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EV71 virus reduces Nrf2 activation 
to promote production of reactive oxygen 
species in infected cells
Zhenzi Bai†, Xiaonan Zhao†, Chenghua Li, Chuanlun Sheng and Hongyan Li*

Abstract 

Background: Emerging evidence closely links Enterovirus 71 (EV71) infection with the generation of reactive oxygen 
species (ROS). Excess ROS results in apoptosis and exacerbates inflammatory reactions. The Keap1–Nrf2 axis serves as 
an essential oxidant counteracting pathway.

Methods: The present study aimed to elucidate the role of the Keap1–Nrf2 pathway in modulating apoptosis and 
inflammatory reactions triggered by oxidative stress in Vero and RD cells upon EV71 infection.

Results: Elevated ROS production was identified in EV71 infected Vero and RD cells. The percentage of dead cells 
and expression of inflammation-promoting cytokines were increased in these cells. EV71 infected cells also displayed 
reinforced Keap1 expression and abrogated Nrf2 expression. Keap1 silencing resulted in the downstream aggrega-
tion of the Nrf2 protein and heme oxygenase-1 HO-1. Keap1 silencing repressed ubiquitination and reinforced Nrf2 
nuclear trafficking. Furthermore, silencing Keap1 expression repressed ROS production, cell death, and inflammatory 
reactions in EV71 infected RD and Vero cells. In contrast, silencing of both Keap1 and Nrf2 restored ROS production, 
cell death, and inflammatory reactions. Nrf2 and Keap1 modulated the stimulation of the Akt sensor and extrinsic as 
well as intrinsic cell death pathways, resulting in EV71-triggered cell death and inflammatory reactions.

Conclusions: EV71 infection can trigger ROS production, cell death, and inflammatory reactions by modulating the 
Nrf2 and Keap1 levels of infected cells.
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Background

Hand, foot, and mouth disease (HFMD) is a viral infec-

tion that frequently occurs in infants and children. 

Common symptoms are blisters and flu-like symptoms 

[1–3]. HFMD is caused by several enteroviruses, includ-

ing coxsackie virus A16 and enterovirus 71 (EV71) [4–6]. 

EV71 is a single positive RNA strand virus that belongs 

to the Enterovirus genus of the Picornaviridae family [7, 

8]. EV71 infections are frequently linked to aggressive 

pulmonary, gastrointestinal, and neurological malfunc-

tions in children. Additionally, the boosted generation 

and reaction of inflammation-promoting cytokines and 

chemokines influences the severity of EV71 infection [9].

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) 

and Kelch-like ECH-associated protein 1 (Keap1) have 

attracted attention concerning reactive oxygen spe-

cies (ROS)-linked etiology. Expression of detoxifying 

enzymes (DEs) and antioxidant enzymes (AEs) is trig-

gered by Nrf2, which is essential in the defense of ver-

tebrates from stress in their surroundings [10]. Nrf2 

can also enhance the activity of DE and AE related 

genes in protective responses to stresses that include 
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ROS, reactive nitrogen species (RNS), and electro-

philes [11, 12]. On the contrary, the dominant feature 

of Keap1 is as an oxidative stress (OS) sensor that spe-

cifically involves Nrf2, an E3 ubiquitin ligase substrate-

recognizing subunit. Keap1 reinforces degeneration 

via the ubiquitin–proteasome system to repress Nrf2 

in the absence of stress. �e cysteine residue of Keap1 

reduces Nrf2 ubiquitination in the presence of electro-

philes or OS. �e NRF2 protein triggers target expres-

sion via intracellular aggregation, which protects cells 

against surrounding stress.

ROS are crucial signaling agents that are essential for 

the development of inflammatory diseases [10]. Mul-

tiple downstream effects of reinforced OS (promotes 

ROS generation) are directly related to the stimula-

tion of multiple inflammation cascades [11, 12]. �e 

interaction between the inflammatory reactions and 

ROS has been recently investigated, with ROS arising 

from the mitochondria directly triggering agents that 

reinforce the expression of inflammatory cytokines via 

distinct pathways [13, 14]. Both ROS and mitochon-

dria are crucial to stimulate cell death in physiologic 

and pathologic circumstances. ROS both arises from 

mitochondria and affects mitochondria. Cytochrome 

c generated from mitochondria stimulates caspases 

and seems to be dominantly regulated by ROS, either 

directly or indirectly [15]. ROS can modulate cell death 

at the transcription level by repressing the expression 

of viability-promoting proteins, including inhibitor of 

apoptosis proteins (IAPs), B cell lymphoma 2 (Bcl-2), 

survivin, and Bcl-XL, and reinforcing the expression of 

cell death-promoting agents [16]. ROS also stimulate 

the transcription of cell death-promoting genes that 

are critical in triggering intrinsic cell death pathways, 

including p53 upregulated modulator of apoptosis 

(Puma), Apoptotic protease activating factor 1 (Apaf-1), 

bcl-2-like protein 4 (Bax), Noxa, and BH3 interacting-

domain death agonist (Bid), apart from extrinsic cell 

death-promoting agents, including Fas, Death receptor 

4 (DR-4), Fas-L, and DR-5 [16]. �e exact mechanisms 

of ROS-related inflammatory reactions and cell death 

in EV71 infection are unclear.

Our research explored the effect of EV71 infection 

on the stimulation and expression of Keap1–Nrf2 axis 

members using cell-based experiments. Furthermore, 

we elucidated the effect of Nrf2 and Keap1 on ROS pro-

duction triggered by EV71 infection, and the effect of 

this ROS production on cell death, inflammation-pro-

moting cytokine generation, and related signals. �e 

findings revealed that the Keap1–Nrf2 axis is a crucial 

regulator of EV71-triggered ROS generation, inflamma-

tory reactions, and cell death, with a crucial effect on 

viral replication.

Materials and methods

Cell cultivation

RD and Vero cells were provided by American Type Cul-

ture Collection and were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM; Gibco) containing penicillin–

streptomycin (2% v/v) and fetal bovine serum (FBS, 10%; 

Gibco) at 37 °C in an atmosphere of 5%  CO2.

Virus propagation

Human EV71 (GenBank accession number AF30299.1) 

stocks were produced in Vero cells, which were infected 

and then inoculated onto dishes (10  cm2). Vero cells 

were grown to near-80% confluency and were infected 

with EV71 virus diluted in DMEM. Aft a 1.5-h adsorp-

tion at 37 °C in a 5%  CO2 atmosphere, the cells received 

DMEM containing 2% FBS. Infection continued until the 

monolayer demonstrated a cytopathic effect (CPE), 1 or 

2 days after the infection. �e cells and cultivation media 

were collected using a conical polypropylene tube and 

were treated using three freeze–thaw cycles. �e final cell 

suspension was centrifuged for 10 min at 4500 rpm. �e 

supernatant was removed, added to cryovials, and pre-

served at − 80 °C.

TCID50 titration

�e 50% tissue cultivating infectious dose  (TCID50) titers 

were determined per ml. Briefly, Vero cells were seeded 

in 96-well plates (5 × 103/well) 1  day prior to infection. 

DMEM containing 2% FBS  (102 to  107) was utilized to 

serially dilute viruses, which were subsequently added 

to the wells. Plates were incubated from 2 to 5  days at 

37 °C in a 5%  CO2 atmosphere. �e CPE was assessed by 

microscopy after the 2- to 5-day infection. �e virus titer 

 (TCID50) was examined by using the Reed–Muench end-

point calculation approach.

EV71 infection

RD and Vero cells were infected with EV71 virus. Cell 

monolayers cultivated in 10  cm-diameter dishes to 50% 

confluency were treated with EV71 viruses at a multiplic-

ity of infection (MOI) of 5  TCID50/cell. DMEM without 

FBS was used to wash the cells following a 1 h adsorption 

at 37 °C in a 5%  CO2 atmosphere to eliminate virus that 

had not adhered. �e cells then received fresh DMEM 

containing 10% FBS. �e cells were sampled at defined 

times and analyzed.

Small interfering RNA (siRNA) transfection

Cells were transiently treated with Keap1 siRNA and/or 

Nrf2 siRNA using Accell siRNA delivery medium (Dhar-

macon, USA) according to the manufacturer’s instruc-

tions. Cells (2 × 105/well) were added to wells of 12-well 

plates and cultivated overnight at 37 °C in an atmosphere 
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of 5%  CO2. �en, 2 µm of Keap1 and Nrf2 siRNA (Smart-

pool, Dharmacon) in 1× siRNA buffer (Dharmacon) 

were transferred to each well, cultivated for 72 h at 37 °C 

and 5%  CO2, and lysed. Keap1 and/or Nrf2 silencing effi-

ciency was examined by qPCR.

Western blotting

Cell lysates were collected using RIPA buffer. Proteins 

were resolved by 10% SDS-PAGE and transferred Immo-

bilon polyvinylidene difluoride membranes with a pore 

size of 0.45 µm. Each membrane was blocked for 60 min 

using 5% bovine serum albumin at 25  °C. Primary anti-

body was added and incubated at 4 °C for 16 h, followed 

by the addition of secondary antibody for 1  h at 4  °C. 

Enhanced chemiluminescence was performed using the 

 SuperSignal® West Femto Maximum Sensitivity Sub-

strate Kit (�ermo Fisher, Waltham, MA, USA) and a 

C-DiGit® Blot Scanner (LiCor, USA).

Quantitative real-time PCR (qPCR)

RNA was isolated from RD and Vero cells using TRIzol 

reagent (15596026, Invitrogen™). �e transcription of 

various genes was quantified using SYBR Green mas-

ter mix. Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) served as the internal control. qPCR was car-

ried out using a reaction volume of 0.02 mL in a RT-PCR 

system (Roche, Switzerland) and SYBR Green PCR mas-

ter mix (�ermo Fisher Scientific). qPCR was conducted 

at 95 °C for 10 min, followed by 40 cycles of 60 °C for 15 s 

and 72 °C for 30 s. Copy number of the target genes was 

evaluated using the comparative CT approach  (2−ΔΔCT) 

and an internal reference. �e primer sequences are pre-

sented in Table 1.

Enzyme-linked immunosorbent assay (ELISA)

�e supernatant was collected from the RD and Vero 

cells following the different treatments. �e protein lev-

els of interleukin-beta (IL-1β, BMS224; Invitrogen), IL-6 

(BMS213, Invitrogen), and tumor necrosis factor-alpha 

(TNF-α, BMS622; Invitrogen) were determined using 

ELISA kits (Invitrogen™) following the manufacturer’s 

instructions. quantified using their corresponding stand-

ard curves.

ROS production

ROS production in cells was examined using the 2ʹ,7ʹ-

dichlorofluorescein diacetate (DCFH-DA) fluores-

cence probe. Subsequent to infection with EV71 for a 

defined time, the cells were incubated with DCFH-DA 

(10 µmol/L) for 0.5 h in the dark at 37  °C. Fluorescence 

intensity was assessed using excitation and emission 

wavelengths of 488 and 525  nm, respectively, using a 

model BX51 fluorescence microscope (Olympus, Japan).

Terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) assay

�e TUNEL fluorescence kit (Roche) was used for cell 

staining and assessment of cell death. 4′,6-Diamidino-

2-phenylindole (DAPI, 1:5000; Beyotime, China) was 

used to stain the nuclei of cells. Cell death was assessed 

by calculating the number of TUNEL positive cells using 

a model SP8 laser scanning confocal microscope (Leica, 

Japan).

Analysis of cell death

Cell death was assessed using Annexin V/propidium 

iodide (PI) staining and flow cytometry as previously 

described [17].

Statistical analyses

Results are presented as average ± standard devia-

tion (SD). Differences among the various groups were 

assessed using ANOVA and Tukey post hoc test. Differ-

ences among groups were assessed using the two-tailed 

t-test. A P-value < 0.05 was regarded as significant.

Ethics statement

�is study was approved by the Ethics Committee of 

China-Japan Union Hospital, Jilin University.

Results

EV71 infection stimulates ROS production, cell death, 

and in�ammatory reaction of infected cells

RD and Vero cells were infected with EV71 virus at a 

MOI of 5. To assess the efficiency of infection, VP1 was 

found upregulated in both cells infected with EV71 at 

Table 1 Sequences of primers

Primers Sequences

VP1 F 5′-GCT CTA TAG GAG ATA GTG TGA GTA GGG-3′

VP1 R 5′-ATG ACT GCT CAC CTG CGT GTT-3′

Nrf2 F 5′-CTC GCT GGA AAA AGA AGT GG-3′

Nrf2 R 5′-CCG TCC AGG AGT TCA GAG AG-3′

Keap1 F 5′-TGG CCA GCG TGG AGT GCT AC-3′

Keap1 R 5′-TTG CAG CAA CAC CCG CTC CA-3′

IL-1β F 5′-TGA AAT GCC ACC TTT TGA CAG-3′

IL-1β R 5′-CCA CAG CCA CAA TGA GTG ATA C-3′

IL-6 F 5′-TGC CTT CTT GGG ACT GAT-3′

IL-6 R 5′-CTG GCT TTG TCT TTC TTG TT-3′

TNF-α F 5′-CGA TGA GGT CAA TCT GCC CA-3′

TNF-α R 5′-CCA GGT CAC TGT CCC AGC-3′

GAPDH F 5′-GGA AAG CTG TGG CGT GAT-3′

GAPDH R 5′-AAG GTG GAA GAA TGG GAG TT-3′
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the mRNA and protein levels (Fig.  1a–c). Since ROS 

generation induces apoptosis and inflammation, we 

determined the ROS generation in EV-71 infected RD 

and Vero cells. EV71 infection resulted in remark-

ably increased ROS production in both cells (Fig.  1d). 

Next we determined the effect of EV71 infection on 

apoptosis and inflammation. Annexin V-FITC/PI 

flow cytometry revealed increased apoptosis in EV71 

infected RD and Vero cells (Fig.  1e, f ). Since exces-

sive and robust pro-inflammatory cytokine produc-

tion increases the severity of EV71 infection [10] and 

is highly relevant for apoptosis [20], production of 

these cytokines was investigated. �e qPCR and ELISA 

data confirmed the significant increases in the levels of 

Fig. 1 EV71 infection induces ROS generation, apoptosis, and inflammation of infected cells. a–c Reinforced mRNA and protein of VP1 in 
EV71-infected Vero and RD cells was identified in comparison to non-infected cells (Control) using western blotting and qPCR analyses. d ROS 
generation was examined in infected Vero and RD cells as evidenced by DCF fluorescence intensity assay compared to non-infected normal mice 
(Control). e, f Annexin V-FITC and PI flow cytometry was performed to assess the number of apoptotic Vero and RD cells. The upper right quadrant 
of every plot represents early dead cells. g qPCR analyses of the inflammation-promoting cytokines IL-1β, IL-6, and TNFα produced by infected cells. 
h The protein expression levels of IL-1β, IL-6, and TNFα of the infected cell were quantified using ELISA. Data are presented as mean ± SD. *P < 0.05, 
**P < 0.01, ***P < 0.001 vs. Control group
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IL-1β, IL-6, and TNF-α mRNA and protein after EV71 

infection (Fig. 1g, h).

EV71 infection mediates the Keap1–Nrf2 pathway

Since Keap1–Nrf2 axis played an essential role in the reg-

ulation of ROS production, we determined the expres-

sion level of Keap1 and Nrf2 in EV71-infected cells. 

Keap1 expression was reinforced in the infected cells, 

while the Nrf2 protein level was downregulated (Fig. 2a, 

b). qPCR was performed to assess the mRNA levels of 

Keap1 and Nrf2. �e level of Keap1 mRNA was signifi-

cantly increased in EV71-infected cells, while Nrf2 pro-

tein did not show any difference in the different groups 

(Fig. 2c, d). �ese data suggested that Nrf2 was regulated 

at the protein, rather than mRNA, level in the infected 

cells.

Silencing of Keap1 in EV71-infected cells in�uences 

downstream Nrf2 and HO-1 signals

To verify the effect of Keap1 on Nrf2 signal transduc-

tion during EV71 infection, Keap1 was silenced in 

Vero and RD cells prior to EV71 infection. Keap1 was 

downregulated upon transfection with Keap1 siRNA, 

whereas the downstream Nrf2 and HO-1 proteins were 

upregulated (Fig.  3a, b). EV71 infection resulted in 

the remarkable increase in Nrf2 ubiquitination, which 

contributed to Nrf2 reduction. In contrast, ubiquitina-

tion of Nrf2 was downregulated upon Keap1 depletion 

(Fig.  3c, d). Silencing of Keap1 significantly decreased 

Keap1 mRNA expression, while increasing HO-1 

mRNA expression. However, Nrf2 mRNA expres-

sion was not altered (Fig.  3e–g). Since Nrf2 is mainly 

expressed in the nucleus, its subcellular localization 

was examined in each group using an immunofluores-

cence assay. EV71 infection resulted in the remarkable 

repression of Nrf2 nuclear translocation, but KEAP1 

silencing in EV71 infected cells restored Nrf2 localiza-

tion in the nucleus (Fig. 3h, i). �ese findings suggested 

that silencing of Keap1 influences the increased Nrf2 

and HO-1 signaling in EV71-infected cells.

Fig. 2 EV71 infection upregulates Keap1 but downregulates Nrf2 levels. a, b Western blot to assess Keap1 and Nrf2 protein expression in the 
EV71-infected cells. c, d qPCR analysis to assess Keap1 and Nrf2 mRNA levels in the EV71-infected cells. Data are presented as mean ± SD. *P < 0.05, 
**P < 0.01 vs. Control group
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Fig. 3 Keap1 silencing upregulates Nrf2 activation in EV71-infected cells. Vero and RD cells were infected by EV71 at an MOI of 5 subsequent 
to 24 h transfection with Keap1 siRNA vector. a, b Western blot examination of the expression of Keap1, Nrf2, and HO-1 proteins in infected and 
non-infected cells. c, d Nrf2 was initially precipitated and western blot was performed to assess Nrf2 and ubiquitin. e–g qPCR was used to assess the 
mRNA of Keap1, Nrf2, and HO-1 in infected and non-infected cells. h, i Immunofluorescence was utilized to assess cytoplasmic as well as nuclear 
location of Nrf2 (tetramethylrhodamine, red). Nuclear DNA appears blue due to DAPI. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 vs. 
Control group
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Silencing of Keap1 regulates ROS generation, apoptosis, 

and in�ammation in EV71-infected cells

We further determined the effect of Keap1 silencing on 

ROS generation, apoptosis, and inflammation in EV71-

infected cells. Excessive production of ROS following 

EV71 infection was significantly decreased after Keap1 

silencing (Fig. 4a). Annexin V-fluorescein isothiocyanate 

and PI flow cytometry analyses showed that the apop-

tosis rate of infected Vero and RD cells was reduced 

due to KEAP1 downregulation (Fig.  4b, c). Findings of 

qPCR and ELISA suggested that Keap1 depletion sub-

stantially lessened the production of inflammation-pro-

moting cytokines in EV71 infected RD and Vero cells at 

the mRNA and protein levels (Fig.  4d–i). �e collective 

Fig. 4 Keap1 silencing reduces ROS generation, apoptosis, and inflammation in EV71-infected cells. Vero and RD cells were infected by EV71 at 
an MOI of 5 subsequent to 24 h transfection using Keap1 siRNA vector. a DCF fluorescence intensity indicated ROS generation in the infected RD 
and Vero cells in comparison to non-infected normal mice (Control). b, c Quantity of dead RD as well as Vero cells using Annexin V-FITC and PI flow 
cytometry. The upper right quadrant of every plot stood for early dead cells. d–f Expression of inflammation-promoting cytokines IL-1β, IL-6, and 
TNF-α in the infected cells were assessed by qPCR. g–i The protein expression levels of IL-1β, IL-6, and TNF-α of the infected cells were quantified 
using ELISA. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Indicated group
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findings suggested that Keap1 modulates ROS produc-

tion, apoptosis, and inflammation in EV71-infected RD 

and Vero cells.

Nrf2 expression is responsible for Keap1-regulated, 

EV71-induced ROS generation

Keap1 and Nrf2 were co-silenced in EV71 infected cells 

to explore the effect of Nrf2 on ROS production, cell 

death, and inflammatory reactions. Nrf2 and down-

stream HO-1 expression were remarkably lessened at 

both the mRNA and protein levels subsequent to Nrf2 

silencing, while Keap1 expression was unaffected even 

after Nrf2 silencing (Fig. 5a–e). �ese findings indicated 

that Nrf2 and Keap1 have appreciable effects on signaling 

pathways of RD and Vero cells infected with EV71. We 

then evaluated the effect of the co-silencing of Keap1 and 

Nrf2 on ROS production, apoptosis, and inflammation of 

EV71-infected RD and Vero cells. Nrf2 silencing recov-

ered ROS production in cells, which was reduced by 

Keap1 depletion (Fig. 6a). Flow cytometry data indicated 

the Nrf2 silencing increased the proportion of apoptotic 

cells EV71-infected RD and Vero populations caused 

by Keap1-silencing (Fig.  6b, c). In addition, robust pro-

inflammatory cytokine production was observed in the 

Keap1 and Nrf2 co-silencing group at both the mRNA 

and protein levels using qPCR and ELISA (Fig.  6d–i). 

�ese data demonstrated that Nrf2 is responsible for 

Keap1-mediated, EV71-induced cellular dysfunction. 

Because Akt phosphorylation is positively correlated with 

apoptosis and inflammation [18–20], we next assessed 

the effect of Nrf2 silencing on the activation of the Akt 

inflammatory sensor and the activity of proteins associ-

ated with cell death, including Caspase-3, Fas-L, Bax, and 

Fas. EV71 infection remarkably reinforced the expression 

of all these proteins (Fig. 7a, b), while depletion of Keap1 

downregulated their expression. Notably, co-silencing 

of Nrf2 restored the cellular level of these proteins in 

the Keap1 silenced cells. �ese findings demonstrated 

that Keap1 can enhance EV71-triggered cell death and 

inflammation by reinforcing the concentrations of the 

cell death-promoting proteins and Akt phosphorylation, 

while Nrf2 downregulates them.

EV71 propagation is regulated by Keap1 and Nrf2

Based on the above observations, we hypothesized that 

EV71 replication is regulated by Keap1 and Nrf2 silenc-

ing. To explore this, we assessed the virus replication 

rate in infected cells after Keap1 and/or Nrf2 silenc-

ing. Silencing of Keap1 reduced viral replication in RD 

and Vero cells, whereas Nrf2 silencing and co-silencing 

restored the virus titer 12 to 72 h post-infection (Fig. 8a, 

b). �ese results suggested that Nrf2 downregulation is 

required for efficient EV71 propagation.

E�ect of ROS on EV71-induced apoptosis and in�ammation

�e effect of ROS has been demonstrated by treatment 

of EV71-infected cells with 10 μM of the ROS inhibitor 

N-acetyl--cysteine (NAC). Determinations of apopto-

sis and inflammation showed that NAC treatment con-

tributed to a reductions in the number of EV71-induced 

apoptotic cells (Fig.  9a) and production of inflamma-

tory factors (Fig. 9b), suggesting that ROS promoted the 

EV71-induced apoptosis and inflammation.

Discussion

Our data showed that EV71 infection triggered ROS gen-

eration, apoptosis, and inflammation of infected cells, 

and upregulated the expression of Keap1 but reduced the 

level of Nrf2. �e induced ROS, apoptosis, and inflam-

mation in the infected cells were decreased by Keap1 

Fig. 5 Keap1 and Nrf2 co-silencing blocks Keap1–Nrf2–HO-1 
transduction in EV71-infected cells. Subsequent to 24 h 
co-transfection with Keap1 and Nrf2 siRNA vectors, Vero and RD cells 
were infected by EV71 at an MOI of 5. a, b Western blot was used to 
examine the expression of Keap1, Nrf2, and HO-1 proteins in infected 
and non-infected cells. c–e qPCR was used to assess the mRNA of 
Keap1, Nrf2, and HO-1 in infected and non-infected cells. Data are 
presented as mean ± SD. *P < 0.05, **P < 0.01 vs. Indicated group
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silencing but were restored by co-silencing of Keap1 and 

Nrf2 in Vero and RD cells. Additionally, reduced viral 

replication was observed after Keap1 silencing, while 

virus propagation was recovered by Nrf2 silencing. �ese 

findings strongly suggest that Keap1–Nrf2 axis exerts its 

regulatory effect on EV71 replication by inducing ROS 

production, apoptosis, and inflammation.

Redox homeostasis is an essential host factor con-

tributing to the prognosis of infectious diseases. ROS 

generation is triggered by EV71 infection, which in turn 

reinforces viral replication [21]. Knowledge of the mech-

anism of EV71-triggered ROS generation is insufficient. 

Multiple viral and mitochondrial proteins influence one 

another, and can induce mitochondrial malfunction as 

well as the production of ROS. For instance, hepatitis B 

virus X protein (HBx, a hepatitis B viral protein) has an 

effect on mitochondrial heat shock proteins 60 and 70, 

and on voltage dependent anion channel 3 [22, 23], and 

Fig. 6 Nrf2 silencing restores ROS generation, apoptosis, and inflammation of EV71-infected cells with Keap1 silencing. Subsequent to 24 h 
co-transfection with the Keap1 and Nrf2 siRNA vector, Vero and RD cells were infected by EV71 at an MOI of 5. a DCF fluorescence intensity 
indicated ROS generation in infected RD and Vero cells in comparison to the non-infected normal mice (Control). b, c Dead RD and Vero cells 
were enumerated using Annexin V-FITC and PI flow cytometry. The upper right quadrant of every plot stood for early dead cells. d–f Expression of 
inflammation-promoting cytokines IL-1β, IL-6, and TNFα in the infected cells were assessed using qPCR. g–i The protein expression levels of IL-1β, 
IL-6, and TNF-α of the infected cell were quantified using ELISA. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Indicated 
group
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triggers OS [24]. �e core protein of HCV binds to mito-

chondria and reinforces OS [25–27]. �e PB1-F2 protein 

of Influenza A virus targets mitochondria and induces 

abnormalities [28, 29]. EV71 infection reportedly trig-

gers mitochondrial ROS production, which is crucial to 

viral replication and the consequent reduced efficiency 

of energy generation; the biogenesis of mitochondria is 

enhanced in infected cells to make up for the infection-

related malfunction [30]. EV71 infection also increases 

ROS production [21, 30]. Nonetheless, the mechanism 

underlying ROS generation in cells infected by EV71 

remains elusive, as is the ROS involved in the infec-

tion. Our research revealed that EV71 infection leads to 

a robust production of ROS, which may be involved in 

enhanced cellular apoptosis and viral replication. Admin-

istration of NAC ameliorated the apoptosis and inflam-

mation of Vero and RD cells induced by EV71 infection. 

A plausible hypothesis is that apoptosis induced by ROS 

generation weakens the cellular membrane and facilitates 

the release of the viral particles. However, we did not 

identify the type of ROS involved in the EV71-mediated 

apoptosis and inflammation in Vero and RD cells, due to 

the non-specific nature of the DCFH-DA assay and the 

ROS scavenger NAC. �e identification of ROS species 

during EV71-infected Vero and RD cells will be investi-

gated in a future study.

Several studies have demonstrated the anti-oxidation 

and anti-inflammation effects of Nrf2 activation, and 

the generation of ROS during endogenous or exogenous 

cell oxidation stress. Nrf2 is dominantly bound to and is 

ubiquitinated by Keap1. Nrf2 localizes in the cytoplasm 

under physiological conditions. Nevertheless, Nrf2 can 

be translocated to the nucleus and can react with antioxi-

dant agents, triggering the transcription of cytoprotective 

genes in response to electrophiles and OS. A majority 

of viruses bring about OS and reinforce the activities 

of radicals as well as ROS. �ese events cause the cel-

lular immune system to stimulate Nrf2 and upregulate 

cytoprotective genes [31]. For instance, HO-1 is down-

regulated in the replication process of the Zika virus by 

regulating Nrf2 transcription factor expression or activ-

ity [32]. HBV [33], HCV [34], Dengue virus [35], Human 

immunodeficiency virus [36], Respiratory syncytial virus 

[37], and Marburg virus [38] activate Nrf2 and then 

elicit expression of antioxidant response genes, includ-

ing NQO1, GSPT2, and HO-1. In addition, although our 

data demonstrated that EV71 infection enhance keapl 

expression in RD and Vero cells. However, the mecha-

nism, by which EV71 enhances the expression of Keapl 

expression, is not identified. �is mechanism might be 

related to EV71 survival. As a limitation of the present 

Fig. 7 Influence of Keap1 and Nrf2 on Akt activation and expression 
of pro-apoptotic proteins in EV71 infected cells. Subsequent to 24 h 
transfection using Keap1 and Nrf2 siRNA vector, Vero and RD cells 
were infected by EV71 at an MOI of 5. a, b Western blot demonstrated 
that Keap1 and Nrf2 silencing modulates Akt, phosphor Akt, Bax, Fas, 
Fas-L, Caspase-3, and cleaved Caspase-3 expression levels in EV71 
infected Vero and RD cells

Fig. 8 Effect of Keap1 and Nrf2 on EV71 replication. Vero and RD cells were initially transfected with Keap1 siRNA and/or Nrf2 siRNA, prior to 
infection with EV71 virus at an MOI of 5. a, b At defined times, viral titers were determined in the culture supernatants. Data are presented as 
mean ± SD
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study, relevant investigation will be carried out in future. 

�e present findings that EV71 infection results in Keap1 

upregulation and Nrf2 downregulation differs from these 

previous studies. �e expression of the Nrf2 protein 

was reduced upon EV71 infection, which contributed to 

increased ROS generation, and subsequently facilitated 

virus propagation.

Conclusions

Our data strongly support a critical role of Keap1–Nrf2 

signaling in EV71 proliferation in infected Vero and RD 

cells. Whether Keap1 and Nrf2 directly affect EV71 pro-

liferation through apoptotic pathways or other signaling 

pathways requires further investigation. In the future, 

we will perform in vivo experiments in Keap1 and Nrf2 

knockdown/knockout murine models to better under-

stand these mechanisms.
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Fig. 9 Effect of ROS on EV71-triggered apoptosis and inflammation. Vero and RD cells were initially infected with EV71 virus at an MOI of 5 and 
then treated with 10 μM of the ROS inhibitor NAC for 5 h. a Quantity of dead RD and Vero cells were evaluated using Annexin V-FITC and PI flow 
cytometry. The upper right quadrant of every plot displays early dead cells. b The protein expression levels of IL-1β, IL-6, and TNF-α of the infected 
cell were quantified using ELISA. Data are presented as mean ± SD



Page 12 of 12Bai et al. Gut Pathog           (2020) 12:22 

References

 1. Lui YL, Lin Z, Lee JJ, Chow VT, Poh CL, Tan EL. Beta-actin variant is neces-
sary for Enterovirus 71 replication. Biochem Biophys Res Commun. 
2013;433:607–10.

 2. McMinn PC. Recent advances in the molecular epidemiology and control 
of human enterovirus 71 infection. Curr Opin Virol. 2012;2:199–205.

 3. Patel KP, Bergelson JM. Receptors identified for hand, foot and mouth 
virus. Nat Med. 2009;15:728–9.

 4. Wong SS, Yip CC, Lau SK, Yuen KY. Human enterovirus 71 and hand, foot 
and mouth disease. Epidemiol Infect. 2010;138:1071–89.

 5. Ho BC, Yu SL, Chen JJ, Chang SY, Yan BS, Hong QS, et al. Enterovirus-
induced miR-141 contributes to shutoff of host protein translation 
by targeting the translation initiation factor eIF4E. Cell Host Microbe. 
2011;9:58–69.

 6. Huang HI, Weng KF, Shih SR. Viral and host factors that contribute to 
pathogenicity of enterovirus 71. Future Microbiol. 2012;7:467–79.

 7. Wang Q, Zhang W, Zhang Y, Yan L, Wang S, Zhang J, et al. Clinical features 
of severe cases of hand, foot and mouth disease with EV71 virus infection 
in China. Arch Med Sci. 2014;10:510–6.

 8. Chatproedprai S, Tempark T, Wanlapakorn N, Puenpa J, Wananukul S, Poo-
vorawan Y. Unusual skin manifestation of hand, foot and mouth disease 
associated with coxsackievirus A6: cases report. SpringerPlus. 2015;4:362.

 9. Lin TY, Hsia SH, Huang YC, Wu CT, Chang LY. Proinflammatory cytokine 
reactions in enterovirus 71 infections of the central nervous system. Clin 
Infect Dis. 2003;36:269–74.

 10. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen 
species in inflammation and tissue injury. Antioxid Redox Signal. 
2014;20:1126–67.

 11. Hsieh HL, Yang CM. Role of redox signaling in neuroinflammation and 
neurodegenerative diseases. BioMed Res Int. 2013;2013:484613.

 12. Schneeberger K, Czirják GÁ, Voigt CC. Inflammatory challenge increases 
measures of oxidative stress in a free-ranging, long-lived mammal. J Exp 
Biol. 2013;216(24):4514–9.

 13. Muñoz A, Costa M. Nutritionally mediated oxidative stress and inflamma-
tion. Oxid Med Cell Longev. 2013;2013:610950.

 14. Naik E, Dixit VM. Mitochondrial reactive oxygen species drive proinflam-
matory cytokine production. J Exp Med. 2011;208:417–20.

 15. Simon H-U, Haj-Yehia A, Levi-Schaffer F. Role of reactive oxygen species 
(ROS) in apoptosis induction. Apoptosis. 2000;5:415–8.

 16. Redza-Dutordoir M, Averill-Bates DA. Activation of apoptosis signalling 
pathways by reactive oxygen species. Biochimica et Biophysica Acta Mol 
Cell Res. 2016;1863:2977–92.

 17. Peng DY, Song H, Liu LB. Resveratrol-downregulated phosphorylated liver 
kinase B1 is involved in senescence of acute myeloid leukemia stem cells. 
J Huazhong Univ Sci Technol Med Sci. 2015;35:485–9.

 18. Luo X, Lin B, Gao Y, Lei X, Wang X, Li Y, et al. Genipin attenuates 
mitochondrial-dependent apoptosis, endoplasmic reticulum stress, and 
inflammation via the PI3K/AKT pathway in acute lung injury. Int Immu-
nopharmacol. 2019;76:105842.

 19. Wang M, Liu M, Ni T, Liu Q. miR-214 mediates vascular inflammation and 
apoptosis via PTEN expression. Mol Med Rep. 2018;18:2229–36.

 20. Tang B, Tang F, Wang Z, Qi G, Liang X, Li B, et al. Upregulation of akt/
NF-κB-regulated inflammation and akt/Bad-related apoptosis signaling 
pathway involved in hepatic carcinoma process: suppression by carnosic 
acid nanoparticle. Int J Nanomed. 2016;11:6401.

 21. Ho H-Y, Cheng M-L, Weng S-F, Chang L, Yeh T-T, Shih S-R, et al. Glucose-
6-phosphate dehydrogenase deficiency enhances enterovirus 71 infec-
tion. J Gen Virol. 2008;89:2080–9.

 22. Rahmani Z, Huh K-W, Lasher R, Siddiqui A. Hepatitis B virus X protein colo-
calizes to mitochondria with a human voltage-dependent anion channel, 
HVDAC3, and alters its transmembrane potential. J Virol. 2000;74:2840–6.

 23. Zhang S, Sun D, Lou S, Bo X, Lu Z, Qian X, et al. HBx protein of hepatitis B 
virus (HBV) can form complex with mitochondrial HSP60 and HSP70. Adv 
Virol. 2005;150:1579–90.

 24. Anand SK, Tikoo SK. Viruses as modulators of mitochondrial functions. 
Adv Virol. 2013;2013:738794.

 25. Koike K. Hepatitis C virus contributes to hepatocarcinogenesis by modu-
lating metabolic and intracellular signaling pathways. J Gastroenterol 
Hepatol. 2007;22:S108–11.

 26. Moriya K, Nakagawa K, Santa T, Shintani Y, Fujie H, Miyoshi H, et al. Oxida-
tive stress in the absence of inflammation in a mouse model for hepatitis 
C virus-associated hepatocarcinogenesis. Cancer Res. 2001;61:4365–70.

 27. Schwer B, Ren S, Pietschmann T, Kartenbeck J, Kaehlcke K, Bartenschlager 
R, et al. Targeting of hepatitis C virus core protein to mitochondria 
through a novel C-terminal localization motif. J Virol. 2004;78:7958–68.

 28. Gibbs JS, Malide D, Hornung F, Bennink JR, Yewdell JW. The influenza A 
virus PB1-F2 protein targets the inner mitochondrial membrane via a 
predicted basic amphipathic helix that disrupts mitochondrial function. J 
Virol. 2003;77:7214–24.

 29. Yamada H, Chounan R, Higashi Y, Kurihara N, Kido H. Mitochondrial tar-
geting sequence of the influenza A virus PB1-F2 protein and its function 
in mitochondria. FEBS Lett. 2004;578:331–6.

 30. Cheng M-L, Weng S-F, Kuo C-H, Ho H-Y. Enterovirus 71 induces mito-
chondrial reactive oxygen species generation that is required for efficient 
replication. PLoS ONE. 2014;9:e113234.

 31. Ramezani A, Nahad MP, Faghihloo E. The role of Nrf2 transcription factor 
in viral infection. J Cell Biochem. 2018;119(8):6366–82.

 32. El Kalamouni C, Frumence E, Bos S, et al. Subversion of the heme oxyge-
nase-1 antiviral activity by zika virus. Viruses. 2018;11(1):2.

 33. Yuan K, Lei Y, Chen H, Chen Y, Zhang T, Li K, et al. HBV-induced ROS 
accumulation promotes hepatocarcinogenesis through Snail-mediated 
epigenetic silencing of SOCS3. Cell Death Differ. 2016;23:616.

 34. Medvedev R, Ploen D, Spengler C, Elgner F, Ren H, Bunten S, et al. HCV-
induced oxidative stress by inhibition of Nrf2 triggers autophagy and 
favors release of viral particles. Free Radic Biol Med. 2017;110:300–15.

 35. Cheng Y-L, Lin Y-S, Chen C-L, Tsai T-T, Tsai C-C, Wu Y-W, et al. Activation of 
Nrf2 by the dengue virus causes an increase in CLEC5A, which enhances 
TNF-α production by mononuclear phagocytes. Sci Rep. 2016;6:32000.

 36. Zhang H-S, Li H-Y, Zhou Y, Wu M-R, Zhou H-S. Nrf2 is involved in inhibiting 
Tat-induced HIV-1 long terminal repeat transactivation. Free Radic Biol 
Med. 2009;47:261–8.

 37. Komaravelli N, Tian B, Ivanciuc T, Mautemps N, Brasier AR, Garofalo RP, 
et al. Respiratory syncytial virus infection down-regulates antioxidant 
enzyme expression by triggering deacetylation-proteasomal degradation 
of Nrf2. Free Radic Biol Med. 2015;88:391–403.

 38. Page A, Volchkova VA, Reid SP, Mateo M, Bagnaud-Baule A, Nemirov K, 
et al. Marburgvirus hijacks nrf2-dependent pathway by targeting nrf2-
negative regulator keap1. Cell Rep. 2014;6:1026–36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	EV71 virus reduces Nrf2 activation to promote production of reactive oxygen species in infected cells
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Cell cultivation
	Virus propagation
	TCID50 titration
	EV71 infection
	Small interfering RNA (siRNA) transfection
	Western blotting
	Quantitative real-time PCR (qPCR)
	Enzyme-linked immunosorbent assay (ELISA)
	ROS production
	Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
	Analysis of cell death
	Statistical analyses
	Ethics statement

	Results
	EV71 infection stimulates ROS production, cell death, and inflammatory reaction of infected cells
	EV71 infection mediates the Keap1–Nrf2 pathway
	Silencing of Keap1 in EV71-infected cells influences downstream Nrf2 and HO-1 signals
	Silencing of Keap1 regulates ROS generation, apoptosis, and inflammation in EV71-infected cells
	Nrf2 expression is responsible for Keap1-regulated, EV71-induced ROS generation
	EV71 propagation is regulated by Keap1 and Nrf2
	Effect of ROS on EV71-induced apoptosis and inflammation

	Discussion
	Conclusions
	Acknowledgements
	References


