaction buffer (20mM Tris-HCl,
pH7.5, 20mM KCl, 4mM MgCl2) for 10min in ice prior to
the addition of the template or template/primer complex
and nucleoside triphosphates to initiate the enzymatic reac-
tion. The reaction was carried out in accordance with the
published procedure [32], with the exception of usage of
1 μM UTP.

2.5. Western Blotting. The NS5B protein (0.1-2 μg) mixed
with a Laemmli loading lacking DTT or 2-mercaptoethanol
was incubated at 40°C for 10min, applied onto 10%
SDS-PAGE, and transferred onto a nitrocellulose mem-
brane (GE Healthcare, Little Chalfont, UK) in 25mM Tris,
192mM glycine, and 20% methanol, which was blocked
with 5% nonfat milk in phosphate-buffered saline (PBS) for
1 h at room temperature (RT). The membrane was probed
with a primary antibody to S-glutathionylated proteins
(Millipore, MAB5310, 1 : 1000) in PBS supplemented with
0.1% Tween-20 (PBS-T) or with a serum of the rabbit immu-
nized with the recombinant NS5B protein [35] in 5% nonfat
milk in PBS-T at 4°C overnight and washed 3 times for
10min with PBS-T followed by incubation with a secondary
antibody: anti-mouse antibody (Santa-Cruz Biotechnology,
sc-2005, 1 : 5,000) or anti-rabbit antibody (Santa-Cruz
Biotechnology, sc-2005, 1 : 5,000) in PBS-T for 1 h at RT.
After three additional washing steps with PBS-T, immuno-
blots were visualized using an ECL pico detection system
(Thermo Fisher Scientific, Rockford, IL, USA).

2.6. Mass Spectrometry. The identification of cysteine resi-
dues of the NS5B protein that undergo S-glutathionylation
was performed by MALDI-TOF MS. The protein was incu-
bated alone or in the presence of 170 μM GSSG for 30min
at room temperature, then with a Laemmli buffer lacking
reducing agent for 5min at 98°C, and loaded onto a 10%
SDS-polyacrylamide gel. The band corresponding to NS5B
was excised and subjected to in-gel digestion by trypsin
[36]. For in-gel digestion, trypsin was dissolved in 50mM

ammonium bicarbonate buffer solution in a concentration
of 13 ng/μl correspondingly just before use. The MALDI-
TOF MS analysis of the resulting peptide fragments was per-
formed using an Ultraflex II TOF/TOF mass spectrometer
(Bruker Daltonics, Germany) with a reflector positive ion
mode. Tryptic fragments in solution (1 μl) were transferred
onto the MTP 384 target plate polished steel TF mass spec-
trometric target and mixed with a 1μl of a matrix solution
consisting of 2,4-dihydroxybenzoic acid (201346, Bruker
Daltonics) in concentrations of 20mg/ml, 50% acetonitrile
in water, and 0.1% TFA. Results of 4000 laser impulses
(200 impulses from 20 different points of one spot) were
summed up for every spectrum. The MS data were proc-
essed using Bruker Daltonics Flex Analysis 2.4 software,
and the accuracy of mass determination of peptides was
fixed to 100 ppm. The correlation of the MS data with
the protein sequence was done using Bruker Daltonics
BioTools 3.0 software.

2.7. HCV Replicons. HCV subgenomic replicons were
obtained by in vitro transcription of the RNAs from pSGR-
JFH1 plasmids encoding the wild-type or mutated NS5B pro-
tein and its delivery into Huh7.5 cells by electroporation
according to the standard protocol [37] and selection of the
G418-resistant colonies. The cells were harvested at passages
3, 5, and 8.

2.8. Reverse Transcription and Real-Time PCR. HCV RNA
levels were quantified by reverse transcription and real-time
PCR and normalized to levels of mRNA encoding glucu-
ronidase B (GUS). Briefly, total RNA was purified with a
TRIzol reagent and cDNA was synthesized with random
hexamer primer and RevertAid reverse transcriptase
(Thermo Fisher Scientific, Rockford, IL, USA) according
to the manufacturer’s specifications. PCR was performed
using primers for HCV (5′-GTCTAGCCATGGCGTT
AGTA-3′ and 5′-CTCCCGGGGCACTCGCAAGC-3′) and
GUS (5′-CGTGGTTGGAGAGCTCATTTGGAA-3′ and
5′-ATTCCCCAGCACTCTCGTCGGT-3′).A standard reac-
tion mixture (13 μl) contained the respective primers, cDNA
equivalent to 50 ng total RNA, and qPCRmix-HS SYBR
(Evrogen). The real-time PCR thermal conditions were
55°C for 5min, 95°C for 10min, followed by 40 cycles
each at 95°C for 10 s, and 57°C for 1min (signal collection
temperature). The results were analyzed by the ΔΔCt
approach.

2.9. Alignment of NS5B Sequences. For alignment, the follow-
ing NS5B protein sequences (591 amino acid sequences of
C-terminal part of the HCV polyprotein) of the corre-
sponding HCV isolates (genotypes) were selected: 1a (H77,
AAB66324), 1a (TN, ABR25251), 1a (DH6), 1a (HCV1,
AAA45676), 1b (Con1, CAB46677), 1b (J4, AAC15725),
1b (DH1, KY427256), 2a (JFH1, BAB32872), 2a (JFH2,
BAM28690), 2a (J6, BAA00792), 2b (J8, AFJ14788), 3a
(S52, ADF97232), 4a (ED43, ADF97234), 5a (SA13,
AAC61696), 6a (EUHK2, CAA72801), and 7a (QC69
accession ABN05226). Alignment was performed using
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Clustal Omega online service [38] at https://www.ebi.ac.uk/
Tools/msa/clustalo/ site.

2.10. Statistical Analysis. Statistical analysis was performed
using GraphPad software (GraphPad Software, San Diego,
CA, USA). The results are presented as the means ± SD. Sig-
nificant differences between two groups were determined
using the Mann-Whitney test, whereas multiple comparisons
were accessed by the Kruskal-Wallis method with the
Benjamini and Hochberg procedure. Statistical differences
between the activities of the mutated NS5B proteins in the
absence and presence of DTT were analyzed by multiple
paired Student’s t-test.

3. Results

3.1. RNA-Dependent RNA Polymerase Activity of NS5B
Protein Is Redox-Dependent. Purification of various DNA
and RNA polymerases and measurement of their enzymatic
activity are often performed in the presence of reducing
agents such as 2-mercaptoethanol or dithiothreitol. However,
to our knowledge, the reasons for the addition of these
reagents are unknown. We asked therefore whether the pro-
tein’s function is dependent on the presence of reducing
agents. So, first, we investigated whether the RdRp activity
of NS5B protein changes upon the addition of reducing
agents. As the most widely used cell model for HCV replica-
tion is based on the virus genome of the JFH1 isolate of 2a
genotype (gt), we expressed NS5B of 2a gt in E.coli and puri-
fied the recombinant protein using the vector previously
developed for the expression of the polymerase of Con1 iso-
late [32]. It should be noted that NS5B was expressed as a
truncated form lacking the C-terminal membrane-spanning
motif comprising 21 amino acid residues (NS5BΔ21). In
order to preserve the state of cysteine residues, purification
was performed in the absence of reducing agents (i.e., DTT
or 2-mercaptoethanol) that are routinely used in the field.
The measurement of RdRp activity was performed in two
assays: an efficient primer-dependent assay based on a
polyA-oligoU primer-template complex and a primer-

independent (i.e., de novo) assay in which the template
was presented by 3′UTR of an antigenomic RNA strand
[39]. In both cases, the activity was measured by incorpora-
tion of [α-32P]UTP into RNA. The results are presented in
Figure 1. It can be seen that in assays, the addition of DTT
caused a significant increase in the RdRp activity of the
NS5BΔ21 protein. In addition, the treatment of the protein
with hydrogen peroxide led to a decrease in its enzymatic
activity (Figure S1). This indicates that the NS5B protein
acts as a redox switch.

3.2. NS5B Is Subject to S-Glutathionylation That Reduces
RdRp Activity of the Recombinant Protein. S-Glutathiony-
lation is one of the cysteine modifications that can be
removed by reducing agents. To investigate whether the
NS5B protein is subjected to S-glutathionylation, the recom-
binant NS5BΔ21 protein was treated with the oxidized
glutathione (GSSG) (Figure 2(a)) with subsequent analysis
by Western blotting using antibodies to glutathionylated cys-
teine residues (anti-PSSG). As additional controls, NS5BΔ21
was treated with DTT or GSH. Strikingly, the western blot-
ting revealed that the untreated recombinant NS5BΔ21 pro-
tein contained glutathionylated cysteines, and treatment
with GSSG further increased the degree of this posttransla-
tional modification (Figure 2(b)). Treatment with a reduced
glutathione or DTT, in contrast, removed glutathione resi-
dues (Figure 2(b)), presumably by dithiol-disulfide exchange
(Figure 2(a)).

Treatment of the NS5BΔ21 protein with GSSG reduced
the levels of its activity in primer-dependent and primer-
independent assays, whereas GSH stimulated it (Figures
(2(c)) and 2(d)). Noteworthy, however, the effect of GSH
was less pronounced than in the case of DTT treatment, as
shown above (Figure 1). But the lower activity of reduced
glutathione is in line with its lower reducing potential
(E′ = ‐264mV at pH7.4), compared to that of DTT
(E′ = ‐360mV) [40]. Thus, the HCV NS5B protein is subject
to S-glutathionylation, which modulates protein RdRp
activity.

0

1

2

3

4

5

6

Control DTT

Rd
Rp

 ac
tiv

ity
 (f

ol
d)

⁎⁎

(a)

0.0

0.5

1.0

1.5

2.0

2.5

Control

Rd
Rp

 ac
tiv

ity
 (f

ol
d)

DTT

⁎

(b)

Figure 1: Primer-dependent (a) and de novo (b) RdRp activity of the recombinant NS5BΔ21 protein is stimulated in the presence of
dithiothreitol. The results are presented as the mean ± SD. The control represents the untreated recombinant protein. ∗p < 0:05 and
∗∗p < 0:001 (Mann-Whitney test).
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3.3. Identification of Cysteine Residues That Are Subjected to
S-Glutathionylation. The next step was the identification of
the glutathionylated amino acid residues. For that purpose,
a widely used in-gel digestion procedure with trypsin was
performed with subsequent analysis of the resulting peptides
byMALDI mass spectrometry analysis. Two types of samples
were analyzed: the recombinant freshly purified NS5BΔ21
protein and the same protein treated with oxidized glutathi-
one. In both cases, the detected peptides covered 75-85% of
the total protein and most of the cysteine residues. Among
the cysteine residues that escaped detection in a few experi-
ments were C14 and C39 (one experiment) and C366 (one
experiment). But it should be noted that in other repeat exper-
iments the corresponding peptides were detected thus allow-
ing to draw conclusions about their possible modification.

The results of analysis are summarized in Table 1. As one
can see, within the untreated protein, up to four cysteine res-
idues were subjected to S-glutathionylation. Two of them
were identified unambiguously: C89 and C146. S-
Glutathionylation of cysteines at other positions varied
between the samples. In one sample, glutathionylation was
seen for the residues 170 and 274. In the other, no S-
glutathionylation of C170 was detected. In contrast, two glu-
tathione residues were found in a peptide spanning from aa
271-298 that displayed three cysteine residues at positions
274, 279, and 295. The difference in the glutathionylation sta-
tus of Cys170 and cysteines of a 271-298 amino acid region

might be explained by a lower level of S-glutathionylation
of the respective residues in one of these samples, probably
lower than the detection limit.

In the protein preincubated with GSSG, seven glutathi-
one residues were found in the peptide digest (Table 1). As
in the previous case, three of them were at cysteines 89,
146, and 274. In one out of two samples, glutathionylation
was also detected for C521. Again, in both samples, the pep-
tide aa 271-298 with two glutathione residues was seen.
Taken into account that one of them should be at C274, the
second one should be either at C279 or at C295. Finally, in
one of the samples, the peptide aa 223-259 (bearing C223
and C243) with one glutathione residue was detected accom-
panied by the nonglutathionylated peptide aa 235-250. The
latter indicates that another site of S-glutathionylation is pre-
sented by C223. Indeed, the second sample contained the
glutathionylated peptide aa 212-231 which supported the
localization of this site. It is also worth noting that in all
samples, oxidation of thiols of C89, C521, and C223 and
one of the pair C279/C295 into sulfenic and sulfinic acids
was detected. Thus, these results indicated that the NS5B
protein is glutathionylated at cysteine residues 89, 146, 170,
223, 274, 279, 295, and 521.

To find out which of these cysteine residues are con-
served among HCV isolates, multiple alignment of NS5B
protein variants derived from genotypes 1-7 was performed.
For genotypes 1a, 1b, and 2a, three strains each were included.
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Figure 2: The recombinant NS5BΔ21 protein is subjected to S-glutathionylation which leads to reduction of RdRp activity. (a) A scheme
showing impact of oxidized (GSSG) and reduced (GSH) glutathione on protein S-glutathionylation. (b) A western blot showing
S-glutathionylation of the NS5BΔ21 protein. (c, d) RdRp activity of the NS5BΔ21 protein treated with glutathione isoforms or DTT,
measured in primer-dependent (c) and primer-independent (d) assays. The results are presented as the mean ± SD. The control represents
the untreated recombinant protein. ∗p < 0:05 and ∗∗p < 0:01 (Mann-Whitney test).
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The alignment is shown in Supplementary figure S1, whereas
Table 2 represents a summary for cysteine residues. First, the
NS5B proteins from the different genotypes contained
different quantities of cysteine residues: 14 for genotype 2
and 7 isolates to 21-23 for genotype 1 isolate. The residues
170, 223, 243, 279, 295, 366, and 521 were conserved
among all genotypes, and cysteines 14, 89, 274, and 316
were also highly conserved: they are present in the NS5B
protein of all genotypes except for one of the analyzed
isolates. On the other side, cysteines 39, 146, and 303 were
absent in at least two genotypes. It should also be worth
noting that several genotypes were bearing cysteines in
other positions that were absent in case of JFH1 and other
genotype 2 polymerases (Figure S2). So, among eight
cysteine residues of the NS5B protein that are subjected to
S-glutathionylation NS5B, five were conservative, and two
others were highly conserved among all genotypes.

3.4. Substitution of Most Glutathionylated Cysteine Residues
in NS5BΔ21 Protein Leads to Reduced Enzymatic Activity of
the Recombinant Protein. To analyze the role of glutathiony-

lation of the identified cysteines in maintaining the enzy-
matic activity of the viral polymerase, a panel of NS5BΔ21
with single C→S substitution was constructed. The rationale
for such mutations was to exchange the sulfhydryl group
(-SH) with a hydroxyl group (-OH) that cannot be coupled
with GSH or be oxidized. The expression and purification
of the protein forms were carried out according to the same
protocol used for the wild-type enzyme. The degree of their
S-glutathionylation was analyzed using the same anti-PSSG
antibodies as described above. As can be seen from
Figure 3(a), not a single substitution prevented the NS5B
protein from coupling with glutathione. Moreover, several
mutant forms exhibited a somewhat enhanced degree of
glutathionylation.

RdRp activity was then measured in a primer-dependent
assay in which the same amount of the protein was present in
the reaction mixture. Using the wild-type protein, no differ-
ences were observed in the de novo system, but the overall
higher levels of nucleotide incorporation were obtained, thus
ensuring better reproducibility and lower level of error. The
substitution of residues 89 and 223 did not affect RdRp

Table 1: Cysteine residues of the recombinant NS5BΔ21 protein that are subjected to S-glutathionylation.

Protein
Cysteine residue

14 39 89 146 170 223 243 274 279 295 303 316 366 521

The recombinant NS5BΔ21 Exp1 − − + + + − − + − − − − − −
The recombinant NS5BΔ21 Exp2 − − + + − − − Two1 − − − −
NS5BΔ21, treated with GSSG Exp1 − − + + − +2 − Two3 − − − +

NS5BΔ21, treated with GSSG Exp2 − − + + − +2 − Two3 − − − +
123The peptide comprising aa 271-298 with three cysteines (C274, C279, and C295) contained two glutathione residues. In the same analysis, no
glutathionylation was revealed in a peptide of aa 271-280. A peptide aa 223-259 with two cysteines (C223 and C243) contained one glutathione residue. In a
similar sample, the peptide of aa 235-250 was not glutathionylated. The peptide comprising aa 271-298 contained two glutathione residues. In the same
analysis, a glutathionylated peptide of aa 251-278 is implying that one of the residues is at C274, and the second is either at C279 or C295.

Table 2: Variability of amino acid residues of the NS5B protein from HCV genotypes 1-7 at positions, in which the protein of JFH-1 isolate
contains cysteine residues.

Gt Isolate 14 39 89 146 170 223 243 274 279 295 303 316 366 521

1a

H77 C S C C C C C C C C C C C C

TN C S C C C C C C C C C C C C

HCV1 C S C C C C C C C C C C C C

1b

Con1 C A C C C C C C C C C C C C

J4 C A C C C C C C C C C N C C

DH1 C A C C C C C C C C C C C C

2a

JFH1 C C C C C C C C C C C C C C

JFH2 C C C C C C C C C C C C C C

J6 C C C C C C C C C C C C C C

2b J8 C S C C C C C C C C C C C C

3a S52 C S C C C C C C C C A C C C

4a ED43 C A C A C C C C C C I C C C

5a SA13 C S C A C C C C C C C C C C

6a EUHK2 C S C C C C C C C C C C C C

7a QC69 S S A C C C C V C C A C C C
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activity, and the change of C174 for serine only moderately
reduced activity (Figure 3(b)). In contrast, other substitutions
decreased the activity by >10-fold. The greatest reduction
was observed for the C279S mutant, for which the incorpo-
ration of a radioactive nucleotide into RNA was close to
the background. Moreover, this substitution also blocked
the increase of RdRp activity upon treatment with the
reducing agent. These results show that glutathionylation
of several NS5B cysteines inhibits the polymerase activity
of the protein.

3.5. Substitution of Most Glutathionylated Cysteine Residues
in NS5B Protein in the Context of the Viral Subgenomic
Replicon Enhanced HCV Replication. In order to verify the
role of NS5B cysteine residues that are glutathionylated, on
polymerase activity in the context of a viral proteome, similar
mutations were introduced into a subgenomic JFH1 replicon.
All the corresponding RNAs produced by in vitro transcrip-
tion were electroporated into Huh7.5 cells and grown in the
presence of the selection agent G418. As a negative control,
the replication-incompetent variant displaying a substitution
of the catalytic Asp318 with asparagine was electroporated.
The results are presented in Figure 4. First, in neither out of
four independent experiments, cells with an NS5B C89S sub-
stitution could be selected. This may indicate that this residue
in indispensable for maintaining replication in liver cells.
Substitution of C146 did not affect HCV replication efficacy.

Substitutions of C179, 295, or 512 with serine residues
significantly enhanced the replication of the viral genome.
A less pronounced stimulation was observed for C223 and
C274 substitutions. Finally, substitutions of C146 or C279
had no notable effect on HCV replication.
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Figure 3: Most cysteine-to-serine substitutions in NS5BΔ21 decrease its enzymatic activity but do not affect its ability to be activated by a
reducing agent. (a) Western blot for anti-PSSG. (b) Primer-dependent RNA polymerase activity of NS5BΔ21 mutant forms in the absence
and presence of a reducing agent. The results are presented as the mean ± SD. Statistically significant differences between the activities of
the mutated NS5B proteins and the wild-type enzyme were analyzed using the Kruskal-Wallis method with the Benjamini and Hochberg
procedure. Influence of DTT on activity of each NS5B form was analyzed using multiple t-tests.
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Figure 4: Most cysteine-to-serine substitutions in NS5B upregulate
the replication of the subgenomic HCV subgenomic replicon. The
results are presented as the mean ± SD. Statistical differences in
replication rates between mutation-bearing and wild-type
replicons were accessed by the Kruskal-Wallis method with the
Benjamini and Hochberg procedure. ∗p < 0:05; ∗∗p < 0:001.
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4. Discussion

Numerous reports show that hepatitis C virus alters the
redox state of infected cells (summarized in [23] and other
reviews) with focus on the identification of HCV-induced
ROS sources and levels, identification of ROS-scavenging
enzymes, and search for redox-sensitive pathways that
may be implicated in virus pathogenesis. In contrast, no
attempts have been made so far to analyze the impact of
ROS on viral proteins in terms of redox-sensitive or
redox-dependent posttranslational modifications and how
these ROS-induced posttranslational modifications may
change structural or enzymatic properties of viral proteins
and affect virus replication as well as the development of the
associated liver diseases. It is widely accepted that effects by
which ROS and reactive nitrogen species deregulate any par-
ticular process are based on their ability to induce redox-
sensitive posttranslational modifications. Many of those are
presented by covalent modifications or cysteine thiol groups:
oxidation to sulfenic (-SOH), sulfinic (-SO2H), or even sul-
fonic (-SO3H) acids [41]; S-glutathionylation (a formation
of a mixed disulfide with glutathione) [42]; nitrosation
(commonly referred to as nitrosylation—a conversion of
the -SH group into the -SNO group) [43]; and many others.
Numerous papers show that these posttranslational modifi-
cations play crucial roles in the regulation of many cellular
enzymes and other proteins [17, 41, 43]. Among these,
S-glutathionylation has a prominent role in the regulation
of many pathophysiological events [42]. During last year, it
became clear that this cysteine modification is implicated in
the development of lung fibrosis [44], asthma [45], neural
disorders such as Friedrich’s ataxia [46], and other patholo-
gies, whereas targeted regulation of S-glutathionylation in
cells and tissues presents a novel strategy to treat at least
some of these diseases [44]. In contrast, there are almost no
data on existence of these modifications in case of proteins
of HCV or other infections.

We show here that the hepatitis C virus NS5B protein that
represents anRNA-dependent RNApolymerase undergoes S-
glutathionylation. This finding expands the small list of viral
proteins that are subject to this redox-sensitive posttransla-
tional modification. Besides NS5B, S-glutathionylation was
described for the proteases of human immunodeficiency and
human T-lymphotropic viruses [18–20], the nsP2 protein of
chikungunya virus [21], and NS5 protein of Zika and dengue
[22]. Zika and dengue viruses belong to the Flaviviridae-
family, though to a different genus. Chikungunya virus is
a member of the Togaviridae family that is comprised of
small enveloped viruses whose genome is presented by a
single-stranded nonfragmented (+) strand RNA. The NS5
protein of Zika and dengue viruses that is subject to
S-glutathionylation exhibits two types of enzymatic activ-
ities: guanylyltransferase, RNA guanine-N7-methyltrans-
ferase, nucleoside 2′-O-methyltransferase, and RdRp [22].
S-Glutathionylation moderately decreases at least two of
them: guanylyltransferase and RdRp. The nsP2 protein of
Chikungunya virus is a protease, and its S-glutathionylation
suppresses this activity [21]. Similarly, S-glutathionylation
of HIV protease inhibits its enzymatic activity by preventing

its dimerization [18, 19]. In our case, this posttranslational
modification also decreased the enzymatic activity of the
NS5B protein of HCV; however, the underlying mechanisms
remain unknown.

S-Glutathionylation of NS5B was shown for the
recombinant protein only. Unfortunately, we could not verify
S-glutathionylation of the HCV NS5B protein expressed in
liver cells due to technical restrictions. We tried to immuno-
precipitate the protein with either NS5B or PSSG antibodies
or treatment of the HCV-infected Huh7.5 cells with a bio-
tinylated glutathione (Bio-GEE). All these approaches did
not show the presence of the NS5B in the precipitates, most
probably due to very weak affinity of the antibodies to this
protein. Two commercially available antibodies and one in-
house produced polyclonal antibody that were used for the
detection of NS5B had a detection limit of 30 ng per lane of
a gel. So, future endeavors should require introduction of
any high affinity tag to the NS5B protein which cannot be
done in the context of HCV infectious or noninfectious
replication systems.

Based on existing crystal structures, it could be speculated
that glutathionylation of several cysteine residues may block
RdRp activity by introducing a bulky tripeptide moiety close
to sites that are critical for catalysis. The first example is C223
that is located in a palm subdomain in a proximity to
aspartate residue D220, which coordinates one of the mag-
nesium ions, D225 which forms a hydrogen bond with a
2′-hydroxyl of an incoming triphosphate, or R222 that also
interacts with NTP [47]. The second example is C89 that is
close to the residues that form a tunnel for the RNA primer
[48]. Surprisingly, the mutants with cysteines 89 or 223
substituted to serine residues exhibited enzymatic activity
similar to that of the wild-type protein. In contrast, the
RdRp activity of the C170S and C274S mutants was only
moderately reduced. The latter is in contrast to a study of
Murakami’s group that demonstrated a significant reduction
in the enzymatic activity of C274A mutant polymerase
[49, 50]. However, such discrepancy could be explained by
a different isolate of virus (JK-1 isolate of a 1b genotype com-
pared to JFH1 isolate of 2a gt used in the present study) or by
the difference in amino acid residue to which the cysteine was
substituted. Next, C146S, C279S, C195S, and C521S mutant
exhibited significantly reduced RdRp activity compared to
the wild-type enzyme. However, the activities of all of them
except C179S were upregulated by pretreatment with DTT.
Again, the result for C279 is in contradiction to the papers
of Murakami’s group [49, 50], where C279A substitution
did not affect the RdRp activity of the NS5B protein. But
again, differences in viral isolate or substitution may account
for this discrepancy. Nevertheless, these results indicate that
several cysteine residues are important for maintaining enzy-
matic activity of the polymerase.

To verify that the substitutions of the cysteine residues in
NS5B proteins lead to the abovementioned changes in its
enzymatic activity, respective substitutions were introduced
into a subgenomic HCV replicon. Stable cells lines were
selected and obtained and used to measure HCV RNA levels.
Strikingly, this system led to absolutely different results: a
C89S mutation that had no effect on RdRp activity in vitro
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did not support HCV replication, whereas a series of muta-
tions that did diminish the activity of the recombinant
enzyme up-regulated HCV replication in cells. The most pro-
nounced difference was seen in the case of the C279S mutant.
This suggests the existence of at least two factors that influ-
ence RdRp activity. First, S-glutathionylation or other cyste-
ine modifications inhibit the polymerase in cells. Second,
the recombinant NS5B protein has a preference for cysteine
compared to serine in the respective positions. However, it
cannot be excluded that these cysteine residues can undergo
other redox-sensitive modifications such as sulfenation or
even sulfination that also decrease RdRp activity. It is
accepted that oxidation of thiol groups into sulfenic groups
may precede S-glutathionylation either through reaction
with GSH or through an enzyme-catalyzed process [51].
There are several examples that both oxidation and
S-glutathionylation occur for cysteine residues with reduced
pKa. Mass spectrometric analysis in this study revealed both
oxidized forms for several cysteines that were subjected to
S-glutathionylation. Though we cannot rule out a possibility
of spontaneous oxidation of these residues by air oxygen, it is
tempting to speculate that at least deep oxidation (i.e., into
sulfinic acids) seen for C89, C521, C223, and a pair
C179/C295 could reflect a high potential of these residues
to redox-sensitive posttranslational modifications. So, future
studies of a wide range of cysteine modifications of the NS5B
protein are required.

Both S-glutathionylation and sulfenation of cysteines rely
upon hydrogen peroxide [41]. HCV infection is known to
trigger enhanced production of ROS and to increase cyto-
plasmic H2O2 levels in particular [23, 25]. Long-lasting
HCV infection also causes a significant increase in oxidized
glutathione levels [31]. These facts assume that HCV infec-
tion should favor protein S-glutathionylation. As glutathio-
nylation of the NS5B protein inhibits its enzymatic activity,
one might expect a negative effect of hydrogen peroxide on
virus replication. Indeed, Choi et al. reported inhibition of
HCV replication by nontoxic doses of H2O2.

5. Conclusions

To sum up, we have shown that the NS5B protein of hepatitis
C virus is subjected to S-glutathionylation and that this mod-
ification alters enzymatic activity. At the same time, results
from the cell system suggest the existence of other modifica-
tions of NS5B cysteine residues that also can affect RdRp
activity of the protein. So, these data point out to the neces-
sity of future investigations of redox-sensitive posttransla-
tional modifications of the HCV NS5B proteins as well as
of other virus proteins and their role in HCV replication.
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Oxidative stress is induced once the balance of generation and neutralization of reactive oxygen species (ROS) is broken in the cell,
and it plays crucial roles in a variety of natural and diseased processes. Infections of Flaviviridae viruses trigger oxidative stress,
which affects both the cellular metabolism and the life cycle of the viruses. Oxidative stress associated with specific viral
proteins, experimental culture systems, and patient infections, as well as its correlations with the viral pathogenesis attracts
much research attention. In this review, we primarily focus on hepatitis C virus (HCV), dengue virus (DENV), Zika virus
(ZIKV), Japanese encephalitis virus (JEV), West Nile virus (WNV), and tick-borne encephalitis virus (TBEV) as representatives
of Flaviviridae viruses and we summarize the mechanisms involved in the relevance of oxidative stress for virus-associated
pathogenesis. We discuss the current understanding of the pathogenic mechanisms of oxidative stress induced by Flaviviridae
viruses and highlight the relevance of autophagy and DNA damage in the life cycle of viruses. Understanding the crosstalk
between viral infection and oxidative stress-induced molecular events may offer new avenues for antiviral therapeutics.

1. Introduction

The Flaviviridae is a family of viruses that comprise more
than 100 species. These viruses include those that have been
grouped into one of four genera (Flavivirus, Pestivirus,
Pegivirus, and Hepacivirus) [1], as well as a number of
unclassified species. Natural hosts of Flaviviridae viruses
are primarily humans and other mammals, and the viruses
spread mainly through arthropod vectors (e.g., mosquitoes
and ticks; Flavivirus) and blood-associated transmission
(Hepacivirus). Medically important Flaviviridae viruses
include dengue virus (DENV), Zika virus (ZIKV), yellow
fever virus (YFV), Japanese encephalitis virus (JEV), West
Nile virus (WNV), tick-borne encephalitis virus (TBEV),
and hepatitis C virus (HCV) [1]. Major clinical manifesta-
tions associated with the infections of these viruses include
hemorrhagic syndromes [2], neurological complications
(e.g., encephalitis, Guillain-Barré-syndrome (GBS), and

microcephaly) [3, 4], and hepatitis [5]. After entry into
the cell through receptor-mediated endocytosis, the life
cycle of Flaviviridae viruses is completed entirely in the
cytoplasm. Many host cellular factors have been identified
as being involved in the viral infection, and the various steps
of the life cycle or viral products interfere with the homeosta-
sis of cellular metabolism, thus triggering a stress pressure to
the host cell. In general, cellular metabolism steadily pro-
duces reactive oxygen species (ROS), as a byproduct of the
normal aerobic metabolism, by a variety of enzymes in mito-
chondria, endoplasmic reticulum (ER), and peroxisome
compartments, and simultaneously the oxide is removed to
keep the balance [6, 7]. ROS are reactive chemical species
containing oxygen, for example, hydrogen peroxide (H2O2),
superoxide anion (O2

•−), hydroxyl radical (•OH), and singlet
oxygen (1O2). In a biological context, ROS are oxidants and
mediators of cell injury, disease, homeostasis, and signaling
activation [6, 7]. Once the balance between the accumulation
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of ROS and the removal of the oxide is broken, an oxidative
stress is established. The ultimate consequences of oxidative
stress are tissue damage, inflammation response, and cell
death [8, 9]. To maintain a favorable environment for cell
survival and to restore the balance of oxidation and antioxi-
dant systems, the cell generally restricts the use of nutrients
and energy through, for example, reducing protein synthesis
[10, 11]. It is noted that oxidative stress as a mere imbalance
between ROS production and neutralization is being
substituted by a concept of redox pathophysiology, which
focuses on searching for exact reactions between ROS or oxi-
dation products with exact groups of proteins and the conse-
quences of these reactions.

Thus, an updated definition of “an imbalance between
oxidants and antioxidants in favor of the oxidants, leading
to a disruption of redox signaling and control and/or molec-
ular damage” is being introduced for oxidative stress [12]. A
variety of viral infections have been found to trigger oxida-
tive stress and thus interfere with the normal function of
the host cell. Therefore, the maintenance and restoration
of a favorable intracellular environment are vitally impor-
tant for the host to combat against virus infection. Several
Flaviviridae viruses have been demonstrated to trigger oxi-
dative stress in the infected cell, which include the viruses
of the Flavivirus genus, DENV [13–15], ZIKV [16, 17],
JEV [18–20], WNV [21, 22], and TBEV [23], as well as
Hepacivirus HCV [24–28].

Among Flaviviridae viruses, HCV infection and the
induction of oxidative stress have been more extensively
studied. HCV is a major cause of liver disease, and majority
of infected patients develop chronic infection, which
increases the risk of developing liver cirrhosis, liver failure,
and eventually hepatocellular carcinoma (HCC). Globally,
chronic HCV infection affects 71 million people, and HCV-
associated diseases lead to 400,000 deaths per year [29].
Direct-acting antiviral agents (DAAs) have been approved
recently for the treatment of HCV infection and have dra-
matically increased the cure rate up to 90% [30]. However,
a vaccine for HCV is still unavailable. Besides, new challenges
arising from the limited access and high cost of DAA, emer-
gence of drug resistance, impaired neutralizing immunity,
and unawareness of infection, as well as the unceasing pro-
gression of HCC and risk of reinfection after virus clearance
have compromised the global eradication and elimination of
HCV infection [31]. Many reports have described the pro-
duction of ROS in HCV-infected cells and in the liver tissue
and lymphocytes from HCV-infected patients [24, 27, 28,
32, 33]. Almost all HCV proteins have been demonstrated
to be involved in the induction of oxidative stress, of which
core and NS5A proteins are evidenced as the main inducers.

DENV, ZIKV, JEV, WNV, and YFV are mosquito-
transmitted viruses, mainly prevalent in tropical and sub-
tropical regions, and cause major health and economic prob-
lems. Although most of the infections are asymptomatic or
present as mild illness, a portion of the infected patients
develops severe symptoms and may result in death. DENV
infection could lead to severe symptoms, including dengue
hemorrhagic fever (DHF) and dengue shock syndrome
(DSS) [34–36]. ZIKV infection may cause serious neurologi-

cal complications, including GBS in adults and the micro-
cephaly birth defect in infants [37–39]. The birth defect
along with its sexual and transplacental transmission makes
ZIKV unique and distinct from other flaviviruses [40]. JEV
infection causes acute encephalitis and, frequently, neurolog-
ical sequelae, which lead to the loss of more disability-
adjusted life years (DALY) than any other arthropod-borne
virus [41, 42]. A small portion of WNV and TBEV (tick
transmitted) can also result in severe neurological symptoms
(e.g. encephalitis, meningitis, or meningoencephalitis) and
may lead to mortality [42, 43]. To date, there is no specific
antiviral treatment available for the infections of these flavi-
viruses. Vaccines for human use are only available for JEV
and DENV. However, JEV vaccines are not effective against
all clinical JEV isolates, while DENV vaccines can only be
used in dengue endemic regions and in the individuals of a
specific age range [44].

Accumulating evidences have linked the oxidative stress
to the pathogenesis of these vector-borne flaviviruses [45].
In this review, we focus on the infection of six viruses, includ-
ing HCV, DENV, ZIKV, JEV, WNV, and TBEV. We aim to
summarize the reported data regarding the role of oxidative
stress in viral pathogenesis and the crosstalk between virus,
elevated ROS levels, and oxidative stress-induced molecular
events. In addition, autophagy and DNA damage are repre-
sentatively summarized for HCV, DENV, and ZIKV.

2. Virion Structure and Life Cycle of
Flaviviridae Viruses

Although Flaviviridae viruses share a high similarity in the
replication cycle, some specific features differ from each
other in terms of virion, genome, replication, etc. The virion
of Flaviviridae viruses has enveloped, icosahedral, and spher-
ical geometries with a diameter of about 40-60 nm [1, 46].
The viral genome is a positive single-stranded RNA of 9.6-
12.3 kb, consisting of one large open reading frame (ORF)
flanked by untranslated regions (UTRs) at each end. In the
5′UTR, the Flavivirus genus carries a methylated nucleotide
cap (type I cap), while viruses from other genera possess an
internal ribosome entry site (IRES), important for the initia-
tion of RNA translation [1, 47]. All members of the family
lack a 3′-terminal poly(A) tract. After entry into the cell,
the genomic RNA is uncoated and is directly recognized as
a mRNA template by the translation machinery of the host
cell to synthesize a large polyprotein precursor. The polypro-
tein is co- or posttranslationally processed by viral and cellu-
lar proteases to produce individual viral proteins, including
structural and nonstructural (NS) proteins. Structural pro-
teins form the virion, which is usually comprised of a single
core protein (capsid in flaviviruses; C) and two or three enve-
lope proteins. NS proteins are mainly involved in building up
the replication complex and regulating RNA replication, viral
assembly, and host responses. NS1 is unique to flaviviruses
and is the only NS protein residing in the lumen of the ER.
The NS1 and NS2A of flaviviruses are required for RNA rep-
lication and production of an infectious particle. The NS2B
of flaviviruses or the NS4A of HCV acts as a cofactor for
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the NS3 protease and recruits NS3 to the ER membrane. NS3
is a multifunctional protein with serine protease, RNA
helicase, and nucleoside triphosphatase (NTPase) activities
that are essential for RNA replication. The NS4A of flavi-
viruses is an integral membrane protein involved in mem-
brane rearrangement to form the viral replication complex,
while the NS4B of HCV functions in this aspect. The NS5
of flaviviruses and the NS5B of HCV both possess RNA-
dependent RNA polymerase activity responsible for viral
RNA synthesis. In addition, HCV NS5A is a phosphopro-
tein involved in the interactions with host factors and in
RNA binding. HCV p7 is a small protein with ion channel
activity. p7 and NS2 of HCV support the assembly and
release of virions, which may diverge mechanically from the
flaviviruses [1]. Despite a high degree of similarity in the
genome organization and the mechanism of RNA replica-
tion, important differences exist between flaviviruses and
hepacivirus, including the way in which these viruses utilize
cellular resources to favor their propagation and possible
clinical outcome, likely reflecting the use of distinct host
cellular pathways.

3. Source and Cellular Response of ROS

ROS are byproducts of aerobic metabolism in various cell
compartments, including the mitochondria and ER, and
function as fine-tuning modulators of numerous normal
physiological processes [7]. It is well known that ROS could
be both beneficial and deleterious to the cell, depending on
the source and cellular response of ROS [48]. Oxidative
stress induced by unbalanced ROS production and scaveng-
ing contributes to physiological disorders, such as metabolic
dysfunction and neurodegeneration [49], inflammatory
activation [50], and infectious diseases [8, 51]. As a natural
defense system, the cell regularly produces antioxidants
or adopt other mechanisms to eliminate the ROS to keep
the balance of antioxidation and oxidation. Thus, the devel-
opment of antioxidants and strategies are emerging as
potential therapeutic approaches for diseases related to the
oxidative stress.

3.1. Mitochondria: Source and Target of ROS. Mitochondria
are the powerhouse of eukaryotic cells responsible for the
majority of oxygen consumption inside the cell, supplying
90% of cellular energy; they are also the major producers of
intracellular ROS. Mitochondrial respiration depends on
electron transfer and a proton gradient to drive ATP synthe-
sis, and in this process, ROS are produced as natural bypro-
ducts. The superoxide is primarily produced by an electron
leak from electron transport chains (ETC) in mitochondria
and through the oxidation of nicotinamide-adenine dinucle-
otide phosphate (NADPH) by NAPH oxidases (NOXs), as
well as by enzymes including pyruvate and 2-oxoglutarate
dehydrogenases [52–56]. The superoxide produced is rapidly
converted into hydrogen peroxide by superoxide dismutases
(SODs) and into hydroxyl radicals through reactions with
metal cations within the cell [56]. The ROS produced mostly
target the mitochondrial DNA (mtDNA) and are believed to
induce mtDNA degradation, owing to the close proximity of

the mitochondrial genome to the ETC. In addition to
mtDNA damage, excessive ROS accumulation in the mito-
chondria could trigger mitochondrial outer membrane per-
meabilization (MOMP), which facilitates the release of
cytochrome C (apoptosis activator) into the cytosol and the
activation of caspase-3 (key apoptosis effector) [57–59].
Upon induction of MOMP, the capacity of mitochondrial
Ca2+ buffering is decreased. As a consequence, mitochondrial
Ca2+ is overloaded, and thus ROS is generated. Although it is
incompletely certain whether increased ROS are a conse-
quence of mitochondrial dysfunction or damage, it is clear
that the increased ROS levels and oxidative stress that
resulted from mitochondrial dysfunction have now been
convincingly correlated to a variety of human pathological
states, including infection of pathogens [60, 61].

3.2. Endoplasmic Reticulum (ER) and ROS. ER is an organelle
containing complex and dynamic tubules, which serve as the
site of the storage of Ca2+, folding and secretory pathways of
proteins, and lipid synthesis. Growing evidences have shown
that the oxidation of proteins in ER is responsible for the
generation of ROS that cause oxidative stress [58, 62, 63].
Considering the intimate cross-talks between ER and mito-
chondria [64], which form very dynamic platforms termed
mitochondria-associated membranes (MAM), the ER-
associated oxidative stress could induce mitochondrial Ca2+

overload, unfolding protein response (UPR), and autophagy,
as well as involvements in virus infection [65, 66]. Such stress
responses may switch a process from being physiologically
beneficial to one that signals cell damage [58].

3.3. Antioxidant Defense Systems. To counteract oxidative
stress, eukaryotic cells have evolved antioxidant defense sys-
tems, which are composed of antioxidant molecules that
inhibit oxidants from reacting with other molecules by
ETC, thereby minimizing damage and maintaining cellular
redox homeostasis [67, 68]. The molecules of antioxidant
defense systems can be endogenous and exogenous. The
endogenous (or adaptive) antioxidants consist of both enzy-
matic (e.g., peroxiredoxins, SOD, catalase, and glutathione
peroxidase) and nonenzymatic components (e.g. vitamin C,
vitamin E, uric acid, metal binding proteins, polyamines,
bilirubin, carotenoids, and glutathione). However, only vita-
min E is found to act as a ROS scavenger with visible efficacy,
whereas other molecules, albeit they can scavenge ROS
in vitro, do not act so in vivo, but are considered to affect
redox-sensitive pathways [69]. Yet, it has also been reported
that the antioxidant effects of vitamin E are only displayed
in vitro and not in vivo; thus, it remains a matter of contro-
versy as to whether or not vitamin E is useful for protecting
the body from ROS-induced oxidative stress [70]. Many of
these antioxidants are encoded by the Nrf2- (nuclear factor
erythroid 2-related factor 2-) Keap1 (kelch-like ECH-
associated protein 1) pathway [67, 71–74]. Nrf2 is a tran-
scription factor that regulates the expression of numerous
ROS detoxifying and antioxidant genes [72, 75]. Under basal
physiology, Nrf2 is sequestered in the cytosol by interacting
with Keap1, which facilitates the ubiquitination of Nrf2 and
proteasomal degradation, thus limiting the expression of
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Nrf2-regulated genes. Upon cellular oxidative stress, the con-
formation of Keap1 is changed and thus Nrf2 is released and
no longer degraded. Newly synthesized Nrf2 is accumulated
and translocated to the nucleus, where it forms a heterodimer
with small Maf (sMaf) proteins and binds to the antioxidant
response element (ARE). The binding of Nrf2 to ARE initi-
ates ARE-dependent transcriptions of antioxidant defense
enzymes, thus building up antioxidant defenses to attenuate
cellular oxidative stress and to return the cell to a basal state.
Exogenous antioxidants are derived from the diet and sup-
plements, such as tiron (4,5-dihydroxy-1,3-benzenedisulfo-
nic acid; a ROS scavenger), carotenoids, and flavonoids.
Most of the endogenous and exogenous antioxidants are
localized within the cytosol, and a small portion are localized
within the mitochondria [76]. Antioxidant systems are
manipulated by Flaviviridae viruses and are associated with
HCV chronic infection [26] and the immune and apoptotic
responses against DENV infection via Nrf2-dependent reg-
ulation of ROS production [13]. Although it is a hope and
an attempt to modulate the antioxidants for therapeutic
purpose, a large challenge exists, mainly in delivering anti-
oxidants to diseased tissue or dysfunctional cells without
affecting normal tissue.

4. Oxidative Stress and Viral Infections

Oxidative stress induced by virus infection was first described
in the study of Sendai virus infection of phagocytes in 1979
[77]. In this study, the binding of the Sendai virus to the cell
was demonstrated to quickly activate a membrane-bound
NADPH-linked dehydrogenase. This enzyme forms a super-
oxide anion and hydrogen peroxide, which together with
ROS, reacts with polyunsaturated fatty acids, carbohy-
drates, or artificial easily oxidized substrates such as luminol
(5-amino-2,3-dihydro-1,4-phthalazinedione), and finally leads
to the induction of chemiluminescence. Since then, many
viruses have been demonstrated to cause cell damage by gen-
erating ROS and changing redox homeostasis [33, 78–80].
The induction of oxidative stress may also activate the antivi-
ral inflammatory signaling pathways [81–84], thus contribut-
ing to viral pathogenesis. For example, DENV infection
induces NOX-dependent oxidative stress, which activates
interferon regulatory factor 3 (IRF-3), IRF-7, and signal
transducer and activator of transcription 1 (STAT-1), as well
as nuclear factor kappa-light-chain-enhancer of activated B
cell- (NF-κB-) mediated antiviral responses, and associates
with the severe damage of virally infected cells [13]. DENV
can also induce oxidative stress in liver cells, leading to the
production of CCL5 and the activation of the transcriptional
regulator CCAAT/enhancer-binding protein β (C/EBPβ)
[85]. High levels of circulating proinflammatory cytokines
such as IL-1β or tumor necrosis factor α (TNF-α) also
correlates with severe dengue fever in DENV-infected
patients [86]. Oxidative stress caused by other viruses, such
as Rift Valley fever virus (RVFV; a mosquito-borne virus),
could also activate inflammatory regulators NF-κB and p53
responses, which in turn modulates cytokine expression,
apoptosis, and cell death [82]. The respiratory syncytial virus
(RSV) also activates NOX-dependent IRF-3 [87], and NOX2-

derived ROS are required for the host cell to trigger an
efficient retinoic acid-inducible gene 1- (RIG-I-) mediated
activation of IRF-3 and downstream antiviral genes
through the regulation of mitochondrial antiviral signaling
protein (MAVS) [83]. In turn, ROS may facilitate viral
replication, depending on the cell type and the virus
involved [51]. Flaviviruses and alphaviruses may use oxi-
dative stress produced during infection to help temporally
control genome RNA capping and genome replication [21].
DENV infection is able to activate ER stress-regulated
autophagy to limit apoptosis of the cell and thus increase
the potential of DENV replication [88]. To counteract the oxi-
dation from the high chemical reactivity of ROS, cells have
evolved antioxidant mechanisms to maintain redox homeo-
stasis. Although varying in the ability to induce ROS, viruses
share a common pathogenic pathway to defend against oxida-
tive stress. Modulation of Nrf2/ARE signaling is a universal
strategy for viruses to trigger antioxidant responses [89].

4.1. Oxidative Stress in HCV Infection. Mitochondria are the
major sources of ROS inside hepatocytes and liver-resident
blood cells. Excessive production of ROS is a leading factor
that contributes to liver inflammation, fibrogenesis, and
hepatic carcinogenesis [50], which are common sequelae of
chronic HCV infection. It is well known that HCV triggers
oxidative stress and modifies antioxidant systems, leading
to chronic hepatitis C and extrahepatic manifestations such
as type 2 diabetes mellitus [90–94], cardiovascular diseases
[95–98], autoimmune or lymphoproliferative disorders
[99–101], glomerulopathies [102], and neurological diseases
[103–107]. Biomarkers of oxidative stress could be detected
both in chronic HCV patients and in various in vitro systems
including replicon systems and infectious cell culture systems
[26, 33, 108, 109]. The induction of oxidative stress by HCV
has been summarized recently in excellent reviews [26–28,
110]. Most of the HCV proteins are involved in the induction
of oxidative stress, including the core, E1, E2, NS3, NS4B, and
NS5A [111–121]. It is worth noting that the HCV core pro-
tein serves as a key regulator causing calcium perturbations
and ROS production, and multiple mechanisms are exploited
by the HCV core to induce oxidative stress. The core is local-
ized to mitochondria and MAM with ER and induces the
efflux of Ca2+ from ER to mitochondria, which causes gluta-
thione (GSH) oxidation and consequent complex I glutathio-
nylation, and thus sustaining and amplifying the oxidized
mitochondrial environment [114]. The N terminal of the
core (36 residues) induces the production of ROS through
transforming growth factor β1- (TGF-β1-) dependent
expression of NOX1 and NOX4, while the rest of the core
upregulates ROS transcription via cytochrome P450 2E1
and induces oxidoreductin-1α, thus triggering Ca2+ efflux
from ER to mitochondria via the mitochondrial Ca2+ unipor-
ter, leading to the generation of superoxide anions [119].
Both the HCV core and NS5A proteins have been shown to
induce ER stress, leading to cytoplasmic Ca2+ release via the
inhibition of the sarcoplasmic/endoplasmic reticulum cal-
cium ATPase (SERCA) and the induction of a passive leak
of Ca2+, respectively [33, 122]. NS5A-induced Ca2+ release
triggers ROS production in mitochondria, leading to the
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activation of NF-κB and STAT-3 [118]. Envelope proteins E1
and/or E2 induce stress indicator CCAAT/enhancer-binding
protein-homologous protein (CHOP) [123] and accumula-
tion of ROS and activation of Nrf2 [124]. E2 upregulates
collagen-α-related production of ROS in the hepatic stellate
cells and contributes to fibrosis [116]. HCV NS3 can trigger
oxidative stress in human monocytes via the activation of
NADPH oxidases [112]. NS4B induces oxidative stress and
associates with the activation of the phosphatidylinositol 3
kinase- (PI3K-) Akt pathway [125]. In addition, HCV infec-
tion triggers MOMP accompanied by ROS production, lead-
ing to DNA damage and STAT-3 activation, and this
activation is achieved by the core, E1, and NS3 proteins
[126]. As STAT-3 has been identified as an oncogene, its acti-
vation may lead to downstream proliferative responses. Fur-
thermore, the HCV replicon also causes oxidative stress to
activate STAT-3 signaling which involves p38 MAPK, JNK,
JAK2, and Src kinases, which eventually contributes to the
stimulation of HCV RNA replication [109].

In spite of these observations, studies also report the
inhibitory effect of elevated ROS levels on viral genome rep-
lication. ROS, within the range of a biologically relevant con-
centration, could suppress HCV RNA replication in human
hepatoma cells [127]. HCV replication is susceptible to the
cellular redox state [128], and some adaptive mutations that
permitted in vitro infection of HCV genomes adaptive muta-
tions permitted by in vitro virus production are found to con-
fer resistance to peroxidation [128, 129]; this study also
indicates that NS4A and NS5B are involved in the viral sus-
ceptibility to lipid peroxidation [128]. Another study reports
that besides the induction of oxidative stress, HCV also
induces ROS scavenger glutathione peroxidase 4 (GPx4) to
control lipid peroxidation and to increase virion infectivity
[130]. A recent study describes that a marked increase in oxi-
dative stress in liver cell cultures favors viral replication in the
acute phase of HCV in vitro infection, while HCV replication
and apoptosis are observed at low levels during the chronic
phase; concomitantly, the restoration of reducing redox con-
dition is recorded [131]. The conflicting results about the rel-
evance of ROS for the HCV life cycle may be due to the
concentration of ROS or the stage of HCV infection.

The modulation of oxidative stress for a therapeutic pur-
pose is being exploited for HCV infection. Promising results
have been obtained by modifying the antioxidant defense
mechanisms, which include antioxidant agents (mainly the
glutathione system and thioredoxin), antioxidant enzyme
systems (superoxide dismutase, catalase, GSH peroxidase,
and heme oxygenase-1 (HO-1)), and natural and synthetic
antioxidants (vitamins C and E, N-acetylcysteine, silymarin,
etc.) (reviewed in [132, 133]). The inhibition of glycogen syn-
thase kinase 3β (GSK3β) enhances the Nrf2 antioxidant
response, thus conferring protection in HCV-infected cells
and hepatitis C patients [134]. Nevertheless, along with its
therapeutic potential, there are concerns on antioxidant ther-
apy. Taking vitamins as an example, several studies report
that the serum levels of vitamins (β-carotene (provitamin
A) and vitamins B, C, and D) are significantly reduced in
chronic hepatitis C patients [135–137], but the underlying
mechanisms are unclear. These vitamins may have been seri-

ously depleted in the patients; therefore, high doses of pri-
mary antioxidants (vitamins) should be administered to
restore and, thereafter, to maintain serum and tissue concen-
trations at normal levels. Thus, the use of antioxidants neces-
sitates early restoration of optimal concentrations in the liver
and plasma. However, the results of clinical studies about the
efficiency of vitamins for chronic hepatitis C are still contro-
versial [138]. It has been reported that vitamin D2 inhibited
HCV RNA replication [139], while vitamin E enhanced
HCV RNA replication [140]. No significant effect of antioxi-
dant supplements on the sustained virologic response has
also been reported for chronic hepatitis C patients [138]. In
addition, antioxidant treatment often involves a wide variety
of drugs or mixtures and may have toxic or uncertain effects
[133, 141]. Moreover, the pathology of viral diseases are ulti-
mately the result of complex cellular reactions and host-virus
interactions, and it remains to be clarified how antioxidant
therapy modulates the cell redox state and treats HCV infec-
tion [141, 142]. Together, although many natural com-
pounds have the ability to scavenge ROS or to activate
endogenous defense systems, thus offering an indirect pro-
tection to the cell [143], with the current knowledge and
uncertainties on the effect of antioxidants, targeting the
redox-sensitive pathways as a complementary strategy to
HCV therapy requires further investigations.

4.2. Oxidative Stress in DENV Infection. Similar to HCV,
changes of redox status in the host cell are a common result
of DENV infection. Currently, oxidative damage has been
reported in severe DENV patients [144–146], indicating a
correlation between oxidative stress and viral pathogenesis.
DENV is shown to stimulate oxidative stress leading to che-
mokine RANTES secretion through the activating nuclear
factor for IL-6 expression (NF-IL-6) signaling [85]. A recent
study reports that changes in redox homeostasis and induc-
tion of oxidative stress are associated with the enhanced viral
replication in monocytes from glucose-6-phosphate dehy-
drogenase- (G6PD-) deficient patients [14]. G6PD provides
the reduced form of NADPH for various cellular reactions
including GSH recycling and superoxide anion production
via NADPH oxidase and nitric oxide (NO) synthesis; thus,
G6PD deficiency weakens antioxidant defenses and increases
oxidative stress in the cell. The G6PD deficiency alters the
cellular redox into an abnormal state, and such oxidative
state may benefit DENV replication. Thus, G6PD-deficient
patients were found to have a higher virus load, and this
may also be a link to the presence of severe dengue. This
study laterally supports the link between cellular oxidative
state and susceptibility to DENV infection. In primary
human monocyte-derived dendritic cells (Mo-DC), DENV
infection induces NOX-dependent oxidative stress that regu-
lates the magnitude of the activation of innate antiviral
immune responses and stimulates apoptosis [13]. More
recently, the extent of oxidative stress has been associated
with the disease severity in DENV-infected patients [146,
147]. The level of oxidative stress is found to be maximal in
DSS followed by DHF, and its level is minimal in dengue
fever [147], suggesting a correlation between the level of oxi-
dative stress and DENV-induced pathogenesis.
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In addition, DENV can manipulate antioxidant systems
to favor its replication. In line with this notion, DENV sero-
type 2 (DENV2) infection alters the host intracellular GSH
levels, and inhibition of GSH synthesis promotes DENV2
replication in liver cells and in vivo [148, 149], implicating
antioxidant molecules as a potential therapeutic agent for
the treatment of viral infections via the inhibition of oxida-
tive stress. Induction of antioxidant enzyme HO-1 effectively
inhibits DENV replication in Huh7 cells [150]. The inhibi-
tion of antioxidant pathways regulated by Nrf2 increases
DENV-associated immune and apoptotic responses in Mo-
DC [13]. Furthermore, the addition of garlic diallyl disulfide
(DADS), diallyl sulfide (DAS), and alliin has been found to
reduce DENV-mediated oxidative stress [151]. DAS is a
selective inhibitor of cytochrome P450 2E1, which is shown
to be upregulated by the HCV core and NS5A, respectively
[119, 120]. These studies show that modulation of the antiox-
idant systems has a potential for the development of DENV
therapy; however, more studies are required.

4.3. Oxidative Stress in the Infections of ZIKV. To date, there
are very few reports about the effects of ROS on the ZIKV life
cycle and ZIKV-induced pathogenesis; this is perhaps due to
the fact that ZIKV began to attract research interest after its
outbreak in recent years. A recent study shows that Nrf2-
mediated signaling affects embryo survival, redox biology,
and ZIKV susceptibility in the mosquito Aedes aegypti
[152], thus linking oxidative stress and ZIKV infection. ZIKV
infection can trigger ER stress (or UPR) in the cerebral cortex
of infected postmortem human fetuses as well as in cultured
human neural stem cells. Oxidative stress and ER stress are
related states that occur frequently in diseases involving
inflammation and viral infection [153]. One consequence of
oxidative stress is the disruption of the correct oxidative envi-
ronment within the ER, leading to the misfolding of proteins
and ER stress [154, 155]. Meanwhile, protein misfolding in
the ER may also result in excessive ROS production and
therefore oxidative stress. The role of oxidative stress and
the underlying molecular details during ZIKV infection
needs to be further investigated.

4.4. Oxidative Stress in the Infections of JEV, WNV, and
TBEV. Many continuous cell lines can support the produc-
tion of JEV, and early studies show that JEV infection pro-
duces the toxic oxygen species in neutrophils [156], ROS
intermediates in murine neuroblastoma cells [19], and super-
oxide anion and nitric oxide in rat cortical glial cells [157].
UV-inactivated JEV causes oxidative stress in mouse neuro-
nal N18 cells [18]. Subsequently, in human astrocytoma
and astroglioma cell lines, JEV infection is found to lead to
ROS production and to regulate RANTES [158]. JEV induces
massive inflammatory responses, which upregulates ROS
[159]. The production of ROS is involved in the oxidative
stress-induced apoptosis [160]. JEV infection of human pro-
monocyte cells downregulates thioredoxin and induces ROS
and ASK1-ERK/p38 MAPK signaling, and all are associated
with JEV-induced apoptosis [20]. In the rat model, JEV is
able to cause an imbalance of oxidants and antioxidant sys-
tems in different brain regions [161]. These studies suggest

that oxidative stress contributes as a key factor in the patho-
genesis of JEV infection. Besides, the therapeutic efficacy of
antioxidants, including minocycline, arctigenin, fenofibrate,
and curcumin, has been studied for their potential for the
treatment of JEV infection [162].

Less studies are reported for the impact of WNV and
TBEV on oxidative stress. The WNV infection of rabbit
PBMCs induces the transcription of HO-1 and inducible
NO synthase (iNOS), suggesting that oxidative stress may
be involved [163]. However, natural WNV strain infections
do not induce stress granules (SGs) and some WNV strains
could inhibit the SG formation induced by arsenite treatment
[22]. SGs are cytoplasmic messenger ribonucleoprotein
structures (mRNPs) that are assembled in response to envi-
ronmental stresses such as oxidative stress, and they contain
an array of RNA-binding proteins, translation initiation fac-
tors, large and small ribosomal subunit protein compo-
nents, and mRNAs. The mRNAs are primarily released
from polysomes and sequestered into SGs as an adaptive
response in eukaryotic cells [164]. The interaction of viral
RNA and proteins with TIA-1/TIAR is found to interfere
with the formation of SGs [165]. Thus, WNV induced both
ROS and the antioxidant responses; however, the infected
cells do not display characteristics of oxidative stress, since
the antioxidant responses counteract the negative effects of
ROS [22]. Thus, the cellular redox status is thought to be ben-
eficial for the life cycle of WNV so far. The overexpression of
TBEV NS1 triggers ROS production and activates the
Nrf2/ARE pathway, yet its correlations with TBEV-induced
damage of the central nervous system remains unclear [23].

5. Autophagy and Virus Infections

Viruses have evolved diverse strategies to exploit cellular
processes and to escape from host defenses. One such cen-
tral pathway is autophagy, an evolutionarily conserved
mechanism that recycles damaged or unwanted cellular
materials to maintain cell homeostasis. In resting cells,
autophagy is suppressed by the mammalian target of rapa-
mycin (mTOR) serine/threonine kinase. Autophagy is
induced by cell stresses, such as starvation, ER stress, and
pathogen infections, each of which leads to the dephos-
phorylation and inactivation of TOR [166]. Autophagy
begins with the sequestration of intracellular components
into a crescent-shaped isolation membrane [166, 167]. Isola-
tion membranes contain autophagy proteins ATG5, ATG8
(known as LC3 in mammals), and ATG12. During the matu-
ration process, the cytosolic microtubule-associated protein
light chain 3 (LC3I) is conjugated to phosphatidylethanol-
amine, producing the membrane-bound, lipidated form of
LC3II mediated by the ATG5-ATG12 conjugate [168]. This
lipidated form of LC3 mediates membrane tethering and
fusion to extend the isolation membrane by recruiting mem-
branes from multiple sources, leading to the formation of
large double-membrane vesicles known as autolysosomes
[169], which subsequently fuse with endosomes/lysosomes
where sequestered substrates are degraded [170, 171].

Since viral infections cause cell stress, autophagy is fre-
quently induced as a byproduct of infections. However,
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virus-induced autophagy is not merely a passive process
[170]. It has been shown that positive-stranded RNA viruses
could manipulate autophagic machinery to evade host
immune responses and facilitate viral replication [170, 172–
175]. In accord with these phenomena, the increased forma-
tion of autophagosomes has been observed in HCV, DENV,
and ZIKV-infected cells [176–178]. Additionally, autophagy
can play dual roles of both proviral and antiviral functions
depending on the virus type and the steps of the viral life
cycle. Despite much efforts, the molecular mechanisms for
how autophagy is induced during virus infection remain
elusive. Many positive-stranded RNA viruses replicate in
ER-mitochondria contact membranes, causing new mem-
brane synthesis and rearrangement through the induction of
UPR, many of the processes involving oxidative stress [179].

Although the role of autophagy in HCV and ZIKV infec-
tion is established (for recent reviews for HCV, see [180], and
for ZIKV, see [181, 182]), the specific molecular mechanisms
involved in the modulation of autophagy by Flaviviridae
viruses have yet to be fully clarified. This review here focuses
on the interplay between oxidative stress, autophagy, and
virus-induced pathogenesis.

5.1. Oxidative Stress, Autophagy, and HCV Infection. Accu-
mulating evidences have demonstrated that HCV infection
induces autophagy in cell culture and in the hepatocytes of
chronically infected patients [183]. Autophagy has been
reported to function at the early stages of HCV infection such
as the translation of incoming viral RNA. The induction of
autophagy is required to sustain the survival of virally
infected cells, which is an important characteristic of HCV
chronic infection [184–187]. HCV RNA transfection blocks
lysosomal fusion with autophagosomes, the membranes of
which provide replication sites for HCV [188]. Several stud-
ies suggest that HCV induces the UPR in vitro [189–191] and
in liver biopsies of HCV-infected patients [192]. The HCV-
induced UPR in turn activates the autophagic pathway to
promote viral RNA replication in human hepatoma cells
[189]. The UPR-autophagy pathway could suppress the
innate immune responses by repressing the production of
interferon- (IFN-) β or of interferon-stimulated genes (ISGs)
through the HCV-derived pathogen-associated molecular
pattern (PAMP) [184, 189]. However, the molecular mecha-
nism(s) for HCV-induced UPR remains unclear. Besides
autophagy, HCV induces mitophagy to promote its persis-
tent infection [193], and inhibition of mitophagy by knock-
down of parkin attenuates HCV replication [81]. These
results suggest that autophagy has mostly been attributed to
a proviral function in HCV. However, a recent study demon-
strates that an ER transmembrane protein SCOTIN recruited
the NS5A protein to the autophagosomal compartment,
where autophagic degradation of NS5A has taken place,
thereby inhibiting HCV replication [194].

Oxidative stress is known to induce the autophagic
machinery [195, 196]. As already mentioned, HCV infection
is associated with elevated ROS levels and oxidative stress,
which in turn activates autophagy to favor HCV particle
release [197]. Oxidative stress induced by HCV infection
triggers the phosphorylation of the autophagic adaptor pro-

tein p62 on Ser349 that is involved in the induction of
autophagy. Consequently, phosphorylated p62 increases its
binding to Keap1, thereby releasing Nrf2 from the Keap1-
Nrf2 complex. In HCV-positive cells, sMafs are bound to
NS3 at the replicon complexes on the cytoplasmic face of
the ER, thus preventing its translocation to the nucleus. Free
Nrf2 is trapped via delocalized sMaf proteins and is therefore
prevented from its entry into the nucleus to induce antioxi-
dant defenses, which in turn favors the release of viral parti-
cles. In addition, HCV-induced sequestration of Nrf2 at the
replicon complex is core dependent, but how the core partic-
ipates in this process remains to be investigated. Taken
together, it is possible that the interplay between HCV-
induced oxidative stress and the Nrf2 signaling elevates the
ROS, leading to the induction of autophagy, thereby favoring
HCV infection (Figure 1). Given that a functional association
between a dysfunctional autophagy and Nrf2 pathway activa-
tion has been identified in HCC [198], oxidative stress by the
inhibition of Nrf2 triggers autophagy and thus may be
involved in chronic HCV infection-related HCC. It is worth
noting that several papers also suggest that HCV can activate
the Nrf2 pathway. On one hand, HCV-mediated Nrf2 activa-
tion contributes to the survival of HCV-infected Huh7 cells,
which provides important clues to the understanding of the
mechanisms of chronic liver disease induced by oxidative
stress associated with HCV infection [199]. Conversely, at
an early stage, the expression of HCV proteins in Huh7 cells
induces a strong upregulation of the antioxidant defense sys-
tem. These events may underlie the harmful effects of HCV-
induced oxidative stress during the acute stage of hepatitis C
[124]. Thus, the difference in Nrf2 status during HCV infec-
tion may depend on cell types and infection stages.

5.2. Oxidative Stress, Autophagy, and Flavivirus Infection.
Since the initial characterization of autophagy in hepatocyte
cells during DENV2 infection was reported in 2008 [200],
several reports have demonstrated the proviral role of
autophagy in DENV2 infection. NS1 is reported to partially
colocalize with autophagosomes in hepatocytes, and inhibit-
ing lysosomal fusion with autophagosomes increases viral
replication, implying a role for immature autophagosomes
in the DENV2 life cycle [201]. DENV3 also induces autoph-
agy; however, the role of autophagy in its life cycle may differ
from that for DENV2 as a lysosomal fusion inhibitor
decreases DENV3 replication [202]. Moreover, a recent
report shows that NS4A can induce autophagosome for-
mation during DENV infection and protect the infected
cells from apoptosis in renal epithelial cells and thus con-
tribute to prolonged viral replication [203]. Additionally,
DENV has been shown to induce the proliferation of LC3-
containing membranes [204], and inhibition of cellular
autophagy deranges DENV virion maturation [205]. Similar
to HCV, the UPR-autophagy pathways have been shown
to modulate the DENV-associated PAMP-induced innate
immune response, implying that DENV exploits the UPR-
autophagy pathways to escape from the innate immune
response [189]. However, autophagy also has the potential
to limit DENV replication. A recent study demonstrates
that autophagy activity is increased and supports DENV
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replication during early infection, and at the later stage of
infection specific autophagy suppression provides a viral rep-
lication advantage, suggesting the shifts of autophagy from a
virus-supporting to a virus-suppressing process [176]. In
addition to general autophagy, DENV-induced selective
autophagy is termed as lipophagy, resulting in the release
of free fatty acids (FFA), which undergoes oxidation in the
mitochondria to generate ATP, and thus producing a meta-
bolically favorable environment for viral replication [206].
Furthermore, DENV and ZIKV subvert reticulophagy
through viral protease NS2B3-dependent cleavage of ER-
localized reticulophagy receptor FAM134B [207].

To date, relatively few studies have been done on the role
of autophagy under the infection of ZIKV. The precise
molecular mechanisms involved in ZIKV-induced autoph-
agy have not been fully elucidated. It has been demonstrated
that autophagic vesicles are accumulated following ZIKV
infection in both in vitro and in vivo models, suggesting the
induction of autophagy in ZIKV infection. Similar to DENV,
ZIKV can also induce the formation of LC3-containing
membranes [175, 178, 208]. However, in contrast to DENV,

where NS4A-induced autophagy confers protection from cell
death, NS4A and NS4B of ZIKV dysregulate autophagy
through AKT1-mTOR inhibition, leading to increased cell
death and impeded neurogenesis in fetal neural stem cells
[178]. Moreover, one study demonstrates that noncanonical
secretory autophagy may contribute to the spread of ZIKV
[209]. Recently, a study showed that ZIKV infection activates
autophagic activity in human trophoblast cells and in the
mouse placenta, and inhibition of the autophagy signaling
reduces ZIKV vertical transmission and limits placental
damage and fetal death, therefore providing a foundation
for developing therapeutics targeting autophagy to reduce
maternal-fetal transmission of ZIKV [210]. Furthermore,
ZIKV triggers ER stress and UPR in the cerebral cortex of
infected postmortem human fetuses as well as in cultured
human neural stem cells, suggesting a potential role of oxida-
tive stress in ZIKV-induced autophagy [211]. Given that
oxidative stress plays a critical role in the induction of
autophagy, in the future, more work is required to determine
the interplay between oxidative stress and autophagy during
DENV and ZIKV infections.
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Figure 1: Proposed model for the interplay between HCV infection and ROS production, Nrf2 signaling, and autophagy. (1) Under
homeostatic conditions, Keap1 sequesters Nrf2 in the cytosol, where it mediates proteasomal degradation of Nrf2. (2) HCV infection
induces ER stress and alters ER calcium homeostasis. (3) The uptake of calcium in the mitochondria triggers ROS formation. (4) Oxidant
stress induced by HCV infection induces the phosphorylation of p62 and autophagy. (5) Consequently, phosphorylated p62 increases its
binding to Keap1, thereby releasing Nrf2 from the Keap1-Nrf2 complex. (6) Free Nrf2 is trapped via delocalized sMaf proteins that are
associated with NS3 at the replication complex on the cytoplasmic face of the ER, (7) and thus preventing its translocation to the nucleus
to induce antioxidant defenses, which in turn favors the release of viral particles. (8) In addition, HCV-induced sequestration of Nrf2 at
the replication complex is core dependent, but how the core participates in this process remains unclear.

8 Oxidative Medicine and Cellular Longevity



6. Oxidative Stress, DNA Damage, and
Viral Infection

DNA is usually restricted within the nucleus and mitochon-
dria of eukaryotic cells. RNA viruses are known to cause
DNA damage, leading to the escape of self-DNA into the
cytoplasm [212]. The presence of cytosolic DNA of mamma-
lian cells serves as a danger signal that activates innate
immune responses [213]. DNA damage can induce cell apo-
ptosis, inflammatory immune responses, and deleterious
mutations that increase the risk of tumorigenesis and con-
tribute to the pathogenesis of RNA viruses [212, 214]. There-
fore, the molecular basis for RNA virus-mediated DNA
damage response remains an important area of study that
will likely provide key insights into the modulation of host
cell functions by these pathogens.

Growing evidences demonstrate that HCV increases the
production of the hydroxyl radical and peroxynitrite close
to the cell nucleus, therefore inflicting DNA damage. Further
study shows that HCV increases the generation of the super-
oxide and H2O2 in proximity to the hepatocyte nucleus and
that the source of ROS is primarily NOX1 and NOX4
[215]. During HCV infection, the core and NS3 proteins
induce oxidative stress through the activation of iNOS, which
in turn causes DNA damage and thereby results in the
increased mutagenesis of cellular genes, including protoon-
cogenes and tumor suppressor genes [216]. The core, E1,
and NS3 proteins can also cause DNA damage and the acti-
vation of oncogene STAT-3 via ROS [126]. NS3/4A impairs
DNA repair efficiency and enhances cellular sensitivity to
DNA damage [217]. All of these contribute to the HCV-
related hepatocarcinogenesis. Although the DNA repair
mechanisms of the host cell have specifically evolved to coun-
teract DNA damage, studies have suggested that the suppres-
sion of DNA repair might be a crucial consequence of
chronic oxidative stress in HCV-infected cells [218]. The
accumulation of DNA damage response in HCV-infected
cells suggests that HCV-associated oxidative stress may over-
whelm cellular antioxidant and DNA repair mechanisms,
leading ultimately to neoplastic transformation. In line with
this result, DNA damage is observed in PBMCs from HCV-
infected patients and B cells in vitro [219]. The HCV core
protein inhibits the formation of the complex of DNA dam-
age sensor proteins and oxidatively damages DNA repair,
resulting in DNA damage and hypersensitivity to DNA-
damaging reagents. In addition, the HCV-triggered induc-
tion of ROS and the perturbation of DNA repair enzyme
NEIL1 expression may be involved in the progression of liver
disease suggesting that antioxidant and antiviral therapies
can reverse these deleterious effects of HCV in part by restor-
ing the function of the DNA repair enzymes [220].

To date, only a few studies are reported on the role of
DNA damage and the infection of DENV and ZIKV. A
recent study demonstrates that DENV NS2B targets the
DNA sensor cyclic GMP-AMP synthase (cGAS) for lyso-
somal degradation to avoid the detection of mtDNA dur-
ing infection [221]. Similar to DENV, ZIKV infection
induces a release of mtDNA which is identified as a ligand
for cGAS, thereby eliciting inflammation to evade antiviral

response [222]. As mtDNA is a major target of oxidative
stress, the interplay between oxidative stress, mtDNA-
associated inflammatory responses, and DENV or ZIKV-
induced pathogenesis is a field of increasing interest.

7. Conclusions and Future Perspective

Flaviviridae virus infection induces oxidative stress, which
affects both the cellular metabolism and the life cycle of the
viruses. In the past decades, much progress has been made
in understanding the interplay between oxidative stress and
Flaviviridae viruses, especially for HCV and DENV. It is
already known that oxidative stress plays dual roles in regu-
lating viral replication; nevertheless, the underlying mecha-
nisms are still unclear. More studies have shown that the
Nrf2/ARE pathway is a common antioxidant system for
HCV, DENV, and ZIKV; however, only few reports are done
for JEV, TBEV, and WNV regarding oxidative stress and
antioxidants. Arctigenin is found to have antioxidant and
antiviral activities against the infection of JEV [223], and
morpholino lowers the oxidative stress induced by JEV
[224]. The TBEV NS1 protein both triggers ROS production
and activates the Nrf2/ARE pathway [23]. Echinochrome A
is reported to have antioxidant properties suppressing TBEV
[225]. WNV could upregulate Nrf2 [22]. Fine-tuning the
balance between ROS generation and detoxifying upon
the infections of viruses requires more effort not only for
JEV, TBEV, and WNV, which is hampered largely because
of the lack of knowledge, but also for HCV, DENV, and
ZIKV in the future. Knowledge gained from HCV, DENV,
or other viruses may facilitate the study of the modulation
of the oxidative stress in JEV, WNV, and TBEV infections.
Once the mechanisms are elucidated, they may provide
new insights into viral pathogenesis and the development
of new therapeutics.

Understanding the role of oxidative stress and ROS-
mediated DNA damage or autophagy might lead to new dis-
coveries in pathology and novel strategies for interventions
and clinical management. Moreover, the challenges involved
in researching cellular ROS in viral infection are as follows:
(1) Many positive-stranded RNA viruses replicate in ER-
derived membranes, causing new membrane synthesis and
rearrangement which are reorganized into viral replication
organelles. While the architecture of these replication organ-
elles is relatively defined, little is known about the viral and
host factors orchestrating their biogenesis upon induction
of oxidative stress. (2) HCV-induced ROS is required for
the establishment of acute and chronic liver diseases. How-
ever, little is known about the role of oxidative stress in
HCV-induced extrahepatic manifestations such as insulin
resistance and neuronal disorders. (3) Although much of
the available evidence supports the involvement of ROS in
HCV and DENV-associated diseases, the interplay among
viral proteins, cellular factors and enzymes for ROS produc-
tion remains to be clarified. Thus, a better understanding of
the underlying molecular mechanisms might help develop
the study of the pathogenesis and antiviral therapies against
the infections of Flaviviridae viruses. (4) In contrast to the
chronic infection by HCV, apoptosis is usually the ultimate
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outcome of cells infected with DENV and ZIKV. It is of
interest to determine why oxidative stress and associated
molecular events such as autophagy and mtDNA damage
can lead to different responses in the host cell. (5) Recent
studies have shown that ZIKV has oncolytic activity against
glioblastoma stem cells (GSCs), suggesting that the engineer-
ing of ZIKV may provide a therapeutic modality against
glioblastoma [226–229]. As ZIKV selectively infects and kills
GSCs relative to normal neuronal cells, it is of great interest
to determine the role of oxidative stress in this process. (6)
The role of oxidative stress in other flavivirus infections
requires more effort.
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Reactive oxygen species (ROS) are by-products of normal cell activity. They are produced in many cellular compartments and play
a major role in signaling pathways. Overproduction of ROS is associated with the development of various human diseases
(including cancer, cardiovascular, neurodegenerative, and metabolic disorders), inflammation, and aging. Tumors continuously
generate ROS at increased levels that have a dual role in their development. Oxidative stress can promote tumor initiation,
progression, and resistance to therapy through DNA damage, leading to the accumulation of mutations and genome instability,
as well as reprogramming cell metabolism and signaling. On the contrary, elevated ROS levels can induce tumor cell death. This
review covers the current data on the mechanisms of ROS generation and existing antioxidant systems balancing the redox state
in mammalian cells that can also be related to tumors.

1. Introduction

Reactive oxygen species (ROS) are formed as natural
by-products of normal cell activity and participate in cellu-
lar signaling [1]. The increase in ROS levels has harmful
effects on cell homeostasis, structures, and functions and
results in oxidative stress. As such, the disturbance of cellular
redox balance is a risk factor for the development of various
pathologies [2].

Tumor cells are characterized by a high level of ROS. ROS
overproduction can result from changes in many processes,
such as oxidative phosphorylation (OXPHOS), transition
metal ions, oxidase activity, protein folding, thymidine, and
polyamine catabolism [3–7]. ROS can be generated both in
various cellular compartments and in the tumor
microenvironment.

ROS have a dual role in cancer development; on one
hand, they can promote molecular genetic alterations that
are necessary for tumor initiation, growth, and progression,

as well as acquisition of treatment resistance [8]. On the other
hand, permanent elevated ROS levels have cytotoxic effects,
inducing activation of apoptotic pathways or inhibiting resis-
tance to anticancer treatments [9].

In this review, we discuss the main sources of ROS pro-
duction in animal cells and the antioxidant defense systems
that could be implicated in the redox state of cancer cells
(to a significant or less significant extent).

2. Sources of ROS Generation and Antioxidant
Defense Systems

2.1. Mitochondria. Mitochondria are a prime source of
endogenous ROS due to its main role in oxidative ATP pro-
duction, in which molecular oxygen (O2) is reduced to water
in the electron transport chain. The superoxide radical (O2

•−)
is produced at a number of sites in the mitochondria, includ-
ing complex I (sites IQ and IF), complex III (site IIIQo), glyc-
erol 3-phosphate dehydrogenase, Q oxidoreductase, pyruvate

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2019, Article ID 6175804, 17 pages
https://doi.org/10.1155/2019/6175804

https://orcid.org/0000-0002-4421-4364
https://orcid.org/0000-0002-3722-8207
https://orcid.org/0000-0002-5593-7867
https://orcid.org/0000-0001-8083-3018
https://orcid.org/0000-0002-6493-8378
https://orcid.org/0000-0002-6827-9584
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6175804


dehydrogenase, and 2-oxoglutarate dehydrogenase [10]. All
the sites release superoxide radical into the mitochondrial
matrix (MM), and two of them, complex III (site IIIQo)
and glycerol 3-phosphate dehydrogenase, also generate
ROS into the intermembrane mitochondrial space (IMS).
Manganese superoxide dismutase (Mn-SOD) converts the
superoxide radical to hydrogen peroxide (H2O2) in the
MM, while Cu- and Zn-SOD convert the superoxide radical
in the IMS or cytosol [11]. The H2O2 in the MM can further
be converted by mitochondrial aconitase to a hydroxyl
radical (•OH) via a Fenton reaction [12]. One more site
of ROS production in the mitochondria is the cytochrome
(CYP) catalytic cycle. CYP enzymes metabolize a wide
range of organic substrates (lipids, steroid hormones,
xenobiotics, and others) to give rise to superoxide radical
and H2O2 as by-products [13]. Several CYP family mem-
bers were shown to be present in the mitochondrial mem-
brane of steroidogenic organs, as well as in the liver and
kidney [14]. Furthermore, several other mammalian pro-
teins, such as NADH-cytochrome b5 reductase [15], dihy-
droorotate dehydrogenase [16, 17], complex II (succinate
dehydrogenase) [18], and monoamine oxidases (MAO)
[19], were shown to generate ROS in the mitochondria.

Mitochondria are protected from ROS by multiple
defense systems and antioxidants: glutathione peroxidases
(GPXs), thioredoxin peroxidases (TRXPs), superoxide dis-
mutases (SODs), peroxiredoxins (PRDXs), glutathione
(GSH), thioredoxin 2 (TRX2), glutaredoxin 2 (GRX2),
cytochrome c oxidase (complex IV), coenzyme Q, ascorbic
acid, tocopherol, vitamin E, and carotene [20–26]. More-
over, catalase (CAT), which commonly detoxifies H2O2
in the peroxisome, was found in rat heart mitochondria
(but not in other tissues) [27, 28].

Mitochondrion-generated ROS were widely shown to
be implicated in various human pathologies, including
inflammation, cancer, mitochondrial and neurodegenerative
diseases, diabetes, chronic diseases, and aging [3, 29–32].
Elevated ROS levels and mitochondrial dysfunction, pres-
ent in many cancers, lead to oxidative damage of cellular
structures, in particular, genomic and mitochondrial
DNA, somatic mutations, genome instability, activation
of oncogenes and inactivation of tumor suppressor genes,
and alterations in metabolic and signaling pathways with
simultaneous activation of compensatory antioxidant mech-
anisms, that all contribute to cell transformation [33]. How-
ever, overproduction of ROS can also promote tumor cell
apoptosis and such strategies have effectively been used for
anticancer treatment [34].

2.2. Transition Metal Ions. One of the major mechanisms of
metal carcinogenicity is the ability of transition metal ions
to induce oxidative stress [35]. Fenton and Haber-Weiss
reactions are frequently responsible for ROS generation
in living cells [36]. During these reactions, H2O2 is decom-
posed with the participation of metal ions, such as iron
(Fe), copper (Cu), zinc (Zn), and aluminum (Al), leading
to the production of hydroxyl radical (•OH) and hydroxyl
anion (OH−) [37]. Other carcinogenic metal ions (anti-
mony, arsenic, chromium, cobalt, nickel, and vanadium)

were also supposed to be able to generate ROS in cellular
redox reactions [36]. The hydroxyl radicals produced can
attack the DNA, causing oxidative DNA adduct formation.
The adducts 8-hydroxy-2′-deoxyguanosine (8-OHdG) and
8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) are the
most predominant, resulting from the addition of hydroxyl
radicals to guanine. These compounds are widely considered
as markers of endogenous oxidative DNA damage as well as a
risk factor for cancer development [38].

2.3. Peroxisome Activity. Peroxisomes have multiple func-
tions in living cells, including fatty acid β-oxidation and
α-oxidation as well as metabolism of purines, polyamines,
amino acids, glyoxylate, reactive oxygen and nitrogen species
(RNS), transitionmetal ions, and others [39, 40]. Peroxisomes
generate a wide range of ROS and RNS: H2O2, superoxide
radical (O2

•−), hydroxyl radical (•OH), nitric oxide (NO•),
and peroxynitrite (ONOO−) [41].

The peroxisome was first described as an H2O2-produc-
ing and H2O2-degrading organelle [42]. Despite the presence
of CAT, peroxisomes are one of the main sources of H2O2
[43, 44]. H2O2 is released as a by-product during the normal
catalytic activity of many peroxisomal enzymes, and it can
also be generated by the spontaneous or enzymatic dismuta-
tion of the superoxide radical [45]. H2O2 can generate
hydroxyl radicals (•OH) via a Fenton reaction [46].

Peroxisomes produce superoxide radicals (O2
•−) in both

the matrix and membrane. In the matrix, two enzymes are
responsible for O2

•− generation, xanthine oxidoreductase
(XOR), and urate oxidase (UO) [47, 48]. XOR catalyzes the
formation of uric acid during purine metabolism that is fur-
ther converted to allantoin by UO. Both enzymes generate
O2

•− and H2O2. However, UO expression was not detected
in humans and some primates indicating that uric acid is a
terminal compound of purine metabolism [49]. The other
source of superoxide radicals is an electron transport chain
in the peroxisomal membrane [50]. Moreover, XOR also cat-
alyzes the reduction of nitrates and nitrites to nitric oxide
(NO•) [51]. NO• can also be produced from L-arginine, in
a reaction catalyzed by nitric oxide synthase (NOS) [52].
The reaction of O2

•− with NO• results in a highly reactive
compound called peroxynitrite (ONOO−) [53].

Several antioxidant systems regulate ROS levels in perox-
isomes and defend cells from oxidative damage. These
include a number of enzymes, such as CAT, superoxide dis-
mutases, peroxiredoxins, glutathione S-transferases (GST),
and epoxide hydrolase 2 (EPHX2), as well as nonenzymatic
low-molecular weight antioxidants, which are reviewed in
detail elsewhere [39, 45, 50].

Changes in redox homeostasis contribute to cancer
development and progression [54]. The peroxisome main-
tains cellular oxidative balance, and dysregulation of its
activity is associated with carcinogenesis. Thus, reduced
CAT activity leads to ROS generation and oxidative stress
resulting in DNA damage and genome instability promoting
cancer development. Decreased CAT expression has been
shown in hepatocellular carcinoma and colon, lung, kidney,
and prostate cancers, as well as in precancer states, such
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as prostatic intraepithelial neoplasia (PIN) and cervical
intraepithelial neoplasia (CIN) [55–60]. In several cases,
decreased CAT activity was associatedwith a reduced number
of peroxisomes [57, 61].

2.4. Endoplasmic Reticulum. The endoplasmic reticulum
(ER) has many general cellular functions, such as protein
folding, synthesis, transport, and posttranslational modifica-
tions, as well as lipid metabolism and calcium storage [62].
Alterations in the folding pathway lead to accumulation of
misfolded and unfolded proteins in the ER lumen resulting
in ER stress. This disrupts cell homeostasis and initiates the
unfolded protein response (UPR) [63, 64]. UPR triggers
ROS production, and ROS, in turn, can promote ER stress
[65, 66]. In tumor cells, the UPR signaling pathway serves
as an adaptive to the stress mechanism supporting their
survival and propagation [67]. However, if ER stress is
prolonged, the UPR triggers tumor cell apoptosis [68].

Oxidative protein folding gives rise to a highly oxidative
environment in the ER lumen [69]. Protein disulfide isom-
erase (PDI) catalyzes thiol-disulfide exchange reactions,
which form a native disulfide bond in proteins [70]. During
this process, PDI is oxidized by endoplasmic reticulum
oxidoreductin-1 (ERO1), which accepts electrons from a
reduced PDI and transfers them to molecular oxygen,
thereby generating H2O2 [69, 71]. ERO1 also catalyzes the
conversion of glutathione (GSH) to glutathione disulfide
(GSSG), besides PDI oxidation. Accumulation of both H2O2
and oxidized glutathione causes ER stress. Furthermore, the
ratio between GSH and GSSG is an essential marker of the
redox status in the ER lumen. Moreover, GSH was proposed
as a potential protection mechanism from ER-associated
ROS damage [72]. PDI and ERO1 were found to be upregu-
lated in different types of cancer andwere implicated in cancer
progression and metastasis. PDI and ERO1 overexpression
has been found in patients with non-small cell lung cancer
(NSCLC) and was significantly associated with shorter overall
survival [73]. Expression of severalmembers of the PDI family
was upregulated in ovarian and colorectal cancers [74, 75]
while ERO1 overexpression was correlated with the progres-
sion and metastasis of breast cancer, as well as with poor sur-
vival and high recurrence rates in gastric cancer [76–78].
ERO1 knockout led to the reduced growth of colorectal cancer
cells under hypoxic conditions [79]. Elevated ERO1 expres-
sion was associated with poor prognosis in cervical cancer
[80]. In the same study, ERO1 knockout inhibited tumor
growth and migration of cervical cancer cells.

PDI is also involved in H2O2 generation through
interconnections with NOX1 and NOX4, which belong to
the nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase protein family [81, 82]. In addition, NOX4 occurs in
the NOX4-p22phox complex in the ER membrane and is
involved in releasing H2O2 in the ER lumen [83]. One more
site of ROS generation in the ER is the microsomal mono-
oxygenase (MMO) system. This is a multienzyme system
consisting of multiple cytochrome P450 species, NADPH-
P450 reductase (NPR), and cytochrome b5 [84]. MMO
catalyzes the oxygenation of hydrophobic exogenous com-
pounds and some endogenous substrates, resulting in a

production of superoxide radicals and H2O2 [85, 86].
Increased MMO-derived ROS production and greater rates
of microsomal lipid peroxidation were shown to be associ-
ated with the activation of cytochrome P450 2E1
(CYP2E1) [87, 88].

2.5. Thymidine Catabolism. Thymidine phosphorylase (TP)
is a rate-limiting enzyme in thymidine catabolism that
catalyzes the reversible conversion of thymidine to thymine
and 2-deoxy-D-ribose-1-phosphate (DR1P) [89]. TP is
upregulated in many tumors and plays an important role in
angiogenesis, apoptosis evasion, invasion, and metastasis, as
well as in chemotherapy response [90]. Recently, Tabata
and coauthors have revealed that TP activity increases
NADPH levels via the pentose phosphate pathway (PPP)
which activates NADPH oxidase-dependent production of
ROS in cancer cells [6, 91]. Previously, it was shown that
the addition of thymidine to a TP-overexpressing bladder
carcinoma cell line induces cellular oxidative stress [92].
The authors proposed another potential mechanism of TP-
induced ROS production. This mechanism is based on excess
2dDR1P produced during thymidine phosphorylation that
could be further subjected to transition metal-catalyzed oxi-
dation, leading to ROS generation.

2.6. Polyamine Catabolism. The natural polyamines (PAs),
putrescine, spermidine, and spermine, are involved in multi-
ple basic cellular functions, including growth, proliferation,
differentiation, apoptosis, migration, and protection from
stresses. They are involved in protein posttranslational mod-
ifications, regulation of ion channels, maintenance of nucleic
acid, and protein structure and stability, as well as cell-cell
communications [93]. PA content and catabolism are
strongly regulated at different levels by key enzymes in the
biosynthesis and transport systems [94]. However, dysregu-
lation of PA catabolism is frequently observed in cancer [95].

In mammals, putrescine is the first polyamine of the PA
catabolism. It is synthesized with the participation of orni-
thine decarboxylase (ODC). Putrescine is further converted
to higher polyamines, spermidine and spermine, a reaction
catalyzed by spermidine synthase (SPDS) and spermine syn-
thase (SPMS), respectively. S-Adenosylmethionine decar-
boxylase (AdoMetDC) supplies the aminopropyl groups in
these reactions. The activities of ODC and AdoMetDC are
considered to be a rate-limiting factors of PA biosynthesis.
The other branch of PA catabolism involves the interconver-
sion cycles where spermine is degraded to spermidine and
spermidine to putrescine with the generation of toxic-
reactive aldehydes and ROS. Spermine oxidase (SMO) cata-
lyzes the conversion of spermine to spermidine, which is
accompanied by 3-aminopropanal and H2O2 release.
Spermidine and spermine can also be converted to prior
polyamines, with the help of spermidine/spermine-N1-
acetyltransferase (SSAT) and acetylpolyamine oxidase
(APAO/PAOX). N-Acetyl-3-aminopropanaldehyde and
H2O2 are produced as by-products of these reactions [94,
96]. Additionally, another degradative enzyme related to
PA catabolism is a diamine oxidase (DAO) that oxidizes
putrescine to H2O2, ammonia, and 4-aminobutanal.
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However, as putrescine is present in relatively low amounts
in most mammalian tissues, this reaction does not generate
significant amounts of ROS [97].

Increased PA catabolism can lead to an elevated level of
ROS and oxidative stress. Overexpression of SMOX and
SAT1, which encode the SMO and SSAT enzymes, respec-
tively, was shown to be interconnected with infection,
inflammation, and high risk of cancer. Several studies have
reported that bacterial cytotoxins upregulate the expression
of SMOX. The Helicobacter pylori virulence factor,
cytotoxin-associated gene A (CagA) protein, promotes an
increase in the SMOX mRNA level and enzyme activity in
both human and animal gastric epithelial cells. This results
in a significant increase in extra- and intracellular H2O2,
leading to DNA damage and apoptosis, which can further
contribute to inflammation and carcinogenesis [98, 99].
Using a gerbil model, it was shown that H. pylori infection
induces overexpression of SMO and oxidative DNA damage
and is associated with a high risk of gastric dysplasia and
adenocarcinoma [100]. Furthermore, SMO expression was
increased in gastric cancer patients infected with H. pylori
[101]. In the same study, it was reported that activation of
EGFR and ERBB2 signaling is involved in H. pylori-induced
upregulation of SMOX.

Enterotoxigenic Bacteroides fragilis (ETBF) infection
results in chronic inflammation and can promote colorectal
carcinogenesis [102]. B. fragilis toxin (BFT) has also been
reported to increase SMOX expression leading to ROS gener-
ation and DNA damage in colonic epithelial cells [103]. A
study involving patients with colorectal cancer has revealed
that SMOX overexpression could be caused by the activation
of the transcription factor C/EBPβ, which is involved in the
regulation of inflammation and immunity, rather than the
ETBF infection [104]. The association of increased SMOX
expression and chronic inflammation was also observed in
several precancerous conditions such as prostatic intrae-
pithelial neoplasia (PIN) and chronic hepatitis [105–107].
Interestingly, drug-induced modulation of polyamine catabo-
lism in hepatic cells results in them undergoing an epithelial-
mesenchymal transition- (EMT-) like dedifferentiation, which
is not, however, associated with elevated ROS levels [108].
This can indicate that ROS overproduction caused by
increased polyamine catabolism together with chronic inflam-
mation could be a precursor event of cancer development, but
not tumor progression (with respect to metastasis).

On the contrary, an antioxidant role of polyamines has
been proposed. Multiple protection mechanisms from oxida-
tive damage with PA participation were reported: direct ROS
scavenging [109, 110], changes in DNA structure and confor-
mation which reduce the possibility of its interactions with
reactive species [109, 111–114], formation of chelates with
metals at low concentration which prevents ROS generation,
particularly hydroxyl radicals [115], or a combination of
these mechanisms. Additionally, PA metabolism was linked
to p53-mediated ferroptosis in response to oxidative stress
[116]. This mechanism is based on p53-induced SSAT
activation, in the presence of high levels of ROS, leading
to downstream modulation of the expression of ferroptosis
components.

2.7. Oxidase Activity. Diamine oxidase (DAO) is a copper-
containing amine oxidase that catalyzes the oxidation of
polyamines, such as histamine, putrescine, spermidine, and
to a lesser extent spermine [97, 117]. All these reactions
generate H2O2. DAO activity in mammals varies and was
found to be tissue specific. As such, high DAO activity was
found in the placenta, kidneys, lungs, small intestine, and
liver [118, 119]. Moreover, elevated DAO activity was found
in prostate, breast, ovarian, cervical, and endometrial cancers
[120–122] and a decrease in activity was found in colorectal
cancer [123]. Increased plasma/serum DAO activity was
detected in patients with endometrial, lung, and thyroid can-
cers [124–126]. Moreover, serum/plasma DAO activity has
been proposed as an indicator of mucosal injury during che-
motherapy and can be used for monitoring anticancer drug
toxicity [127, 128].

Acetylpolyamine oxidase (APAO/PAOX) is related to
flavin adenine dinucleotide- (FAD-) containing enzymes
and catalyzes the oxidation of both spermidine and
spermine in peroxisomes. Depending on the substrate,
N1-acetylspermine or N1-acetylspermidine, APAO produces
spermidine or putrescine, respectively, generating H2O2 as a
by-product [129]. The presence of starting substrates of
APAO is controlled by SSAT activity [130]. Induction of
the SSAT/APAO pathway can increase oxidative stress;
however, it seems to have a more significant contribution
than the one-step spermine oxidation reaction catalyzed
by SMO [131].

Spermine oxidase (SMO) is a FAD-dependent oxidase
that acts directly on spermine generating spermidine, H2O2,
and 3-aminopropanal [132, 133]. Unlike APAO, SMO is
not a peroxisomal enzyme and is located in cytoplasm or
nucleus [134]. SMO activity can produce higher levels of oxi-
dative cellular damage [135]. Elevated expression of SMOX
was shown in prostate and colorectal cancers [104, 105]. Fur-
thermore, SMOX overexpression followed by downstream
oxidative damage, chronic inflammation, and carcinogenesis
is often induced by infections (discussed above).

Xanthine oxidoreductase (XOR) is a molybdenum iron-
sulfur flavin hydroxylase that exists in two forms, xanthine
dehydrogenase (XDH) and xanthine oxidase (XOD). XDH
can be converted to XOD either irreversibly by proteolysis
or reversibly by modification of cysteine residues [136, 137].
The enzyme catalyzes the oxidation of hypoxanthine to xan-
thine or xanthine to uric acid during purine metabolism
[138]. Both XDH and XOD generate H2O2 and O2

•− through
NADH oxidation [139]. Nevertheless, for XDH, NAD+ is a
more preferable substrate compared to oxygen, and there-
fore, it cannot directly produce ROS [140]. XOR-released
superoxide radicals rapidly react with nitric oxide (NO•) gen-
erating peroxynitrite (ONOO−). NO•, in turn, is produced by
NOS activity or even by XOR under hypoxic conditions [141].
The association of XOR with neoplastic transformation was
first reported many years ago [142]. Decreased XOR activity
was frequently found in many animal and human tumors
[143]. XOR activity was increased in meningioma, astrocy-
toma, and laryngeal and colorectal cancers [144–146]. This
indicates that dysregulation of purine metabolism and ROS
levels can play a role in tumor pathogenesis.
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Cytochrome P450 (CYP) oxidase is part of the micro-
somal electron transport system. It belongs to the CYP
superfamily of integral membrane proteins that catalyze the
oxidation of numerous organic substrates, accompanied by
the reduction of molecular oxygen [147]. CYP enzymes also
have peroxygenase and peroxidase activity, using H2O2
either for direct oxidation of substrates or as a donor of oxy-
gen atoms [148]. The prosthetic heme group in CYP enzymes
is essential for their activity [149]. H2O2 and superoxide rad-
icals are produced during the CYP monooxygenase cycle; the
former can be further decomposed to hydroxyl radicals
(•OH) in the presence of ferrous iron via a Fenton reaction
[150]. CYP enzymes are predominantly located in the
endoplasmic reticulum and mitochondria and are expressed
in many mammalian tissues [151]. CYP-related ROS gen-
eration depends on CYP isoforms, content and type of
substrates, pH, ionic strength, the action of cytochrome
b5, oxygen concentration, oligomerization, and so on
[150, 152, 153]. Studies have shown that CYP2E1 induces
higher ROS production than other CYP enzymes and that
its activation or overexpression leads to increased ROS
levels [152, 154]. CYP enzyme activity can promote carci-
nogenesis through increased ROS production. As such,
overexpression of CYP family genes was observed in many
cancers [150].

The NADPH oxidase (NOX) family includes seven
members: NOX1, NOX2, NOX3, NOX4, NOX5, dual oxidase
1 (DUOX1), and DUOX2 [155]. These are transmembrane
proteins that transfer an electron from the NADPH substrate
to FAD across biological membranes in order to reduce
oxygen to a superoxide radical [156]. Dysregulation of
NOX activity leads to elevated ROS production that can con-
tribute to tumorigenesis, cell transformation, tumor growth,
angiogenesis, and metastasis. NOX-derived ROS were shown
to be implicated in many common cancer types (e.g., bladder,
colorectal, breast, kidney, lung, and prostate cancers), as well
as acute myeloid leukemia and non-Hodgkin’s lymphoma
[157–161]. Moreover, NOX family members are involved in
host defense and innate immunity. NOX could be activated
by various infectious agents resulting in increased ROS pro-
duction which promotes the death of the infected cells as well
as an inflammatory response [162]. Toll-like receptors
(TLRs) located at the plasma membrane recognize conserved
structures of bacteria, viruses, or fungi and trigger down-
stream signaling. TLRs interact with NOX, leading to
increased ROS generation, as well as subsequent activation
of the transcription factor NF-κB, and production of cyto-
kines and chemokines [163–165]. Nucleotide-binding oligo-
merization domain- (NOD-) like receptors (NLRs) can also
recognize components of the bacterial cell wall and other
bacterial molecules (e.g., RNA, toxins, and ligands). NLR
family members, NACHT lectin-like receptor and PYD
domain-containing proteins (NLRPs), promote the assembly
of inflammasomes and mediate the activation of inflamma-
tory caspases [166]. ROS were shown to be required for the
activation of NLRP3-mediated inflammasomes, and NOX,
as one of the main sources of ROS production, can be
involved in NLR signaling [167]. The important role of
NOX-produced ROS in the NLR system was also reported

by Lipinski et al. [168]. Additionally, hepatitis C virus
(HCV) infection can induce NOX1 and NOX4 expression,
leading to increased ROS generation in hepatocytes
[169]. It was shown that HCV modulates NOX4 through
TGF-beta [169, 170]. Moreover, HCV can induce immune
dysfunction via HCV nonstructural protein 3- (NS3-)
induced release of ROS from phagocytes, resulting in the
apoptosis of T lymphocytes, natural killer (NK) cells, and
NKT cells [171, 172].

Cyclooxygenases (COX) and lipoxygenases (LOX) par-
ticipate in polyunsaturated fatty acid (PUFA) metabolism,
by producing bioactive eicosanoids. COX and LOX oxygen-
ate arachidonic acid resulting in the formation of prostaglan-
din G2 and H2 (PGG2/PGH2) and fatty acid hydroperoxide,
respectively, a reaction that is accompanied by ROS release
[173]. Peroxyl radicals (ROO•) and alkoxyl radicals (RO•)
are intermediates of the hydroperoxide metabolism. More-
over, the arachidonic acid pathway itself could be responsible
for ROS generation via NADPH oxidase activation [174]. In
spite of the similarity between COX/LOX-catalyzing reac-
tions, they have a completely different sequence, structure,
cellular localization, and tissue expression [175]. COX is
present in three isoforms - constitutive (COX-1), inducible
(COX-2), and splice variant of COX-1 (COX-3) [176]. The
PTGS1 gene encodes for both COX-1 and COX-3 isoen-
zymes; however, COX-3 activity in humans remains unclear
[177, 178]. PTGS2 encodes for COX-2. COX-1 predomi-
nantly regulates basal prostaglandin metabolism and normal
tissue homeostasis [179]. COX-2 is induced by proinflamma-
tory stimuli, cytokines, and growth factors in response to
inflammation, tissue injury, and tumorigenesis [180, 181].
COX-2 overexpression and increased prostaglandin biosyn-
thesis have been found in both the precancer stages and
various tumors [173, 182–184]. COX1 was upregulated in
breast, cervical, ovarian, endometrial, and colorectal can-
cers, as well as in cholangiocarcinoma [185–190].

LOX constitutes a large family of nonheme iron-
containing dioxygenases; five LOX isoenzymes were found
in humans (5-LOX, 12-LOX, 12R-LOX, two 15-LOX, and
3-LOX/E-LOX). Dysregulated LOX expression was observed
in various tumors and animal models. A dual role of LOX in
tumorigenesis has been proposed, as they can be involved in
both neoplastic transformation and tumor suppression [173].

Monoamine oxidases A and B (MAOA and MAOB)
are mitochondrial FAD-dependent enzymes encoded by
separate genes [191, 192]. They catalyze the oxidative
deamination of monoamines, including monoamine neuro-
transmitters (e.g., norepinephrine, dopamine, serotonin, and
epinephrine), exogenous dietary amines, and drugs, generat-
ing H2O2 and aldehydes as by-products [193, 194]. Excessive
MAO activity leads to enhanced ROS production and
mitochondrial damage and is implicated in aging, cardio-
vascular diseases, neurodegenerative disorders, and cancer
[195–197]. Increased MAOA expression was found in lung,
prostate, and breast cancers, as well as hepatocellular carci-
noma and cholangiocarcinoma [198–203]. Moreover, several
studies suggested that MAOA can promote cancer progres-
sion through induction of EMT [197, 198]. Conversely,
MAOA was downregulated in a number of cancer tissues
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and significantly differed between them [204]. In this case,
the potential mechanism of tumor progression can be related
to an increase in the amounts of MAOA substrate epineph-
rine [205, 206].

Lysyl oxidase is a family of copper-dependent enzymes
that play a primary role in the remodeling of the extracellular
matrix (ECM). They catalyze the conversion of specific lysine
residues into reactive aldehyde groups in collagen and elastin,
forming protein crosslinks [207]. The lysyl oxidase catalytic
cycle also produces H2O2, which can increase oxidative stress
thereby promoting carcinogenesis. Overexpression of lysyl
oxidase and its involvement in tumor progression andmetas-
tasis were shown in various cancers [208–214].

2.8. Signaling Pathways. The PI3K/AKT/PTEN signaling
pathway is implicated in NOX-derived ROS production
[215]. PTEN (phosphatase and tensin homolog) is a tumor
suppressor responsible for the negative regulation of
PI3K/AKT signaling. Loss of PTEN expression or mutations
in the gene, aswell as dysregulation of thePI3K/AKT signaling
pathway, were frequently found in many tumors [216, 217].

NOXs are multimeric enzymes consisting of several pro-
teins that are distributed between the membrane and cytosol
when inactive. Upon activation by different stimuli, the cyto-
solic subunits interact with integral membrane subunits,
forming the functional NOX enzymes which can generate
ROS [218]. It was shown that PI3K/AKT inhibitors can
reduce NOX-dependent ROS generation through the inhi-
bition of NOX subunit translocation into the membrane.
In addition, membrane depolarization with downstream
PI3K/AKT and (protein kinase C) PKC activation causes
NOX assembly and ROS production [215]. Moreover, oxi-
dative stress inhibits PTEN-induced PI3K/AKT signaling,
which promotes both the expression of cell survival genes
and ROS production [219]. Suchmechanismsmay contribute
to tumor cell proliferation and growth under oxidative
conditions. Several other enzymes, including PKC, mitogen-
activated protein kinases (MAPK), cAMP-dependent protein
kinases (PKA), p21-activated kinases (PAK), and PKB/AKT,
can modulate the activation of NOXs through phosphoryla-
tion of their cytosolic subunits, thereby increasing the level
of ROS [220]. All the aforementioned enzymes were shown
to be greatly involved in cancer development [221–223].

Transcription factor p53 is a widely known tumor
suppressor, involved in regulating the expression of various
genes encoding for both ROS-producing and antioxidant-
related components [224]. p53 induces the expression of
glutathione peroxidase 1 (GPX1) and mitochondrial super-
oxide dismutase 2, both components of the key antioxidant
defense system [225, 226]. Moreover, p53 regulates the
expression of sestrins (SESN1 and SESN2) that are required
for peroxiredoxins regeneration [227]. Phosphate-activated
mitochondrial glutaminase (GLS2) converts glutamine to
glutamate, which is a precursor for glutathione synthesis.
GLS2 expression can be induced by p53 in response to
DNA damage or oxidative stress to promote antioxidant
defense by controlling the GSH/GSSG ratio [228]. Other
p53-inducible antioxidant genes are TIGAR and ALDH4.
TIGAR negatively regulates glycolysis and decreases intracel-

lular ROS levels [229], while aldehyde dehydrogenase 4
(ALDH4) is a NAD+-dependent enzyme that catalyzes the
second step of the proline degradation pathway in the
mitochondrial matrix [230]. Overexpression of ALDH4 in
p53-null cells inhibits ROS generation and apoptosis [231].

The function of prooxidant p53 is based on its ability to
regulate the expression of genes encoding for prooxidant
enzymes, such as PUMA (the p53-upregulated modulator
of apoptosis), p66Shc (66 kDa Src collagen homologue
(Shc) adaptor protein), and other proteins encoded by a
group of p53-induced genes (PIGs). PUMA overexpression
induces BCL2-associated X (BAX) protein-dependent ROS
generation (predominantly superoxide radicals and H2O2)
and apoptosis in colorectal cancer cells [232]. p66Shc gener-
ates mitochondrial H2O2 as signaling molecules for the
induction of apoptosis [233]. PIG is a family of proteins,
whose several members were shown to influence the cell
redox status. P53-induced activation of PIGs results in
increased ROS levels and mitochondria-derived apoptosis
in colorectal cancer cells [234]. It was shown that p53 pro-
motes the expression of PIG3, BAX, and PUMA leading to
an increase in intracellular ROS levels and induction of
apoptosis. Moreover, the authors have demonstrated that
p53 induction is associated with the excessive ROS release
by mitochondria, which supports its prooxidant role [235].

3. Role of Glycolysis and the Pentose Phosphate
Pathway in Antioxidant Defense

Glycolysis and the pentose phosphate pathway are involved
in ROS detoxification. Glycolysis occurs in living cells both
in anaerobic and aerobic conditions. Aerobic glycolysis gen-
erates pyruvate that is converted to acetyl-CoA with the
release of carbon dioxide in the mitochondrial tricarboxylic
acid (TCA) cycle, while in the absence of oxygen, lactate is
produced [236]. Most tumor cells use anaerobic glycolysis
even in the presence of oxygen; this phenomenon is termed
the “Warburg effect” [237]. Glycolysis reprogramming allows
tumor cells to redirect this process to support de novo nucle-
otide synthesis during proliferation [238]. Dysregulation in
the expression of genes encoding for key glycolytic compo-
nents has been found in many tumors [239–246]. Increased
glycolysis in tumor cells can reduce ROS production via a
decrease in OXPHOS activity [247].

The NADPH/NADP+ ratio is important for antioxidant
defense; NADPH acts as a donor of reductive potential to
glutathione and thioredoxin reductases. The main source of
NADPH is the oxidative branch of the pentose phosphate
pathway (ox-PPP) [248]. Glucose-6-phosphate (G6P)
derived from glucose phosphorylation by hexokinases
(HKs) is reduced to 6-phosphogluconate and NADPH via
glucose-6-phosphate dehydrogenase (G6PD) during the first
step of ox-PPP. In the next step, 6-phosphogluconate dehy-
drogenase (6PG) catalyzes the oxidative decarboxylation of
6-phosphogluconate to ribulose-5-phosphate (Ru5P) provid-
ing the additional NADPH [249]. The NADP+/NADPH
ratio regulates G6PD and 6PG activity in order to produce
more NADPH for oxidative stress prevention [250]. Several
glycolytic enzymes, such as phosphofructokinase-1 (PFK1),
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and
pyruvate kinase (PK), as well as the TP53-inducible glycol-
ysis and apoptosis regulator (TIGAR), are involved in the
redirection of glycolytic flux through the ox-PPP in order
to reduce the ROS level [251]. Moreover, the acceleration
of glycolysis and PPP in a tumor cell can protect it from oxi-
dative damage [252].

4. Tumor Microenvironment

Solid tumors are commonly infiltrated with different types
of cells, including cancer-associated fibroblasts (CAFs),
immune cells, pericytes, adipocytes, and other tissue-
associated cells. This forms a distinct tumor microenviron-
ment that comprises cell-cell and cell-extracellular matrix
interactions, as well as many soluble factors [253, 254]. The
latter include vascular endothelial growth factors (VEGFs),
fibroblast growth factors (FGFs), angiopoietins (ANGs),
transforming growth factors (TNFs), ROS, chemokines, cyto-
kines, exosomes, microRNAs, Ca2+, K+, Na+, H+, and other
ions [255–257]. The tumor microenvironment plays an

essential role in tumor initiation, progression, and metastasis
[258]. It is also involved in the resistance to targeted therapy,
radiation, and chemotherapy, as well as sensitivity to immu-
notherapy [259, 260].

Relatively stable ROS, such as H2O2, which is produced at
a high level by tumor cells, can diffuse into the extracellular
space. H2O2 can freely cross membranes; however, the cells
seem to regulate H2O2 transport by changes in membrane
lipid composition, thereby maintaining cellular H2O2 con-
centration [261]. Aquaporins (AQPs) have also been found
to be transporters of H2O2 [262, 263]. Moreover, superoxide
dismutase 3 (SOD3, EC-SOD) and NADPH oxidase provide
extracellular ROS sources. SOD3, which is located in the
extracellular space, catalyzes the dismutation of the superox-
ide anion into H2O2 [264], while several NOX isoforms gen-
erate H2O2 and O2

•− outside cells [156, 265]. Extracellular
ROS signaling in tumor cells with the participation of SOD
and NOX enzymes has been well described by Bauer et al.
[266]. Briefly, NOX located in the plasma membrane
produces O2

•− into the extracellular space. The superoxide
radical, in turn, dismutates to H2O2 during the hypochlorous

Table 1: ROS and major mechanisms of their generation and detoxification.

ROS Generation Detoxification

Superoxide radical (O2
•−)

Mitochondrial respiratory chain
Electron transport chain in the peroxisomal

membrane
Superoxide dismutases
CYP catalytic cycle

Mitochondrial enzymes (glycerol 3-phosphate
dehydrogenase, 2-oxoglutarate dehydrogenase,

NADH-cytochrome b5 reductase, etc.)
Xanthine oxidoreductase

Superoxide dismutases
Polyamines

Hydrogen peroxide (H2O2)

Spontaneous dismutation of superoxide radicals
Polyamine catabolism
Thymidine catabolism
NADPH oxidases

Monoamine oxidases
Lysyl oxidases

Dihydroorotate dehydrogenase
CYP catalytic cycle

Peroxisomal enzymes (acyl-CoA oxidases,
d-amino acid oxidase, d-aspartate oxidase, etc.)
Microsomal monooxygenase (MMO) system

Normal protein folding/unfolded protein response
Polyunsaturated fatty acid metabolism

Polyamines
Glutathione peroxidases
Thioredoxin peroxidases

Catalase
Peroxiredoxins

Glutathione S-transferases
Glutaredoxins
Thioredoxins

Nonenzymatic scavengers∗

Glycolysis
Pentose phosphate pathway

Hydroxyl radical (•OH)
Fenton and Haber-Weiss reactions
Thymidine catabolism (supposed)
Aconitase via Fenton reaction

•OH has a very short half-life and is very rapidly
involved in other reactions

Polyamines

Singlet oxygen (O2)
Nonphotosensitized mechanisms of O2

generation∗∗

O2 is rapidly implicated in many oxidation
reactions

Polyamines

Hydroperoxyl radical (HOO•) Protonated form of O2
•− Nonenzymatic scavengers

Peroxyl radical (ROO•) Polyunsaturated fatty acid metabolism Nonenzymatic scavengers

Alkoxyl radical (RO•) Polyunsaturated fatty acid metabolism Nonenzymatic scavengers
∗Described in [150, 269]; ∗∗well reviewed in [270].

7Oxidative Medicine and Cellular Longevity



acid (HOCl) pathway. Peroxidases (POD) use the H2O2 as a
substrate to generate HOCl, which further reacts with
hydroxyl anions (OH−) leading to the formation of hydroxyl
radicals (•OH). NOX-generated O2

•− is reduced to H2O2
either by SOD3 or spontaneously; membrane CAT decom-
poses the produced H2O2 thereby inhibiting HOCl signaling.
CAT can also decompose peroxynitrite (ONOO−) derived
from the reaction between NO and H2O2 that prevents
hydroxyl radical formation through the NO/peroxynitrite
pathway.

Apart from tumor cells, cancer-associated fibroblasts also
release extracellular H2O2 that induces oxidative stress in
normal fibroblasts, triggering their reprogramming to CAFs
and promoting field cancerization, epithelial cell transforma-
tion and growth, and cancer aggressiveness [267]. Immune
cells, such as myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), regulatory T cells
(Tregs), neutrophils, eosinophils, and mononuclear phago-
cytes, can also generate ROS (mainly H2O2) into the tumor
microenvironment [253, 268].

The major mechanisms of ROS generation and detoxifi-
cation are presented in Table 1 and Figure 1.

5. Conclusions

ROS are generated by multiple cellular processes and can be
overproduced in response to different stimuli. Normal cells
can maintain oxidative homeostasis owing to the activity of
various antioxidant systems which control ROS production
through changes in metabolic and signaling pathways. Upon
a permanent increase in ROS levels, the antioxidant defense
mechanisms can promote cell death. However, oxidative
stress damages manymolecules, cell structures, and functions
leading to the development of pathological states, such as
inflammation, aging, neurodegenerative disorders, and can-
cer. ROS are greatly implicated in tumorigenesis, and sum-
marizing the current data on ROS biology is important for
understanding the mechanisms of tumor initiation, promo-
tion, and progression, as well as for treatment development.
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Multiple sclerosis (MS) is a heterogeneous autoimmune disease of unknown etiology characterized by inflammation,
demyelination, and axonal degeneration that affects both the white and gray matter of CNS. Recent large-scale epidemiological
and genomic studies identified several genetic and environmental risk factors for the disease. Among them are environmental
factors of infectious origin, possibly causing MS, which include Epstein-Barr virus infection, reactivation of some endogenous
retrovirus groups, and infection by pathogenic bacteria (mycobacteria, Chlamydia pneumoniae, and Helicobacter pylori).
However, the nature of the events leading to the activation of immune cells in MS is mostly unknown and there is no effective
therapy against the disease. Amazingly, whatever the cause of the disease, signs of damage to the nerve tissue with MS lesions
were the same as with infectious leprosy, while in the latter case nitrozooxidative stress was suggested as the main cause of the
nerve damage. With this in mind and following the hypothesis that excessive production of mitochondrial reactive oxygen
species critically contributes to MS pathogenesis, we studied the effect of mitochondria-targeted antioxidant SkQ1 in an in vitro
MS model of the primary oligodendrocyte culture of the cerebellum, challenged with lipopolysaccharide (LPS). SkQ1 was found
to accumulate in the mitochondria of oligodendrocytes and microglial cells, and it was also found to prevent LPS-induced
inhibition of myelin production in oligodendrocytes. The results implicate that mitochondria-targeted antioxidants could be
promising candidates as components of a combined therapy for MS and related neurological disorders.

1. Introduction

Typical multiple sclerosis (MS) is a widespread chronic
inflammatory demyelinating disease of the central nervous
system (CNS), a hallmark of which is considered the demye-
lination of cerebral white matter and a consequent progres-
sive neuronal loss and neurological disability. The etiology
of MS is multifactorial and usually associated with autoim-
mune processes, but it remains not clear as of now [1].
During the last decades, a significant body of data indicated
a critical contribution of mitochondria and oxidative stress
to both inflammatory and neurodegenerative aspects of MS
pathogenesis [2]. The recent observation of the sharp appear-
ance of the free mitochondrial DNA in the serum of patients
withMS at the onset of the disease also supports this view [3].

In this context, it should be noted that myelin-producing
glial cells called oligodendrocytes are particularly susceptible
to oxidative stress and inflammatory mediators [4–6] and are
one of the main targets of MS. All of these led us to suggest
that mitochondria-targeted antioxidants (mtAO), detoxify-
ing mitochondrial reactive oxygen species (mtROS), could
be promising components of combined programs for MS
therapy. Among mtAO, the most widely used is MitoQ
10-(6′-ubiquinonyl) decyltriphenylphosphonium bromide,
which has been shown to inhibit oxidative stress in ner-
vous tissue in various animal models of neurological
diseases, including Alzheimer’s [7] and Parkinson’s [8] dis-
eases, as well as amyotrophic lateral sclerosis [9]. Application
of MitoQ to experimental autoimmune encephalomyelitis
(EAE), a mouse model of MS, demonstrated an increase
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in myelin basic protein (MBP) production and attenuation
of neurodegeneration [10]. Developed in 2008, mtAO
compounds of the SkQ family (conjugates of plastoquinol
with various penetrating cations [11, 12]) were found to
be more effective than MitoQ in various in vitro models
of diseases. The pronounced protective effects of SkQ1
(10-(6′-plastoquinonyl) decyltriphenylphosphonium) and
its analogs were observed in the model of open focal
trauma of the sensorimotor cortex [13] and in the model
of brain ischemia/reperfusion injury [14]. SkQ1 signifi-
cantly improved neurological deficits in the senescence-
accelerated OXYS rats, which in various aspects resembled
symptoms of Alzheimer’s disease. The long-term treatment
with SkQ1 slowed down the pathological accumulation of
beta-amyloid and the hyperphosphorylation of tau protein
(markers of Alzheimer’s disease pathogenesis) in the cor-
tex and hippocampus of OXYS rats [15, 16].

In MS therapy, the protection of oligodendrocytes from
oxidative stress could be a key strategy that can ensure the
maturation of immature oligodendrocytes and their remyeli-
nization, as well as increase the chances of improving the
neurological state of patients [17]. In the present study, we
made the first step to test the effect of SkQ1 on oligodendro-
cytes in vitro and used for this purpose the primary oligoden-
drocyte culture that migrated from cerebellar explants, which
was challenged with lipopolysaccharide (LPS). This culture
also contains microglia [18], in which the effects of LPS are
mediated in at least two ways: (i) at low LPS concentrations
(1 ng/ml) by specific toll-like receptor TLR4, which is not
expressed in oligodendrocytes [19, 20], and (ii) at LPS con-
centrations two or three orders of magnitude higher by a
TLR4-independent pathway [21]. An important advantage
of the used culture model is the preservation of conditions
for the survival (and maturation) of oligodendrocyte progen-
itor cells, as well asmaturemyelinating oligodendrocytes. The
challenge of the culture with LPS recapitulates various
features of brain inflammation including oxidative stress,
demyelination, and axonal damage [22, 23]. These features
of the used primary oligodendrocyte culture of cerebellar
explants make it suitable for the examination of various
agents affecting the myelination/demyelination of oligo-
dendrocytes. In the present study, we demonstrated that
SkQ1 in as low as nanomolar concentrations significantly
inhibited an LPS-induced decrease in myelin content in
oligodendrocytes.

2. Materials and Methods

2.1. Reagents. LPS from E. coli (# 055:B5) was purchased from
Sigma-Aldrich (USA). Mitochondria-targeted antioxidant
SkQ1 (10-(6′-plastoquinonyl) decyltriphenylphosphonium
bromide) was synthesized as described earlier [11] and kindly
provided by the Institute of Mitoengineering, Lomonosov
Moscow State University. For immunostaining, the follow-
ing antibodies were used: rabbit polyclonal anti-beta III
tubulin antibody (Abcam, ab76287), a neuronal marker;
mouse anti-Oligo1 monoclonal antibody (# MAB5540;
Millipore, USA) against oligodendrocyte transcription factor;
antibody against myelin basic protein (MBP) (# M3821

Sigma-Aldrich); anti-iNOS antibody against inducible NO-
synthase (Abcam, ab3523), and Alexa Fluor 488-conjugated
anti-IgG (Invitrogen, USA).

2.2. Preparation of the Primary Oligodendrocyte Cell Cultures.
The primary oligodendrocyte cell cultures were formed by
the cells that migrated from the cerebellar explants which
were prepared from the brains of newborn rats (1–2 days
old) and cultivated according to the method of Viktorov
and Kernarskaya [24]. Cerebellum fragments (1 × 1mm)
were plated upon poly-D-lysine-coated, 5 μg/ml (Sigma-
Aldrich) coverslips placed inside Petri dishes filled with
nutrient medium where the cultivation was performed at
37°C in an air atmosphere containing 5% CO2. The nutrient
medium was composed of DMEM containing glucose
4.5 g/l (Dulbecco’s Modified Eagle’s Medium) and F12
(Ham’s Medium) at a ratio of 1 : 1 (v/v), supplemented with
24% fetal bovine sera, 9% embrional chicken extract, and
5mM glutamine, where all reagents and solutions were from
PanEco, Russia. Additionally, the nutrient medium was sup-
plemented with 10 μM acetylsalicylic acid (Sigma-Aldrich),
0.5μg/ml insulin (Sigma-Aldrich), streptomycin
(100U/ml), and penicillin (100U/ml). Every 2-3 days, the
medium was replaced for a fresh one.

2.3. Investigation of the Primary Oligodendrocyte Cell
Cultures.Myelin synthesis by oligodendrocytes was analyzed
by probing the cultures with rabbit antibody to MBP. Cul-
tures were treated with 5nM SkQ1 solution for 10 days and
with 10 nM SkQ1 solution for the last 2 days of cultivation.
LPS (5 μg/ml) was added from the third day of cultivation
for 10 days and removed for the last 2 days of cultivation.

2.4. Immunostaining. Before immunostaining, cells grown on
glass coverslips were fixed with 1% formaldehyde in
phosphate-buffered saline solution (PBS) for 1.5 hours at
room temperature to ensure thorough fixation essential for
preventing the fragments from being detached. Thereafter,
these preparations were rinsed with PBS and initially stained
with the following antibodies: anti-Oligo1 antibody for
oligodendrocytes, anti-beta III tubulin antibody for neu-
rons, antibody against MBP, and antibody against iNOS.
Alexa-Fluor-488-conjugated secondary antibodies were used
after processing with the primary antibodies. Immunofluo-
rescence was observed and analyzed with an LSM 510 confo-
cal microscope (Carl Zeiss, Germany) using optical filters
“555 nm” (red) and “488 nm” (green).

2.5. Statistical Analysis. For statistical analyses, one-way
ANOVA followed by Bonferroni’s test was performed using
GraphPad Prism version 6.01 for Windows (GraphPad Soft-
ware, La Jolla California USA, http://www.graphpad.com). A
p value of <0.05 was considered statistically significant.

3. Results and Discussion

In the present study, we used the explant culture of newborn
rat cerebellum (1) for the preparation the primary culture of
oligodendrocytes (2), both cultures, (1) and (2), being formed
on the same glass coverslip (Figure 1(a)). The primary
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culture of oligodendrocytes in this case is formed in the pro-
cess of emigration of cells from the explant for 10-14 days,
which leads to the formation of a cell monolayer on the same

coverslip as can be seen by staining the cultures with the
specific antibody, the marker of oligodendrocytes, Oligo1
(Figures 1(b)–1(d) and 1(f)). Oligodendroglia is the first to

(a) (b)

(c)

Anti-oligo1

(d)

Anti-beta III tubulin

(e)

Merge

(f)

Figure 1: Determination of the cell types forming the migration zone in the primary oligodendrocyte culture of cerebellar explants upon 10
days of cultivation. (a) Cultured oligodendrocytes of a newborn rat: general view of the culture. The cells radially migrate from the explant of
the cerebellum (dark-gray fragment on the right side) in vitro. Bar, 50 μm; transmitted-light microscopy; objective—10x. (b) The field of view
within the formed migration zone. The cells were probed with anti-Oligo1 antibody. (c) Myelin synthesis by oligodendrocytes; merged
image; probing with both antibody types, anti-Oligo1 to mark oligodendrocytes (red) and antibodies to MBP to mark myelin (green).
(d–f) The cells were probed with both types of antibodies, anti-Oligo1 antibody for oligodendrocytes (positive result, red) and anti-beta III
tubulin antibody for neurons (negative result, green). (b–f) Bar, 10 μm; confocal microscope, Carl Zeiss LSM 510.
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emigrate from the explant due to the mobility of oligoden-
drocytes and the ability of cells to change their shape and size,
which was well documented by several authors [18, 25, 26].
In our study, we confirm these observations of the mentioned
authors and demonstrate that the first emigrants formed the
cell layer presented practically only by oligodendrocytes
(Figures 1(b)–1(f)). Neither neuron cells nor other types of
cells were detected in these monolayers. The positively
Oligo1-stained cells of irregular shape and relatively large
sizes were forming the cell-to-cell chains characteristic of
oligodendrocytes, which resemble “being engaged in a
tug-of-war” [26]. The barely perceptible “green” signal
(Figure 1(e)) on staining with the anti-beta III tubulin anti-
body (marker of neurons) fully coincides with the bright
“red” signal of anti-Oligo1 identifying only oligodendrocytes
present in the field. Thus, the poor “green” signal is the
background staining and the absence of bright “green”
demonstrates the lack of neurons in the monolayer field of
the migration zone in accordance with the observations made
earlier [26, 27]. Moreover, the absence of the “green” back-
ground staining shows as well the lack of any other cell types
in this migration zone which apparently is inhabited mainly
by oligodendrocytes. However, the primary explant culture
of oligodendrocytes is formed on the same surface as the cer-
ebellar explant itself. Note that although cultures (1) and (2)
are spatially separated as they are located on the different
parts of the coverslip, the layer of the emigrated cells and
the parent explant are covered by the common thin layer of
the liquid nutrient medium. Consequently, all the cell types
that inhabit the coverslip can exchange metabolites among
themselves. This means that oxidative stress factors are com-
mon to all cells of each coverslip, each of which, accordingly,
in general, contains a total set of neuroglial cells represented
in the cerebellum: neurons, astrocytes, oligodendrocytes, and
microglia. In such tissue type, on average, the number of neu-
roglia is 8-10 times more than that of neuron cells [28, 29]. As
shown in Figure 1(c), upon 10 days of cultivation, a regular
myelin synthesis (green) was observed in the processes of cul-
tured oligodendrocytes (red). Within the 10–14-day period,
when oligodendrocytes and their processes were visualized
as a dense green network due to abundantly synthesizedmye-
lin (anti-MBP staining; see Figure 2(a) and Supplementary
Figures 1(a) and 1(c)), investigation of oligodendrocyte
demyelination/remyelination was carried out.

Prior to investigating demyelination/remyelination, we
studied the antioxidant penetration in the cultured cells. To
analyze localization of SkQ1 in oligodendrocytes, we used
the fluorescent SkQ1 analog, SkQR1, in which the cationic
constituent, triphenylphoshonium, was replaced by cation
rhodamine-19. According to their antioxidant protective
properties, both analogs are among the most effective in the
SkQ family and are of the same level of penetrating ability
for model lipid membranes [11, 30] and mitochondria of
both various cell types in vitro [11] and some tissues in vivo
[31]. As to their antioxidant property, the protective antiox-
idant effect of SkQR1 compared to SkQ1 was slightly higher
in some of the models in vitro [11] and in vivo [31, 32]. Mito-
chondrial localization of SkQR1 was earlier demonstrated in
various cell types, such as HeLa cells [11], endothelial cells of

the EaHy926 cell line [33], and human neutrophils [34], as
well as human skin fibroblasts [35] and myofibroblasts [36].
Like in the other cell types, in oligodendrocytes migrating
from cerebellar explants, SkQR1 selectively accumulated in
mitochondria that formed the well-recognized mitochon-
drial network, shown both during this study (Figure 3(a))
and in previous examinations (Figure 1 in ref. [2]).

Due to natural causes, some cells inside the explant died
during the cultivation and microglial cells were visible in
the space adjacent to the cerebellar explant. Figure 3(b)
shows a dense mitochondrial network (orange) that pierces
microglial cells visible in the explant cerebellar cultures
stained with anti-iNOS antibody (green) and mitochondria-
targeted antioxidant SkQR1.

To initiate neuroinflammation in the explant culture,
we used LPS in high concentration (5 μg/ml) in the pres-
ence of serum which was a component of the cultivation
medium. A strong LPS-induced decrease in the myelin con-
tent in oligodendrocytes was observed (Figure 2(c) and
Supplementary Figures 1(b) and 1(d)). Under these
conditions, the effect of LPS on microglia is mediated by
both TLR4-dependent and TLR4-independent pathways as
described earlier [21]. The direct effects of LPS on
oligodendrocytes also cannot be excluded [37, 38]. The
pretreatment of the culture with SkQ1 in nanomolar
concentrations significantly protected oligodendrocytes
(Figure 2(d)). The decrease and disappearance of staining
for myelin were not the result of cell death in the culture,
because in all experiments the number of cells in the
samples remained constant (Figure 2(f)).

This result indicates an important contribution of glial
mitochondria to the total oxidative burst caused by LPS, if
we take into account the experimental data on the mech-
anism of SkQ1 action [39]. SkQ1 is a lipophilic antioxi-
dant molecule, and its primary targets in the inner
mitochondrial membrane are lipid radicals formed there,
one of the main sources of which is cardiolipin, the phos-
pholipid most sensitive to peroxidation. Cardiolipin is an
important structural component of various enzyme com-
plexes, and its oxidation leads to the deterioration of the
functioning of mitochondria. Being the only negatively
charged phospholipid in the mitochondrial membrane,
cardiolipin is considered as a primary partner for the
interaction with cationic SkQ1, which thus performs its
protective antioxidant function. Moreover, SkQ1 and other
derivatives of this family were also shown to protect vari-
ous cells from death induced by exogenous H2O2, and this
protective effect correlated with the decrease in intracellu-
lar ROS accumulation [11, 40]. Since in the cited studies
SkQ1 selectively accumulated in mitochondria, it was sug-
gested that mtROS were the primary target of SkQ1 anti-
oxidant action. The accumulation of cytoplasmic ROS
was observed only as a secondary event after a significant
lag-phase as a result of mitochondrial dysfunction and
excess ROS production. The SkQ1-dependent decrease in
mtROS was proved using the H2O2-sensitive fluorescent
protein HyPer expressed in mitochondria [41] and using
a novel mitochondria-targeted dye sensitive to lipid perox-
idation [42].
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Since in the present study mtAO accumulates in mito-
chondria of both oligodendrocytes and microglia, as
shown in Figures 3(a) and 3(b), it can be assumed that
mtAO deactivates mtROS in these cell types. Inasmuch
as it has been evidenced that it is peroxynitrite that has
a detrimental effect on myelin production by oligodendro-
cytes [43], it is an important result that mitochondria were
abundantly present in the same microglial cells as iNOS
molecules and in the myelin-filled oligodendrocytes. This
observation points out in favor of the assumption that
peroxynitrite can be generated also due to mtROS under
pathological conditions; therefore, we cannot exclude the
direct effect of mtAO on oligodendrocytes where mtAO
scavenges ROS and consequently reduces the possibility
of peroxynitrite formation. What else needs attention is
that, due to its lipophilic nature, mtAOs are more soluble
in the lipid phase and, in particular, SkQ1 concentration

can be up to four orders of magnitude higher in lipid
structures compared to the aqueous phase in accordance
with the membrane/water distribution coefficient [44]. In
addition, the plasma membrane is charged and maintains
Δψ of about 60mV across itself with a negative cell inte-
rior, which allows electrophoretic accumulation of a
monovalent SkQ1 cation in the cytoplasm by a factor of
10. Therefore, it is reasonable to assume that SkQ1,
although accumulating in fatty myelin at concentrations
of about 3-4 orders lower than that in mitochondria (in
the latter, the magnification of SkQ1 concentration reaches
108 [12]), can also provide antioxidant defense there, as in
the case with cardiolipin (see the preceding paragraph).
This effect is especially likely in the presence of a reduc-
tant or in close vicinity of mitochondria, where mtAO
can be constantly recharged into an effectively working,
reduced form.
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Figure 2: SkQ1 protects against the LPS-induced decrease in myelin content in oligodendrocytes. (a–d) Representative images of
immunostaining for MBP: (a) control and treatment with the reagents (b) SkQ1, (c) LPS, and (d) LPS+SkQ1. (e) MBP staining was
quantified, measuring 7-60 fields of view per treatment and expressed as the stained area percentage of untreated control cultures. (f) The
number of cells in the field of view. Samples were prepared from the brain of eight newborn rats in seven independent experiments. Data
are expressed as mean ± SD (∗∗∗p < 0 0003; one-way ANOVA, Bonferroni’s post hoc test). Scale bar, 20 μm.
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Within the framework of the in vitro MS model used by
us, a hypothetic scheme of the events induced by LPS in the
primary oligodendrocyte culture of the cerebellum, contain-
ing microglia, is presented in Figure 4.

This chain of events, typical of oxidative stress, includes
NF-κB stimulation leading to the induction of proinflamma-
tory cytokines, chemokines, and other mediators [46, 47].
Oxidative stress is implicated in many neurological diseases,
including MS [48]. In this context, it is interesting to note
that along with neuroprotective action [2, 13–16], SkQ1
and its mtAO analogs demonstrated a pronounced anti-
inflammatory effect in the models of local acute inflamma-
tion [49] and systemic inflammatory response syndrome
(SIRS) [50]. Recently, it was demonstrated that SkQ1
suppressed NF-κB-dependent gene expression in the aortas
of old mice [51] and SIRS mice [50]. SkQ1 also inhibited
activation of NF-κB, which was induced by tumor necrosis
factor in endothelial cells in vitro [51]. These findings
indicate that the inhibition of NF-κB by SkQ1 in the
LPS-stimulated microglia could contribute to oligodendro-
cyte protection against demyelination shown by us in the
present study.

NADPH oxidase (NOX2) is another participant of the
oxidative stress events that produces significant amounts of
extracellular ROS, which could play a critical role in the
neuroinflammation accompanying MS [52, 53]. Regarding
our results, the protective effect of SkQ1 in relation to myelin
content in oligodendrocytes (Figure 2) could be explained by
the anti-inflammatory action of SkQ1 in microglia, just as
SkQ1 prevented NOX2 activation (oxidative burst) recently
observed in neutrophils [34].

Also, it is obvious that a decrease in mtROS in activated
microglia in the presence of NO produced by iNOS [20]
should result in the reduction of RNS generation and thus
provide protection to oligodendrocytes in MS [20, 54–56].
Our findings cross-talk with a recent report that RNS pro-

duction by activated macrophages plays a crucial role in axon
demyelination and peripheral neuropathy in leprosy [57].
The demyelination in this mycobacterial disease is analogous
to that in MS, and RNS-dependent destruction of mitochon-
dria was suggested to contribute to demyelination in both
cases [57]. If this is the case, the mitochondria-targeted
antioxidants such as SkQ1, which proved to be effective in
the MS model in our experiments, could be considered as a
potential medicine against mycobacterial pathogens. The
obtained results on the protective effect of the SkQ1 antioxi-
dant are especially relevant in light of the latest data on the
accumulation pressure of proinflammatory stimuli on the
statistical manifestation of MS [58]. As demonstrated, such
incentives include heterogeneous factors leading to inflam-
matory reactions: smoking, working with organic solvents,
and the presence of leukocyte antigen genes in the human
genotype. All this means that taking antioxidants that lower
the level of ROS, RNS, and inflammation should reduce the
risk of MS.

In the context of intractable immunoinflammatory dis-
eases, the results of our study offer an important potentiality
for using the antioxidant SkQ1 in an alternative therapy
when immunotherapy is not applicable. Recently, a number
of immunomodulating, disease-modifying therapies have
been introduced, which are aimed at reducing the inflamma-
tory response in MS. Such treatments in varying degrees
weaken immune surveillance and may predispose patients
to the development of various opportunistic infections that
are rarely seen in neurological practice [59]. Among the
immunosuppressive drugs, natalizumab, an FDA-approved
humanized monoclonal antibody against α4-integrin, is con-
sidered one of the most effective ways to prevent relapse. Its
effect is based on the suppression of both the adhesion of leu-
kocytes (except neutrophils) to the endothelium and their
penetration through the blood-brain barrier. However, the
high risk of progressive multifocal leukoencephalopathy

(a) (b)

Figure 3: Mitochondria-targeted antioxidant SkQR1, a red-colored fluorescent SkQ derivative, selectively accumulates in mitochondria
(orange) of glial cells: (a) oligodendrocytes and (b) microglial cells. The primary oligodendrocyte culture of cerebellar explants was
preincubated with both (a, b) 50 nM SkQR1 for 2 h and (a) anti-Oligo1 antibody for staining oligodendrocytes (green) or (b) anti-iNOS
antibody (green). Images are themerge of viewswith “red” and “green” opticalfilters. Scale bar, 5μm.Confocalmicroscope, Carl Zeiss LSM510.
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(PML) limits the long-term treatment with natalizumab.
PML can be induced by the John Cunningham virus
(JCV), a type of polyomavirus that becomes pathogenic
only in cases of immunodeficiency (as in AIDS) or drug-
induced immunosuppression [60]. Another immunosup-
pressive drug, fingolimod, is considered mainly for the
postnatalizumab therapy for MS, but its use may increase
the incidence of varicella-zoster virus infection [61]. In con-
trast to immunomodulatory drugs, mitochondria-targeted
antioxidants did not cause any signs of immunosuppression
in various studies in animal models [12–16]; therefore, their
use for MS therapy would presumably be free from the
described complications.

4. Conclusion

Our study is the first demonstration of the protective effect
of the mtAO SkQ1 on oligodendrocytes affected by MS at
the level of the culture model of the disease. The pro-
nounced protective action of SkQ1 clearly demonstrates
that mtROS participate in the suppression of myelin pro-

duction in oligodendrocytes. Supporting recent studies
[58], we assume that people at risk should take antioxi-
dants to reduce the probability of MS from rising. Also,
our results implicate that mtAO could be promising
components of a combined therapy for MS, especially in
patients with various opportunistic infections accompany-
ing MS, as well as in some disastrous diseases involving
neurological disorders.
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Transient receptor potential vanilloid 1 (TRPV1) is a Ca+2-permeable channel expressed on neuronal and nonneuronal cells,
known as an oxidative stress sensor. It plays a protective role in bacterial infection, and recent findings indicate that this
receptor modulates monocyte populations in mice with malaria; however, its role in cerebral malaria progression and outcome
is unclear. By using TRPV1 wild-type (WT) and knockout (KO) mice, the importance of TRPV1 to this cerebral syndrome was
investigated. Infection with Plasmodium berghei ANKA decreased TRPV1 expression in the brain. Mice lacking TRPV1 were
protected against Plasmodium-induced mortality and morbidity, a response that was associated with less cerebral swelling,
modulation of the brain expression of endothelial tight-junction markers (junctional adhesion molecule A and claudin-5),
increased oxidative stress (via inhibition of catalase activity and increased levels of H2O2, nitrotyrosine, and carbonyl residues),
and diminished production of cytokines. Plasmodium load was not significantly affected by TRPV1 ablation. Repeated
subcutaneous administration of the selective TRPV1 antagonist SB366791 after malaria induction increased TRPV1 expression
in the brain tissue and enhanced mouse survival. These data indicate that TRPV1 channels contribute to the development and
outcome of cerebral malaria.

1. Introduction

Malaria is an infectious disease of great morbidity and
mortality, which claimed the lives of more than 400 thou-
sand people worldwide in 2015 [1]. Cerebral malaria is a
clinical syndrome of the severe form of the disease and is
characterized by neurological complications (coma and
convulsions) associated with brain inflammation (for review,
see [2]) which can be lethal or cause irreversible neurological

and/or cognitive sequelae in surviving patients (for review,
see [3]).

Several mechanisms were found to contribute to cerebral
malaria including alterations in nitric oxide availability,
unbalanced oxidative stress responses, changes in the pattern
of expression of inflammatory molecules, vascular leakage,
and blood brain barrier disruption, amongst others [4–10].
However, its treatment has proven to be difficult and of low
efficacy depending on timing and parasite resistance [3, 11],
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with nearly 50% of the infected patients presenting this
syndrome [3]. Importantly, 10-40% of the children with cere-
bral malaria die and a significant percentage develop sequelae
[3, 12, 13]. In this context, the host response to infection
plays a decisive role in the clinical evolution of malaria and
therefore influences disease outcome.

The transient receptor potential vanilloid 1 (TRPV1) is a
Ca+2-permeable channel expressed on neuronal and non-
neuronal cells such as brain endothelial and immune cells
[14–18], which plays a role in the inflammatory response of
different pathologies (for review, see [16, 19]) and an emerg-
ing role in neuroinflammation (for review, see [20]). It was
found that TRPV1 is protective against bacterial infection
[21–24] and modulates the innate immune response to
malaria [25]. These studies also indicate that TRPV1 is
detrimental to macrophage/monocyte-mediated responses,
including their ability to produce inflammatory mediators,
especially those related to oxidative stress [23, 26–30], in
addition to regulating body temperature [21, 23]. However,
the relevance of TRPV1 to the brain inflammation and symp-
toms of cerebral malaria has never been investigated.

Here, we used TRPV1 wild-type (WT) and knockout
(KO) mice to evaluate the role of TRPV1 in cerebral malaria.
Disease progression and brain inflammation were assessed in
mice infected with Plasmodium berghei ANKA. It was found
that TRPV1 contributes to disease severity and mortality, by
mediating brain inflammation.

2. Methods

2.1. Mice. Nonfasted male C57BL/6 wild-type (WT) and
TRPV1 knockout (TRPV1KO) mice (2-3 months of age;
22-28 g) were used. Animals were obtained from the animal’s
facility of the Faculdade de Medicina de Ribeirão Preto, Uni-
versidade de São Paulo (USP). Mice (n = 3-4/cage) were
housed in a climatically controlled environment (room
temperature of 22 ± 2°C) and humidity of around 60%, on a
12-12 h light/dark cycle (lights on at 07:00), with free
access to water and food. All experiments were conducted
in accordance with the Brazilian Society for Animal Wel-
fare (SBCAL), following approval by the Ethics Committee
of USP. Animals were randomly assigned into groups, and
the experimenter was blinded towards the genetic back-
ground of animals during the experiment. In some cases,
C57BL/6 mice received the selective TRPV1 antagonist
SB366791 (0.5 mg/kg, twice a day; Sigma-Aldrich, Brazil)
or vehicle (10% DMSO in saline) for up to 14 days, start-
ing at 24 h postmalaria induction. All assays were con-
ducted in a blinded manner.

A total of 16 infected TRPV1 WT and 14 KO mice were
used for analysis of survival rates, disease stage, and severity
score; these data were obtained from two independent exper-
iments. For performing the different biochemical, qPCR, and
cytokine measurement experiments, samples were collected
from 12 TRPV1 WT (5 noninfected and 07 infected) and
16 TRPV1 KO (5 noninfected and 11 infected) mice with
stage III/IV malaria, in three independent experiments.

In two separate experiments, 20 WTs were used for
assessment of mortality rates with the TRPV1 antagonist

(10 vehicle-treated and 10 SB366791-treated). Disease stage
and severity score experiments included 17 WT mice (8
vehicle-treated and 9 SB366791-treated), in two independent
experiments. For experiments in animals with stage III/IV
malaria, 11 TRPV1 WTs were used (5 vehicle-treated and 6
SB366791-treated) in two independent experiments.

2.2. Induction of Cerebral Malaria. Malaria was induced by
a single intraperitoneal (i.p.) injection of 106 red blood
cells infected with P. berghei ANKAGFP/HSP7 as previously
described [31, 32]. Parasitaemia and disease progression
were evaluated from day 1 postinfection, by daily record-
ing of parasitaemia and clinical neurological signs of cere-
bral malaria.

2.3. Blood Parasitaemia. The percentage of parasitaemia was
determined by flow cytometry. For this, a drop of blood from
the tail was collected directly into 2 ml of PBS for flow cytom-
etry analysis. Each sample was run on a FACSCalibur (Bec-
ton Dickinson, San Jose, CA, USA) flow cytometer with a
488 nm argon laser and BD CellQuest™ Pro software version
6.0.1 (Becton Dickinson, San Jose, CA, USA). Erythrocytes
were identified on the basis of their specific forward (FSC)
and side (SSC) light-scattering properties, and a total of
100,000 events were counted for each sample.

2.4. Analysis of the Clinical Neurological Signs of Cerebral
Malaria and Mortality Rates. The neurological signs were
evaluated as described by Linares et al. [33], in order to
determine disease progression (stages I-IV) as follows: stage
I—presence of parasitaemia and absence of neurological
symptoms; stage II—presence of head deviation or hemi-
or paraplegia, in the absence or presence of piloerection,
altered gait or ambulation, muscle weakness, tremor, rollover
response, and/or anaemia; stage III—presence of significant
neurological symptoms, including head deviation, paraple-
gia/hemiparaplegia, immobility, muscle weakness, piloerec-
tion, anaemia, pelvic elevation, lack of responses to external
stimuli, tremor, and swollen eyes; and stage IV—presence
of exacerbated neurological symptoms in comparison to
those observed at stage III.

Disease severity was analysed by using the Rapid Murine
Coma and Behavior Scale as previously described by Carroll
et al. [34], with minor modifications. Briefly, a score from 0
(normal) to 2 (severe alteration) was attributed to each one
of the following parameters as follows: (i) coordination (gait
and balance), (ii) exploratory behavior (motor performance),
(iii) strength and tone (body position and limb strength), (iv)
reflexes and self-preservation (touch escape, pinna reflex, toe
pinch, and aggression), and (v) hygiene-related behavior
(grooming). The summation of the scores attributed to each
of the parameters for each animal was taken as severity score
index, with the highest scores corresponding to the worst
outcome of disease.

The animals were observed for up to 14 days postinfec-
tion and were culled by anaesthetic overdose (90 mg/kg keta-
mine + 2 mg/kg xylazine; i.p.) as soon as they reached stage
III/IV (premortality end point). Blood samples were col-
lected, and the plasma was obtained. Brain samples were also
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collected and weighted. Collected plasma and brain tissue
samples were immediately frozen and stored at -80°C until
further processing for analysis of different parameters, except
those used for qRT-PCR to which RNAlater was added
according with the manufacturer’s instructions (Sigma-
Aldrich, Brazil).

Also, body weight and temperature were registered
before (baseline) and at stage III/IV postinfection. All those
which did not reach stage III/IV during the observation
period were culled, and their measurements and samples
were collected at the 14th day postinfection. Noninfected
mice were used as controls.

In a separate series of experiments, mortality rates were
evaluated over 14 days following induction of cerebral
malaria, in independent groups of mice.

2.5. Brain Parasite Load. Tissue parasite load was evaluated
in brain samples (left hemisphere) collected from infected
TRPV1 WT and KO mice, as previously described [33], and
modified. Tissue parasite loads were determined by quantita-
tive PCR and expressed as copy numbers of P. berghei ANKA
18S DNA per milligram of host tissue. For this, RNA was
extracted in RNeasy Microarray Tissue Mini Kit, according
to the manufacturer’s instructions (Qiagen, Brazil). Then,
the cDNA was prepared by reverse transcription of 2 μg of
RNA with ImProm-II Reverse Transcriptase (Promega,
USA). The cDNA was assayed by qRT-PCR using the Taq-
Man® system (Applied Biosystems, USA) with P. berghei
probes (AI 38261, PN 4332079). GAPDH levels were
assessed by TaqMan Mouse GAPDH System (TaqMan®,
Applied Biosystems, USA) and were used as housekeeping
gene controls.

2.6. TRPV1, Junctional Adhesion Molecule-A (JAM-A), and
Claudin-5 Gene Expression by Real-Time qPCR. qRT-PCR
was performed using GoTaq qPCR Master Mix (Promega,
USA) and a Rotor-Gene 6000 real-time PCR machine (Cor-
bett Life Science, Australia) in a final volume of 12 μl (hold:
2 min at 95°C; cycling: 40 cycles: 15 s at 95°C and 30 s at
60°C; melt: 68-90°C). The following primers were used:
TRPV1 (forward 5′-GCGACCATCCCTCAAGAGT-3′,
reverse 5′-CTTGCGATGGCTGAAGTACA-3′; 109 bp;
accession number NM_001001445.2), JAM-A (forward 5′
-GGTCAGCATCCACCTCACTGT-3′, reverse 5′-AGGT
CAGCACTGCCCTGTTC-3′; 94 bp; accession number
NM_172647), claudin-5 (forward 5′-GTGCCGGTGTC
ACAGAAGTA-3′, reverse 5′-GTACTTGACCGGGAAG
CTGA-3′; 147 bp; accession number NM_013805), and
GAPDH (forward 5′-AAGGTCATCCCAGAGCTGAA-3′,
reverse 5′-CTGCTTCACCACCTTCTTGA-3′; 138 bp;
accession number NM_008084.2). For each gene in each
sample, 2-efficiency×Ct values were calculated and divided by
the corresponding value of 2-efficiency×Ct obtained for
GAPDH. In order to normalize the data, all the individual
results were divided by the average value obtained for the
control group (noninfected WT mice). Efficiencies were of
0.47, 0.59, 0.68, and 0.8 for TRPV1, claudin-5, JAM-A, and
GAPDH primers, respectively.

2.7. Cytokine Measurements. Brain samples (right hemi-
sphere) were prepared, and the supernatant was obtained as
previously described [35] and used in the assays. The tissue
and plasma levels of TNFα, IFNγ, and IL-6 were evaluated
by using mouse cytometric bead array (CBA) cytokine kits
according to the manufacturer’s instructions (BD Biosci-
ences, Brazil). Data analysis was performed on a FACSCali-
bur flow cytometer (BD Biosciences Immunocytometry
Systems). Results were calculated in FCAP Array Software
version 3.0.1 (BD Biosciences, Brazil) and expressed as pico-
grams of cytokine per mg of tissue protein (pg/mg of protein)
or picograms per milliliter of plasma (pg/ml).

2.8. Tissue Sample Preparation for Biochemical Analysis of
Oxidative Stress Pathways. Brain samples (100 mg; right
hemisphere) were homogenized in 1000 μl of 0.05 M NaPO4
(pH 7.4) containing ethylenediaminetetraacetic acid (EDTA,
1 mM) and centrifuged at 10,000g, for 10 min, at 4°C, and
then the supernatant was collected and stored at -80°C for
analysis of enzyme activities.

2.9. Superoxide Dismutase (SOD). SOD activity was mea-
sured as described by Abreu et al. [36]. Briefly, 10 μl of each
sample was incubated with 260 μl of sodium carbonate buffer
(50 mM; pH 9.4 containing 3 mM EDTA), 10 μl of 3 mM
xanthine, 10 μl of 153 mU/ml of 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
(XTT), and 10 μl of 1.87 mU/ml xanthine oxidase. Then, 200
μl of the mixture was added per well in 96-well plates and the
absorbance was read at 470 nm for 20 min. Blank reactions
were prepared for each sample by boiling them for 5 min in
order to inactivate SOD. Results are expressed as milliunits
(mU) of SOD/mg of protein. Enzyme activity was defined
as the ability of one unit of SOD to dismutate 1 μmol of
O2

-/min.

2.10. Catalase. Catalase activity was measured as previously
described [36], by incubating 30 μl of brain homogenates or
plasma samples with 500 μl of hydrogen peroxide (H2O2,
10 mmol/ l) for 20 min, at 25 °C. Reactions were stopped with
500 μl of sodium azide (1 mmol/l), and the concentration of
the remaining H2O2 was determined by the oxidation of o-
dianisidine. For this, 20 μl of each reaction was incubated
with 200 μl of phosphate buffer (5 mM; pH 6.0) containing
0.167 mg/ml o-dianisidine and 0.095 mg/ml horseradish per-
oxidase (HRP). The absorbance was immediately read at 460
nm (SpectraMax Plus 384, Molecular Devices Inc., Sunny-
vale, EUA) for 10 min. The remaining reactions were incu-
bated at 60°C for 2 h, in order to inactivate catalase, and
used as controls. A standard curve of H2O2 (11.3-8820 μM)
was used for comparison. Results are expressed as interna-
tional units (IU) of catalase per milligram (mg) of protein.
One IU of catalase was defined as the amount of H2O2 (in
μmol) degraded per minute.

2.11. Glutathione Peroxidase (GPx) and Reductase (GR). GR
activity was assessed by measuring the consumption of nico-
tinamide adenine dinucleotide phosphate (NADPH) as a
cofactor in the reduction of oxidized glutathione (GSSG) to
reduced GSH [36]. For this, 10 μl of the sample was
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incubated with 190 μl of a solution containing 2mg/ml GSSG
and 0.4 mg/ml NADPH, at 37°C. Absorbances were then
recorded for 30 min (incubation period), at 340 nm. The
results are expressed as μmol of NADPH per min normalized
per mg of protein (μmol of NADPH/min/mg of protein).

GPx activity was determined as previously [36]. For this,
30 μl of sample per well (diluted 1:3) was incubated for 5 min
at 37°C, with 145 μl per well of 0.05 M phosphate buffer (pH
7.4) containing 0.1 M EDTA, 5 μl of glutathione (GSH, 80
mM), and 5 μl glutathione reductase (0.0096 U/μl). After
incubation, 5 μl of 0.46 % tert-butyl hydroperoxide solution
and 10 μl of 1.2 mM NADPH were added to each well.
Absorbances were monitored at 340 nm for 10 min. The
results are expressed as μmol of GSH/min/mg of protein.

2.12. Thioredoxin Reductase (TrxR). TrxR activity was deter-
mined by incubating 20 μl of the sample with 140 μl of assay
buffer (0.05 M phosphate buffer (pH 7.4) containing 0.1 M
EDTA, 50 mM potassium chloride, and 0.2 mg/ml bovine
serum albumin), 20 μl of 2 mM NADPH, and 20 μl of 5
mM 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), in the
presence and absence of a TrxR inhibitor (sodium aurothio-
malate; 20 μM) [37]. Absorbances were read at 412 nm for 5
min. The results are expressed in IU of TrxR per mg of
protein (IU/mg of protein). Enzyme activity was defined as
the NADPH-dependent production of 2 μmol of 2-nitro-5-
thiobenzoate per min at 22°C.

2.13. Protein Nitrotyrosine and Carbonyl Levels. For analysis
of protein nitrotyrosine and carbonyl levels, 2.5 μg of each
sample was assayed by slot blotting. The presence of proteins
containing 3-nitrotyrosine residues was analysed in the sam-
ples as previously described [38]. After sample derivatization
by addition of Laemmli buffer (0.125 M Trizma, pH 6.8; 4%
SDS and 20% glycerol; 20 min at room temperature and boil-
ing for 2 min), the membrane was incubated with mouse
monoclonal anti-nitrotyrosine primary antibody (1 : 2,000;
Merck Millipore Co., Germany) overnight at 18°C.

Carbonylated proteins were determined according to the
method described by Robinson et al. [39]. After the derivati-
zation reaction by addition of 2,4-dinitrophenylhydrazine
(DNPH) solution (0.1 mg/ml in 2N HCl, 5 min), the mem-
brane was incubated with anti-DNP primary antibody
(1 : 25,000 in blocking buffer, Abcam, UK) overnight at 18°C.

Immunoreactive bands were detected by chemilumines-
cence, and their intensities were estimated by densitometric
analysis (ChemiDoc Image Systems, Bio-Rad, USA). Results
were normalized by the band intensity values obtained after
staining with Ponceau red.

2.14. Plasma and Tissue Hydrogen Peroxide Measurements.
The levels of H2O2 were measured in brain homogenates
and plasma samples by using a H2O2/peroxidase assay kit
(Amplex Red H2O2/peroxidase assay kit; Molecular Probes,
Invitrogen, Brazil) according to the manufacturer’s instruc-
tions. Results were obtained by comparison of each sample
with a H2O2 (0–10 μM) standard curve and are expressed
as H2O2 levels in μM (plasma) and in picomoles of H2O2
per mg of protein (brain samples).

2.15. Statistical Analysis. The results are presented as mean
± standard error (SE). The percentage of inhibition is
reported as the mean for each individual experiment. For
multiple statistical comparisons between groups, data were
analysed by repeated-measures analysis of variance
(ANOVA) or one-way ANOVA followed by the Bonferroni
test with FDR correction. Paired and unpaired t tests were
used when appropriate. Survival curves were analysed by
the nonparametric Mantel-Cox test. All data were analysed
in GraphPad Prism 5.0. p < 0 05 was considered significant.
All n numbers are indicated on the graphs.

3. Results

3.1. P. berghei Infection Reduces TRPV1 mRNA Expression
in the Mouse Brain, a Response Attenuated by TRPV1
Antagonism.We initially investigated whether infection with
P. berghei ANKA, a plasmodium strain known to cause
cerebral malaria in mice, influences TRPV1 expression in
the mouse brain. Infected WT mice expressed lower
TRPV1 mRNA levels (56%) in their brain tissue than non-
infected controls did (Figure 1(a)). On the other hand, the
systemic administration of SB366791 in C57BL/6 mice with
malaria increased TRPV1 expression (2.1-fold increase) in
comparison with vehicle controls (Supplementary Material
Figure S1a).

3.2. Loss of TRPV1 Signaling Protects against Cerebral
Malaria. We next assessed whether the ablation of TRPV1
influences cerebral malaria progression and mortality. Data
depicted in Figure 1(b) show that infected TRPV1KO mice
exhibit attenuated disease in comparison with WT controls.
Of note, TRPV1KOs only presented parasitaemia without
any other sign or symptom of cerebral malaria, suggesting
they do not develop this syndrome. Accordingly, malaria
was less severe and remained at stage I in these mice
whilst it progressed into stages III and IV in the majority
of the WT animals over the 14-day observation period
(Figures 1(b) and 1(c)). Mortality was markedly prevented
by TRPV1 ablation as 90% of the TRPV1KO mice sur-
vived infection in contrast with WT animals (19% sur-
vival; Figure 1(d)). Mice treated with SB366791 presented
similar disease severity and course to those receiving
vehicle until day 6 postinfection, improving their condi-
tion over the 14-day observation period (Supplementary
Material Figures S1b and S1c). Twenty percent of those
receiving the TRPV1 antagonist survived (Supplementary
Material Figure S1d). As lack of TRPV1 was previously
shown to exacerbate hypothermia in mice with bacterial
infection [23], mouse body temperatures were registered.
At baseline conditions, both genotypes exhibited similar
body temperatures; however, hypothermia was only
observed in stage III/IV WT but not TRPV1KO mice
(Figure 1(e)). A similar response was registered in those
receiving SB366791 (Supplementary Material Figure S1e).

Blood parasitaemia was similar in both genotypes,
although WT mice exhibited higher parasitaemia than
TRPV1KOs did at days 6 and 7 postinfection (Figure 2(a)).
On the other hand, P. berghei ANKA 18S levels were elevated
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Figure 1: Brain TRPV1 mRNA expression and cerebral malaria progression. (a) TRPV1 mRNA expression in brain samples of noninfected
and infected (at stage III/IV) TRPV1 wild-type (WT) mice. Disease progression (b) and stage (c); survival rates (d) and body temperature (e)
recordings from TRPV1 WT and knockout (KO) mice infected with P. berghei ANKA. Disease progression, stage, and survival rates were
registered over 14 days postinfection. Mouse body temperatures were evaluated at baseline and postmalaria induction (at stage III/IV or at
day 14 for those that survived the observation period). Results represent the mean ± SEM of all mice per group, obtained from two-three
independent experiments. n is indicated on each graph. Data were analysed by repeated-measures analysis of variance (ANOVA) followed
by the Bonferroni test with FDR correction (panels b and c). Paired and unpaired t tests were used when appropriate (panels a and e).
Survival curves were analysed by the nonparametric Mantel-Cox test (panel d). ∗p < 0 05 differs from noninfected WTs or baseline
readings; #p < 0 05 differs from infected WT mice.
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in the brain samples of TRPV1KO (2.8-fold) in comparison
with those obtained from WT mice (Figure 2(b)).

3.3. Lack of TRPV1 Increases the mRNA Expression of Blood
Brain Barrier Integrity Markers and Attenuates Oedema
Formation in the Brains of Infected Mice. Loss of integrity
of the blood brain barrier is a hallmark of cerebral malaria,
contributing to increased oedema formation and neuronal
damage as disease progresses [40, 41]. Possible effects of
TRPV1 ablation in brain oedema formation and in the gene
expression of the tight junction components claudin-5 and
JAM-A [41, 42] were then, investigated. Data depicted in
Figure 3(a) demonstrates that infection with P. berghei
ANKA promotes brain swelling in WT (1.7-fold) and
TRPV1KO (1.2-fold) mice in comparison with their respec-
tive noninfected controls; however, this response was
reduced by 25% in those lacking TRPV1. Additionally, anal-
ysis of claudin-5 and JAM-A mRNA levels revealed that
infected WT mice express diminished levels of both genes
(49% and 80%, respectively), in comparison with nonin-
fected controls, a response that was attenuated in infected
TRPV1KO mice (Figures 3(b) and 3(c)). Genotype did not
affect brain weight/body weight ratios or claudin-5 mRNA
expression in noninfected mice (Figures 3(a) and 3(b)).
However, noninfected TRPV1KOs presented with lower
expression of JAM-A (47%) in comparison with their
WT counterparts (Figure 3(c)).

3.4. H2O2, Protein Nitrotyrosine and Carbonyl Residues Are
Raised in Infected TRPV1KO Animals. Oxidative stress nor-
mally occurs as part of the host response to malaria [5, 43].
TRPV1 is an oxidative stress sensor [28], which not only does
modulate oxidative stress [23, 27] but also can have its
expression regulated by endogenous oxidant molecules
[26]. Therefore, the impact of TRPV1 ablation in malaria-

associated oxidative stress was investigated. Higher levels of
H2O2 and protein nitrotyrosine residues (indicative of NO-
dependent oxidative stress; [44]) were detected in infected
mice of both genotypes in comparison with their noninfected
controls (Figures 4(a) and 4(b)). WT mice presented 4.8-fold
and 3.7-fold increases and TRPV1KOs 6.0-fold and 2.7-fold
increases for tissue H2O2 and protein nitrotyrosine residue
levels, respectively. Protein carbonyl residues (indicative of
lipid peroxidation-dependent oxidative stress; [45]) were
only increased (1.9-fold) in brain samples of infected mice
lacking TRPV1 (Figure 4(c)). Analysis of plasma H2O2 levels,
and protein nitrotyrosine and carbonyl levels indicated these
were raised in TRPV1KO but not WT mice infected with P.
berghei ANKA (Figures 4(d)–4(f)). TRPV1KOs presented
greater levels of plasma H2O2 (13.9-fold increase), protein
nitrotyrosine (1.5-fold increase), and carbonyl (1.4-fold
increase) residues in comparison with those observed for
WT animals with cerebral malaria (Figures 4(d)–4(f)).

As TRPV1KO mice presented with an exacerbated pro-
duction of oxidants, the activity of antioxidant enzymes was
then, investigated. The tissue activity levels of SOD, GPx,
and GR were attenuated (by ~35%, ~20%, and ~34% of
reduction, respectively) in infected mice irrespective of geno-
type when compared to noninfected controls (Figures 5(a),
5(d), and 5(e)). Also, TrxR activity was enhanced in both
infected genotypes (1.5-fold increase; Figure 5(f)). On the
other hand, brain catalase activity was markedly diminished
(49%) in infected TRPV1KO but not WT mice
(Figure 5(b)). Infected TRPV1KO mice also displayed lower
levels of catalase activity (70% less) in their plasma in com-
parison with WT controls (Figure 5(c)).

3.5. Diminished Cytokine Production Is Detected in Infected
TRPV1KO Mice. Cytokines are involved in neuronal
survival [46, 47] and therefore may affect cerebral malaria

Time after infection (days)

1

Pa
ra

sit
em

ia
 (%

)

0

10

20

30

40

50

2 3 4 5 6 7 8 9 10 11 12 13 14

Infecfed WT (n=16)
Infecfed TRPV1KO (n=14)

(a)

18
S 

le
ve

ls
(c

op
y 

nu
m

be
rs

/m
g 

of
 ti

ss
ue

)

0

50000

100000

150000

200000

250000

Infecfed WT (n=7)
Infecfed TRPV1KO (n=8)

(b)

Figure 2: Blood and brain parasitaemia. (a) Blood parasitaemia and (b) brain 18S levels in TRPV1 wild-type (WT) and knockout (KO) mice
infected with P. berghei ANKA. Blood parasitaemia data was collected over 14 days postinfection; brain samples were collected at stage III/IV
or at day 14 for those that survived the observation period. Results represent themean ± SEM of all mice per group, obtained from two-three
independent experiments. n is indicated on each graph. Data were analysed by repeated-measures analysis of variance (ANOVA) followed by
the Bonferroni test with FDR correction (panel a). Unpaired t test was used when appropriate (panel b).
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progression. Thus, the levels of both tissue and plasma
IFNγ, TNFα, and IL-6 were assessed in WT and
TRPV1KO mice with malaria. Tissue and plasma TNFα
production was markedly reduced (52% and 64%,
respectively; Figures 6(a) and 6(d)) in TRPV1KO in
comparison with WT controls. A similar profile was
observed for IL-6 as mice lacking TRPV1 exhibited
significant lower levels of this cytokine at both tissue (65%
reduction) and plasma (86% reduction) levels (Figures 6(b)
and 6(d)). Genotype did not affect IFNγ levels in a
significant manner (Figures 6(c) and 6(f)).

4. Discussion

Since its discovery, the TRPV1 channel has been pointed out
as an essential receptor in a variety of physiological and
pathological responses. This is due to its wide expression
and ability to transduce signals in both neuronal and
nonneuronal cells, therefore participating in responses that
range from cell differentiation to death [16, 23, 48–50].
Novel and recent findings on its role indicate that the
endogenous activation of TRPV1 protects mammals from
bacterial infections [21–24]. More recently, a nonselective
TRPV1 antagonist (capsazepine) was found to modulate

the peripheral immune response to malaria [25], but no
studies have reported to date, a role for TRPV1 in cerebral
malaria development and outcome. Here, we show for the
first time that in the absence of TRPV1, P. berghei ANKA
infection does not progress into cerebral malaria in the
majority of the infected mice, protecting them from death
and from the development of any disease symptoms and
signals apart from blood parasitaemia. Protection was
also observed in mice receiving the TRPV1 antagonist
SB366791 repeatedly after malaria was induced. Of note,
this effect was more pronounced in TRPV1KOs than in
mice treated with SB366791. Although these results
suggest that an intervention with a TRPV1 antagonist
may be an alternative to avoid malaria progression, its use
should be carefully considered as it may increase mortality
upon bacterial infection [23]. Interestingly, although
TRPV1 ablation exacerbates hypothermia in bacterial
infection [21, 23], it was found herein that TRPV1KO mice
and WTs treated with the selective TRPV1 antagonist
SB366791 are protected from this condition in comparison
with infected WTs.

P. berghei ANKA-infected mice treated with capsazepine
were previously demonstrated to present similar blood para-
sitaemia to those treated with vehicle [25]. Here, we show
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Figure 3: Brain swelling and expression of blood brain barrier integrity markers. (a) Brain weight/body weight ratios and mRNA expression
levels of claudin-5 (b) and JAM-A (c) in brain samples of TRPV1 wild-type (WT) and knockout (KO) mice infected with P. berghei ANKA.
Brain samples were collected at stage III/IV or at day 14 for those that survived the observation period. Samples from noninfected mice were
used as controls. Results represent the mean ± SEM of all mice per group, obtained from three independent experiments. n is indicated on
each graph. Data were analysed by one-way analysis of variance (ANOVA) followed by the Bonferroni test with FDR correction. ∗p < 0 05
differs from noninfected WTs; #p < 0 05 differs from infected WT mice.
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that infected mice lacking TRPV1 present with similar blood
parasitaemia to those expressing this receptor. On the
other hand, at days 6 and 7 postinfection, infected WTs
presented higher parasitaemia than TRPV1KOs did. Despite
that, surviving TRPV1KO mice exhibited higher levels of
plasmodium 18S in their brain samples than WTs did with
cerebral malaria at stage III/IV. Of note, the techniques used
to measure blood parasitaemia and brain parasite load are
different as peripheral parasitaemia comprises the detection

of live parasites whilst brain 18S expression does not discrim-
inate between live and dead plasmodium. However, it is pos-
sible that TRPV1KO mice are able to kill the parasites that
reach the brain more efficiently than WTs are, therefore pro-
tecting those lacking TRPV1 from death.

Brain oedema formation in patients with cerebral malaria
is indicative of a bad disease prognosis, especially in children
[3, 51]. In adults, brain oedema is not as usual but affects 25%
of these patients [52]. Brain swelling results from increased
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Figure 4: Levels of H2O2, protein nitrotyrosine, and carbonyl residues. (a) H2O2 concentrations, protein (b) nitrotyrosine and (c) carbonyl
residues in brain samples obtained from TRPV1 wild-type (WT) and knockout (KO) mice infected or not with P. berghei ANKA. (d) H2O2
concentrations, protein (e) nitrotyrosine, and (f) carbonyl residues in plasma samples obtained from TRPV1 wild-type (WT) and knockout
(KO) mice infected or not with P. berghei ANKA. Samples were collected at stage III/IV or at day 14 for those that survived the observation
period. Results represent themean ± SEM of all mice per group, obtained from three independent experiments. n is indicated on each graph.
Data were analysed by one-way analysis of variance (ANOVA) followed by the Bonferroni test with FDR correction. ∗p < 0 05 differs from
noninfected WTs; #p < 0 05 differs from infected WT mice.
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vascular leakage and disruption of the blood brain barrier [8,
9]. TRPV1 activation promotes vasodilation and oedema for-
mation [53, 54]. Then, the contribution of TRPV1 to brain
oedema formation was assessed in infected mice. Infected
WT mice exhibited brain swelling and decreased mRNA

expression of the markers of blood brain barrier integrity
JAM-A and claudin-5 [41, 42]. However, in the absence of
TRPV1, there was higher JAM-A and claudin-5 mRNA
expression. This response was associated with less brain
oedema formation, suggesting that mice lacking TRPV1 are
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Figure 5: Activity levels of antioxidant enzymes. (a) Superoxide dismutase (SOD), (b) catalase, (d) glutathione peroxidase (GPx), (e)
glutathione reductase (GR), and (f) thioredoxin reductase (TrxR) activity levels in brain samples obtained from TRPV1 wild-type (WT)
and knockout (KO) mice infected or not with P. berghei ANKA. (c) Activity levels of catalase in plasma samples of infected TRPV1 WT
and KO mice. Samples were collected at stage III/IV or at day 14 for those that survived the observation period. Results represent the
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Figure 6: Brain and circulating levels of cytokines. Brain levels of (a) tumor necrosis α (TNFα), (b) interleukin-6 (IL-6), and (c) interferon γ
(IFNγ) and plasma concentrations of (d) TNFα, (e) IL-6, and IFNγ (f) in TRPV1 wild-type (WT) and knockout (KO) mice infected with P.
berghei ANKA. Samples were collected at stage III/IV or at day 14 for those that survived the observation period. Results represent the
mean ± SEM of all mice per group, obtained from three independent experiments. n is indicated on each graph. Data were analysed by
unpaired t test. #p < 0 05 differs from infected WT mice.
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protected from the brain damage, coma, and death associated
with protein leakage into the brain tissue secondary to plas-
modium infection.

Intravascular oxidative stress is a common phenome-
non in malaria which has been associated with alterations
in the endothelium that in turn, facilitate the parasite
accumulation into the brain tissue and/or vasculature
[55, 56]. Additionally, decreased NO availability was
recently linked to increased cerebral-vascular dysfunction
in cerebral malaria [6]. A feedback between TRPV1
expression/activation and oxidative stress pathways has
been previously demonstrated [23, 26–28]. Of note, the
activity of oxidative stress enzymes has been investigated

in neurons under inflammatory conditions and may influ-
ence neuronal survival [57–61]. Therefore, the influence of
TRPV1 on brain oxidative stress was evaluated.

Our data show that infected WTs present higher levels
of H2O2 and protein nitrotyrosine residues (indicative of
excessive NO- or peroxynitrite-dependent oxidation; [44])
in their brain tissue than noninfected mice do. Interest-
ingly, these markers were present at even higher concen-
trations in mice lacking TRPV1. Of note, the elevated
production of these oxidant products was observed not
only in the brain tissue but also systemically. In compari-
son with infected WTs, TRPV1KO mice injected with P.
berghei also exhibited increased protein carbonylation

Inflammatory
cytokines

Oxidative
stress products

(a) (b)

Neurons

Astrocytes

Glial cells

RBCs

Infected
RBCs

Figure 7: Brain and vascular changes in cerebral malaria in TRPV1 WT and KO mice. (a) Several alterations occur in the brain tissue and
vasculature during cerebral malaria. Wild-type (WT) red blood cells (RBC) infected with Plasmodium berghei ANKA reach the brain
vasculature and trigger the accumulation of leukocytes in the vascular space. As a result of this close interaction between infected RBC,
leukocytes, and the endothelium, oxidative stress products (H2O2, nitrosylated and carbonylated proteins) and cytokines (TNFα, IL-6, and
IFNγ) are detected in the circulation and in the brain tissue; H2O2 levels are a lot higher in the brain tissue in comparison with the
circulation. Plasma extravazation is increased in the brain and this is associated with reduced mRNA expression of the tight-junction
endothelial markers claudin-5 and JAM-A. These alterations may culminate with neuronal death, thus, contributing to the increased
morbidity and mortality observed in WT mice following infection with P. berghei ANKA. (b) Infected mice lacking TRPV1 (TRPV1KO)
present increased levels of H2O2 and nitrosylated and carbonylated proteins than WT animals at both brain tissue and circulation.
TRPV1KOs also exhibit lower concentrations of plasma and brain cytokines, especially TNFα and IL-6, and less plasma extravazation
than WT mice, a response that is accompanied by higher expression of claudin-5 and JAM-A in their brain vasculature. The inflammatory
response profile observed in TRPV1KO mice may reflect in less neuronal damage, as these animals are protected from P. berghei ANKA-
induced death and symptoms.
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(indicative of lipid peroxidation-dependent oxidative
stress; [45]) in brain and plasma samples. The higher
levels of H2O2 in infected TRPV1KO were accompanied
by a significantly lower catalase activity in comparison
with WT animals. These results reinforce the idea that
TRPV1KO mice may be able to deal with the parasite load
more efficiently than WTs. This is supported by data
showing that TRPV1KO mice present higher H2O2 and
NO production which may lead to increased parasite
killing.

High levels of cytokines have been linked to severe
malaria in both humans and mice as their production con-
tributes to cerebral-vascular dysfunction and even neuro-
nal death [46, 47, 62–65]. Of note, lipid peroxidation is
suggested to cause suppression of NF-κB activation (for
review, see [66]), a key molecule in the generation of pro-
inflammatory cytokines. Here, plasma and cerebral TNFα
and IL-6 production was markedly diminished by TRPV1
ablation, thus evidencing, once more, that TRPV1 signal-
ing is involved in the tissue damage associated with cere-
bral malaria. Although not significant, a similar profile
was observed for IFNγ in the same mice. Interestingly,
IFNγ and TNFα have been linked to cerebral malaria pro-
gression by acting on brain endothelial cells, thus promot-
ing their activation and/or apoptosis [67, 68]. Recently, the
TRPV1 antagonist AMG9810 was found to confer neuro-
protection by attenuating TNFα production in a rodent
model of stroke [54]. These evidences and the gathered
data allow us to suggest that the diminished cytokine gen-
eration by TRPV1KO mice contributes to the diminished
brain swelling and damage observed in P. berghei
ANKA-infected mice, a response that is associated with a
greater ability of these mice to produce higher amounts
of oxygen/nitrogen-derived oxidant species which in turn
may enhance their capacity of killing this parasite.

Figure 7 summarizes the inflammatory events that
occur in the brain of TRPV1 WT and KO mice during
cerebral malaria. Overall, the data presented here, indicate
that TRPV1 channels contribute to the development and
outcome of cerebral malaria. Although antagonists target-
ing this receptor may be useful to preventing the develop-
ment of the cerebral syndrome caused by Plasmodium sp.,
their clinical use may be limited as they worsen sepsis
outcome.
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Figure S1: Effect of the selective TRPV1 antagonist SB366791
in the brain expression of TRPV1 mRNA and in cerebral
malaria progression. (a) TRPV1 mRNA expression in brain
samples of infected (at stage III/IV) TRPV1 wild-type (WT)
mice. Disease progression (b) and stage (c); survival rates
(d) and body temperature (e) recordings from TRPV1 WT
mice infected with P. berghei ANKA. Disease progression,
stage, and survival rates were registered over 14 days postin-
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the TRPV1 antagonist SB366791 (0.5 mg/kg, s.c., twice a
day) or vehicle (10% DMSO in saline), from 24 h postinduc-
tion of malaria. Results represent themean + SEM of all mice
per group, obtained from three independent experiments. n
is indicated on each graph. ∗p < 0 05 differs from baseline
readings; #p < 0 05 differs from infected WT mice treated
with vehicle. (Supplementary Materials)
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