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ABSTRACT: Virus-induced oxidative stress plays an importai in the regulation
of the host immune system. In this review, we pievbackgrounds of the pathogenic
mechanism of oxidative stress induced by influendeus and the specific
oxidant-sensitive pathways, and highlight that @atant is one of the effective
strategies against influenza virus infection.
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1. Introduction

Influenza A virus, belonging to negative sense RMWWAS, is one of the major
causes of respiratory disease pathogens with deaistics of high morbidity and
mortality [1]. Over the past century, the "Flu Pamic" has repeatedly erupted
around the world, including the 1918 Spanish the 1957 Asian flu, the 1968 Hong
Kong flu, and the first outbreak of the new inflaanH1N1 in Mexico in 2009.The
report has shown that the 2009 HIN1 influenza sweepe than 214 countries,
resulting in at least 18000 deaths, reaching tlybdst level 6 of the WHO’s Flu
Pandemic alert [2]. The recent outbreak of highdghpgenic H5N1 avian influenza
possessed a serious threat to human and animdiféeoént species, and the mortality
rate was estimated to reach 60% [3-5]. In 2013p\&ehrecombinant avian influenza
virus subtype H7N9 was reported in China, contiguio threat human life [6, 7].
Also, other recombinant avian influenza viruses igg@e continuously in the past two
years, indicating that we would face unpredictadasgion in preventing influenza
virus infection in the future [8, 9]. Currently,fetive treatments against influenza
infection are still inadequate because of curretit\aral drugs resistance and vaccine
escape, especially against the highly pathogetiigeinza virus [10, 11]. Thus, it is
urgent need to develop new antiviral approachegicptarly from host-cell factors
essential for viral replication.

Influenza virus as obligate intracellular parasiesiependent on affecting host
cell functions to promote its replication. At pregeat has found that there are many

host-cell factors that can direct or indirect affedral infection [12, 13].



Pro-/antioxidant balance is critical to maintainrrmal functioning of host, whereas
oxidative stress caused by influenza viral simalatbreaks the intracellular redox
balance, leading to significant changes of hosemkd system. For this reason, the
establishment of the special environment of the sery important to resist virus
infection. Here, we focus on the role of oxidatsteess in influenza pathogenesis and
highlight that antioxidant is one of the effectistrategies of prophylaxis and

treatment of influenza virus infection.
2. Oxidative stressin influenza virus

2.1 Oxidative stress

Oxidative stress (OS), the concept was firstly pegal based on the research of
human aging [14]. The widely accepted definitiorogidative stress is an imbalance
between oxidants and antioxidants when the orgamisposures to adverse stimuli
[15].Usually, reactive oxygen species (ROS) araditg produced under the normal
cellular metabolism. Once the accumulation of R®&Seed the removal of the oxide,
the balance between the oxidation system and ad#ok system will be broken,
resulting in the aggravation of neutrophils inflaatory infiltrates, the rising of
protease secretion and accumulation of oxidatidarmmediate, ultimately causing
tissue damage, inflammation response and apopfeigis). Emerging evidence has
demonstrated that oxidative stress is an importantributor to infectious diseases,
such as HBV, HCV, HSV and influenza [16-19].
2.2. Excessive accumulation of ROS enhances indleirus-induced cell injury

ROS are byproducts of mitochondrial metabolism|uding a large variety of



free oxygen radicals, like superoxide anion radarad hydroxyl radical, and highly
reactive molecules, such as hydrogen peroxigefHand singlet oxygen (€ [20].
Recent reports have shown that ROS exerted a ot negative effect during
influenza virus infection, depending on its prodmet19, 21]. On the one hand, viral
infection can be initiated to produce certain R@8ich play an irreplaceable role in
reducing cellular damage. On the other hand, ekamegsoduction of ROS make
infected cells in a chronic non-acute oxidativeessr state, finally accelerating
persistently the deterioration of diseases. ExeedRiOS, together with its superoxide
and derivatives, are main causes of lung injuryseduby influenza virus infection.
The downstream Nox1 or Nox2 is also relevant tasAnduced epithelial apoptosis
and lung injury [22, 23]. Importantly, after invadi the host defense system, the
influenza A virus will hijack the host cell functis to enhance itself replication [21,
24, 25]. Accordingly, the imbalance of the redoxieanment is the basis of influenza
virus infection and tissue damage. It can alsoease susceptibility of the host
epithelial cells to influenza virus and promote-teicell viral transmission [26].
2.3 ROS contributes to influenza virus-inducedanfmation

As above mentioned, virus invasion may cause oxiglagtress, resulting in
inflammatory damage. In particular, highly pathagenfluenza virus infections are
often accompanied by a dysregulation of and an sskeely exaggerated immune
response, commonly known as cytokine storm [27,\V2Ris infection induces the
robust production of cytokine, including interfeso(lFNs), tumor necrosis factors

(TNFs), interleukins(ILs) and chemokines, while R@San inflammatory mediator



can promotes the expression of these cytokinesomRdmas indicated that ROS
generated by influenza infection leading to theugttbn of RANTES production[29].
Therefore, ROS might act as a crucial messenggeiprocess of signal transduction
for host immune system. Slightly elevated ROS kewehy enhance immune system
function, while high levels of ROS could promotepathological inflammatory
response [21].

Pathogen-associated molecular patterns (PAMPS) &ognized by
pattern-recognition receptaiBRRSto generate immune response. It has been shown
that the generation of NADPH and ROS were requiredactivating Toll-like
receptors (TLR), RIG-I-like receptors (RLRs), an@D+-like receptors (NLRs), and
these pattern-recognition receptors can promotatenimmunity to protect host [30,
31]. Furthermore, excessive ROS production carvatetithe JINK/ERK/p38 MAPK
and NF«xB pathways, and these signaling pathways possibhtribute to acute
pulmonary damage induced by severe influenza vinfisction [32]. Above all,
oxidative-stress is another major model that ha&nhesed to explain the mechanism
of influenza virus-induced immunopathology.

2.4 The relationship between oxidative stress gugpsis

Cell apoptosis, also named programmed cell degtbp#osis is triggered by two
major pathways, intracellular and extracellular nalg, is also called the
mitochondrial and death receptor-mediated pathwape. extracellular pathway is
mediated by receptors, which is activated by tirawation of exogenous signaling

molecules. The intracellular pathways is regulateg mitochondria mediated



signaling pathway, and the activation of intradellupathway is related to the
non-dependent receptors of ectogenic stimulus elerdogenous affection, such as
DNA damage, oxidative stress[33]. Also, the proadssell apoptosis is involved in a
variety of signaling pathways such as, MAPK, TNE|-B, P53, NF<B[34].

There are growing evidences showed that oxidatikess is clearly associated
with apoptosis in host cells. Previous studies Hawad that various redox systems
such as glutathione and thioredoxin are involvethwie cell apoptosis signaling
pathway and regulated its internal environment B8,.After influenza virus infected
respiratory epithelium, the levels of ROS and N@® arore than normal threshold,
following with the productions of highly oxidizingitrogen oxides and peroxynitrite,
inducing greatly oxidation or nitration of proteiamino acid residues, lipid
peroxidation and DNA strand brend break, ultimagdyerating apoptotic signals in
the state of oxidative stress. Thus, oxidativesstrie a major mediator of apoptosis
induction, and that ROS generation plays a critiofd in the mitochondria apoptotic
cascade.

3. Oxidative stress pathway
3.1The Nrf2 signaling pathway

Nrf2 (NF-E2-related factor 2) is a high sensitivitsanscription factor that
regulates cellular antioxidant response. Inactivé2 Ns recruited by the cytosolic
protein Keapl (Kelch-likeECH-associatedproteinljlemthe basal conditions. Next,
Nrf2 is rapidly degraded by the ubiquitin proteagopathway when Keapl and Cul 3

combined into the E3 ubiquitin ligase complexes].[3Jxidative stress can drive



dissociation of Nrf2 and Keapl, promoting the ttacation of Nrf2 into the nucleus,
and subsequent binding to antioxidant responseeglef\RE) and interacting with
transcription factors in the bZIP family (Fig.2An the nucleus, Nrf2 activates
multiple protective genes expressions which reldtedntioxidation and Phase Il
detoxification of xenobiotics, contributing to pect cells against oxidative damage
[38]. A recent study confirmed that the productiohROS and the expression of
activated Nrf2 were promoted when influenza virdd\H infected alveolar epithelial
cells. In Nrf2 knockout model, type Il alveolar #yalial cells were more sensitive to
inflammation and injury. In contrast, expressioneleof Nrf2 increased and the
inflammatory damage of cells reduced when the epith cells was infected by
adenovirus Nrf2 [39]. Thus, Nrf2-mediated protegtiof cells from injury during
influenza infection is particularly important tolicdéar antioxidation defense systems.
3.2 The P38 MAPK signaling pathway

Mitogen activated protein kinase (MAPK) is one bétmost important signal
transduction system. The P38 group MAP kinasesigeio MAPK sub-family, which
play a vital role in many biological processes. H38 signaling pathway participates
in cellular responses because of a wide rangamtist both in vitroand in vivo, and
that mediating growth, development, differentiafiand death of celld~or instance,
the phosphorylated p38 translocates into the nsatéthost cells and is involved in
the expression of cytokine genes under oxidatiresststimuli (Fig. 2B). Additionally,
p38 MAPK signaling pathway was triggered by divestienuli to cause acute lung

injury (ALI), a common complication in patients Witinfluenza viruses [40].



Therefore, inhibition of p38 MAPK function with itspecific inhibitors should be a
potential strategy for the prevention or treatmehinfluenza virus-associated ALI
[41].Previous studies have shown that P38 MAPK wathwas sensitive to oxidants
and is involved in influenza virus replication [4)]. Besides, p38 MAPK pathway is
also critical mediators in apoptosis by both getegaROS and up-regulating COX-2
[32].
3.3 The NF«B signaling pathway

NF-«xB as a family of transcription factors has a kegutatory function,
especially in the inflammation response. The atstiof NF«B induced by a wide
variety of stimuli including TNFt, PMA, cigarette smoke extract (CSE), LPS,
oxidants, and viral infection, so that it has beatied a “stress sensor”. A series of
studies have advanced our understanding okBIBtgnaling pathway which could be
triggered by oxidative stress [44-46].Here, we titke NFxB P50/p65 heterodimer
which is primarily associated withkBa as an example to elucidate the oxidative
stress-induced activation of N&. Under the conditions of oxidative stress evoked
by influenza virus,¥Bs is phosphorylated bxB kinase, makingdB separates from
P50/p65 heterodimer. Then, the activateddBFtransfers into the nucleus and binds
to specific DNA sequences, leading to follow-upctens (Fig.2C). In the process of
oxidative stress, the NKB pathway is activated by excessive ROS and thecdenf
activation can be regulated by antioxidants. Theeme study has indicated that the
protective effect of kaempferol on acute lung igjurduced by influenza HON2 virus

was related to suppression of the oxidative steess inflammatory responses by



down-regulation of NReB signaling pathway [47]. Inhibition of the N& pathway
could confer to efficient protection against leti@luenza challenges. It should be
noted that NReB pathway and other oxidant-sensitive pathways apge be
activated simultaneously because of excessivedefdROS stress [48]. For instance,
the immunomodulatory properties of NAC which desezh virus-induced oxidant
injury in the case of influenza pneumonia was thug be related to the inhibition
of the activation of NReB pathway, together with inhibiting the activatiof the
p38MAPK pathway [49].Overall, detection of NdB may serve as a biomarker of
oxidative stress and provide new insights into plaghogenesis of oxidative stress
caused by influenza virus [50].

4. Antioxidantsin anti-influenza virus ther apy

4.1 NAC

NAC, one of the common antioxidants, is a precurdomtracellular cysteine and
GSH. It plays multiple biological functions, suck antioxidation, anti-apoptosis,
interference of free radical production [51]. Répdrave shown that NAC controlled
influenza virus infection through a number of medbms including inhibiting
influenza virus replication, reducing production mb-inflammatory cytokines and
preventing virus-induced apoptosis, as describ&ble 1[52-56]. Geiler J et al. [54].
reported that NAC could inhibit viral replicatiomnd reduced the expression of
influenza virus-induced inflammatory factors likBlIfF-o. IL-6. IL-1p. Others found
that it significantly alleviated the lung damage imibiting the levels of TLR4

protein and TLR4 mRNA in the lungs [55]. Howevenew argument about antiviral



effect of antioxidants has been put forward. Acoaydo Garigliany’s study, NAC
was obviously strain-dependent for it lacked commohibitory activity against
different influenza A viruses [57] . Unlike the sessful results in A/PR/8 and H5N1
strains, NAC could not alter the severe lung injoaused by the murinized swine
H1N1 influenza virus in their study. From the paafitview, whether NAC is effective
for new viruses when it outbreak is still worth alissing. Although the above
argument about antiviral effect of antioxidants bagn proposed, this cannot deny
the fact that NAC has an active effect toward sonfleenza viruses. Furthermore,
synergistic combinations of NAC and existing amtVidrugs provide effective
protect against lethal influenza viral infection @ mouse model have also been
reported, further indicated that combination thgregsget the host and virus factors is
an attractive approach to prevention and therapyflienza [52, 53, 56].

4.2 Glutathione

Glutathione (GSH), as a small molecule peptide veitifhydryl, is an important
antioxidant in many organisms. Acting as the maseatial ROS scavenger[58], GSH
can prevent injury of vital cellular components sed by free radicals, superoxide,
lipid peroxides, and heavy metals [59]. This mak&sH can perform therapeutic
effects on many diseases like chronic obstructivienpnary disease (COPD). Study
has suggested that viral replication and infegtietuld be inhibited by GSH [60]. In
the study of Cai, J et al. [61], GSH inhibited ughza virus-induced apoptosis and
generation of virus particles notably. In additidralso depressed viral matrix protein

expression, virus-induced caspase activation and &aregulation. Moreover,



nutritional supplement formulation with GSH may aganize the major pathogenic
processes of HSN1 [62].
4.3 Other small-molecule antioxidants
There are still other small-molecule antioxidartattwork on influenza viruses. A
kind of isoprenoid phenol named bakuchiol produaednti-influenza effect through
influencing oxidative stress response of host c@B]. Flavonoids baicalein and
biochanin inhibited highly pathogenic avian H5NIluenza A virus replication by
reducing virus-induced ROS formation [64]. Polypblensuch as EGCG and
guercetin showed anti-viral activity involving inuttiple targets. For example, EGCG
not only inhibited the replication of influenza ws, but also showed significant
protective effects against oxidative stress throexghibiting antioxidant activity [65,
66]. Quercetin decreased alveolar macrophage sxipgeroproduction during
influenza viral infection [67]. We also found quetioc showed direct anti-viral
activity by inhibiting HA2 of influenza virus [68]A recent research demonstrated that
a biflavonoid isolated from Garcinia kola seedsnad Kolaviron possessed potent
anti-influenza virus activity via its antioxidarméimmunomodulatory effect [69].
5. Conclusion and prospective

Influenza virus invades the host cell, arising axiee stress which mediates
tissue damage, inflammation response and cell apgptAccumulated studies have
revealed that oxidative stress is often involvednltiple signaling pathways.
Antioxidants represent a potential therapeuticaptd fighting influenza. Hence, the

importance of development novel compounds thatkbtnadative stress for research



and clinical use need to reinforce. Moreover, wecsfate from the mentioned above
that the combined application with antioxidants amdi-influenza drugs in current
clinical use is likely to afford full protection tethal influenza virus challenge. As a
conclusion, based on the results we obtained fressd studies and the literature data
discussed above, increasing the awareness of idatime stress mechanism caused
by influenza virus will not only offers new ideaw the pathogenesis of the virus, but
also provides a therapeutic option for the prewnénd the control of influenza virus
infection, especially highly pathogenic human avrdtuenza.
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Figure captions

Figure 1 Schematic diagram of the role of oxidative stressifluenza virus infection.
Oxidative stress occurs due to increase ROS prmuaturing influenza virus
infection, while the virus-induced oxidative str@say contribute to several aspects of
pathogenesis of influenza virus infection, inclglitissue damage, inflammatory
response, and apoptosis. Antioxidants can bloclatixie damage may developed a
new therapeutic strategy to fight influenza vinafection.

Figure 2 The oxidative stress-activated signaling pathwd®s. Activation of the
Nrf2-ARE signaling pathway. Inactive Nrf2 binds keapl, while oxidative stress
can lead to dissociation of Nrf2 and Keapl, andptiesphorylated Nrf2 follows into
the nucleus and bind to ARE and interact with tcapsion factors in the bZIP family.
(B) Activation of thep38 MAKP signaling pathway. KSs activated by oxidative
stress, resulting in phosphorylation and activatrérp38. The phosphorylated p38
translocates into the nucleus of host cells amavislved in the expression of cytokine
genes. (C) Activation of the N&B signaling pathway. Under the conditions of
oxidative stress evokes by influenza virusBs is phosphorylate byxB kinase,
making kB separates from P50/p65 heterodimer. Next, theadet! NF«B transfers
into the nucleus and binds to specific DNA sequsnieading to follow-up reactions.

Detail pathway information sees by BioCarta.



Table 1. Mechanisms of action of antioxidants

Drug(s) Mechanism(s) References
NAC inhibited H5N1 influenza virus replication and
H5N1-induced production of pro-inflammatory
NAC 54
molecules which was associated with oxidant
sensitive pathways.
NAC alleviated the lung damage by inhibiting level of
NAC 55
TLR4 protein.
Inhibitory activity of NAC against influenza A viruses
NAC 57
appeared to be strain-dependent.
The combination of NAC with ribavirin or oseltamivir
The combination of .. o
enhanced anti-influenza effects, indicating that these
NAC with existing 52;53
. drugs have synergistic anti-viral effect via different
antiviral drugs
mechanisms.
GSH inhibited viral replication and infectivity by
GSH 60
regulating redox state in the host cells.
GSH blocked influenza viral infection in vitro and in
GSH vivo by inhibiting expression of viral matrix protein, 61
caspase activation and Fas upregulation.
Bakuchiol enantiomer-selectively inhibited influenza
Bakuchiol 63
A viral infection by activating Nrf2 pathway.
Baicalein and Baicalein and biochanin inhibited highly pathogenic 6

biochanin



ACCEPTED MANUSCRIPT

avian H5N1 influenza A virus replication by reducing

virus-induced ROS formation.

EGCG exerted anti-influenza A virus activity in
EGCG 66
MDCK cell culture by specific interaction with HA.

Quercetin performed the inhibitory activity in the

initial stage of influenza virus infection through
Quercetin 68
targeting the HA2 subunit of influenza A virus

hemagglutinin.
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