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Isochlorogenic acid C prevents 
enterovirus 71 infection via 
modulating redox homeostasis of 
glutathione
Zeyu Cao, Yue Ding, Liang Cao, Gang Ding, Zhenzhong Wang & Wei Xiao

Enterovirus 71 (EV71) is a key pathogen of hand, foot and mouth disease (HFMD) in children under 
6 years of age. The antiviral potency of antioxidant isochlorogenic acid C (ICAC) extracted from 
foods was evaluated in cellular and animal models. First, the cytotoxicity of ICAC on Vero cells 
was investigated. The viral plaques, cytopathic effects and yield induced by EV71 infection were 
obviously reduced by ICAC, which was consistent with the investigation of VP1 transcripts and 
protein expression. Moreover, the mortality, weight loss and limb paralysis of mice caused by EV71 
challenge were remarkably relieved by ICAC injection, which was achieved through decreases in the 
viral load and cytokine secretion in the mouse brain. Further biochemical assays showed that ICAC 
modulated several antioxidant enzymes involved in reduced and oxidized glutathione (GSH and GSSG) 
homeostasis, including glutathione reductase (GR), glutathione peroxidase (GPX), and glucose-6-
phosphate dehydrogenase (G6PD), resulting in restoration of the GSH/GSSG ratio and reactive oxygen 
species (ROS) level. Finally, the antiviral effects of ICAC were dose-dependently disrupted by BSO, a 
biosynthesis inhibitor of GSH. This study indicated that ICAC acted as an antioxidant and prevented 
EV71 infection by modulating the redox homeostasis of glutathione.

Human enterovirus 71 (EV71), which belongs to the genus Enterovirus, has been confirmed as a critical pathogen 
of hand, foot and mouth disease1. EV71 infection can cause severe symptoms, such as pulmonary oedema and 
brainstem and cerebellar encephalitis, which can lead to respiratory failure and death2–5. Cytokines in tissues, 
such as tumour necrosis factor-α (TNF-α), interleukin-6 (IL-6), and monocyte chemotactic protein-1 (MCP-1), 
can be induced by an excess viral load, resulting in tissue damage and chronic inflammation6, which play key roles 
in the pathogenicity and severity of EV71 infection7–11. In 2015, a vaccine against EV71 was approved as a new 
tool to control hand, foot and mouth disease (HFMD) outbreaks12. However, no specific chemical drug targeting 
EV71 has been approved. Thus, antiviral compounds must be screened for new drug development, and the mech-
anisms should be carefully discussed.

Viral infection can lead to oxidative stress13. A previous study showed that the redox status modulated host 
cell susceptibility to viruses14. For example, a shift in the intracellular redox milieu towards the oxidizing end 
enhanced viral replication and CPE15. Interestingly, the viral infection could be reversed by supplementing with 
glutathione (GSH), which indicated roles for GSH in antiviral defence16.

GSH plays a central role in reactive oxygen species (ROS) detoxification17. Briefly, glutathione peroxidase 
(GPX) catalyses the degradation of ROS coupled with the conversion of GSH to its oxidized form (GSSG). 
Glutathione reductase (GR) is an essential factor responsible for reducing GSSG back to GSH in the presence of 
NADPH, which is provided by glucose-6-phsophate dehydrogenase (G6PD)17. Upon viral infection, an imbalance 
in GSH redox homeostasis in host cells is observed15 due to the accumulation of ROS18, which can be reversed 
by exogenous supplementation of antioxidants15,16. L-buthionine sulfoximine (BSO) is a specific and selective 
inhibitor of γ- glutamylcysteine synthase and consequently of GSH synthesis19. Previous report20 showed BSO 
significantly reduced GSH level. Thus, BSO is usually used to deplete GSH in cells.
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Isochlorogenic acid C (ICAC), which is a di-O-caffeoyl derivative of chlorogenic acid (CHA), is a well-known 
antioxidant21–23 from herbal plants21 that has revealed more potent effects than other isomers24,25. Previous reports 
showed that ICAC and its isomers exhibited a broad-spectrum antiviral potency against respiratory syncytial 
virus (RSV)26, human immunodeficiency virus (HIV)27–29, and coxsackievirus30. However, the potential effects of 
ICAC against EV71 are unknown and should be investigated. Only CHA (the parent nucleus of ICAC) has been 
reported to inhibit EV71 replication in vitro31. However, ICAC extracted from Flos Lonicerae was indicated to 
reverse acetaminophen-induced liver injury via modulating the GSH content32. Thus, the potential regulation of 
GSH metabolism should be discussed with a focus on ICAC-derived inhibition of EV71 infection.

In this study, the antiviral efficacy of ICAC against EV71 was confirmed in both cellular and animal models. 
The compound was shown to reduce the mortality of mice upon EV71 challenge by decreasing the viral load and 
cytokine secretion. Further biochemical assays suggested that ICAC restored the GSH/GSSG ratio by regulating 
the enzymes responsible for GSH metabolism, resulting in a decreased ROS level. Taken together, the data in 
this study indicated that ICAC acted as an antioxidant and prevented EV71 infection via modulating GSH redox 
homeostasis.

Results
Cytotoxicity of ICAC.  The molecular structure of ICAC, which is also called 4,5-O-dicaffeoylquinic acid, is 
displayed in Fig. 1A. To investigate the toxicity of ICAC on Vero cells, the cell viability was determined after ICAC 
supplementation for 48 h. The compound exhibited minor cytotoxicity at concentrations up to 250 µM (Fig. 1B, 
P > 0.05). However, the cell viability decreased gradually and clearly when the concentration was increased to 
375 µM or more in comparison with the viability of the blank control (Fig. 1B, P < 0.05). According to the results, 
the median toxic concentration (TC50) of ICAC for the cells was approximately 429 µM.

Antiviral effects of ICAC against EV71 in vitro.  The antiviral potency of ICAC was estimated in a cellu-
lar model. As expected, the plaques and CPE caused by EV71 infection were significantly reduced by ICAC in a 
dose-dependent manner (Fig. 2A,B). In particular, 100 µM ICAC, which had an inhibitory rate of 63.1%, clearly 
relieved the CPE caused by viral infection (Fig. 2B, P < 0.05). This concentration was appropriate for the inhibi-
tion of EV71 infection at a dose of 100 TCID50 and was utilized in the subsequent experiments. According to the 
results, the concentration required to obtain the 50% of maximal effect (EC50) and the selection index (SI = TC50/
EC50) were approximately 72 µM and 5.92, respectively.

To investigate inhibition of the viral yield by ICAC, a time-course experiment was performed. As shown 
in Fig. 2C, EV71 replicated rapidly from 0–12 hours post-infection (hpi), followed by a gradual titre increase 
from 12–24 hpi that was delayed by ICAC addition. For instance, ICAC reduced the viral titres by approximately 
39-fold at 12 hpi (Fig. 2C, P < 0.05) compared with the titres obtained by EV71 infection alone. Furthermore, 
the VP1 mRNA transcript and protein levels were analysed. The VP1 transcripts induced by infection were 

Figure 1.  The molecular structure of ICAC and its effects on Vero cell viability. (A) The molecular structure of 
ICAC. (B) The compound was diluted to various concentrations as indicated in triplicate. The cytotoxicity of ICAC 
was determined by MTS assay after incubation with the drug for 48 h. The cell viability in DMEM without ICAC 
(control) was set as 100% (n = 6). All results were expressed as the means ± SEs. Asterisks indicate that the data 
significantly differ from the control group at the P < 0.05 level according to one-way analysis of variance.
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significantly restrained by ICAC administration at 12 hpi (Fig. 2D, P < 0.05). Western blotting analysis indicated 
that ICAC decreased the VP1 protein expression enhanced by EV71 infection at 12 hpi (Fig. 2E, P < 0.05). Taken 
together, our data demonstrated the antiviral effects of ICAC against EV71 in the Vero cell model.

ICAC reduced the mortality of mice upon EV71 challenge.  To further confirm the inhibitory effects of 
ICAC against EV71, a suckling mouse model was utilized. First, the acute toxicity of ICAC was studied. ICAC at 
doses of less than 25 mg/kg daily for 14 days failed to cause any death or abnormal signs in the mice (Fig. 3A). Thus, 
the doses used in the subsequent animal experiments were nontoxic to the suckling mice. In the subsequent anti-
viral study, the model group mice revealed weight loss, paralysis, and mortality from 4–8 days post-infection (dpi), 
and all the mice died within 11 dpi (Table 1 and Fig. 3B–D). In contrast, ribavirin (10 mg/kg), which was used as a 
positive control drug, increased the survival rate to 50% and the survival time to 10.1 ± 1.8 days (Table 1 and Fig. 3B, 
P < 0.05). The weight loss caused by EV71 was also clearly alleviated by ribavirin (Fig. 3C). Moreover, administration 
of ICAC at a dose of 6.4 mg/kg obviously prevented the EV71-induced death by 60% and raised the survival time to 
12.6 ± 0.6 days (Table 1 and Fig. 3B, P < 0.05). The symptoms, including growth inhibition (Fig. 3C), paralysis, and 
emaciation (Fig. 3D), caused by the viral infection were relieved by treatment with 6.4 mg/kg of ICAC. Additionally, 
3.2 mg/kg of ICAC showed protective effects against mortality and growth inhibition in the infected mice (Table 1 
and Fig. 3B,C), whereas 1.6 mg/kg of ICAC resulted in only weak effects on EV71 infection.

Figure 2.  The antiviral effects of IACA against EV71 in Vero cells. Vero cells were infected with 100 TCID50 
of EV71 with or without different ICAC concentrations as indicated. Uninfected cells were used as the control 
group. (A) ICAC blocked the CPE of EV71 infection. (B) Cell viability was detected using the MTS cell 
proliferation assay kit at 48 hpi. The viability of the control group was set as 100% (n = 6). (C) The virions were 
collected by freeze-thawing at the indicated time points. The supernatant was harvested for the viral titre assay. 
(D) The RNA load was determined using a real-time PCR kit specific for the VP1 gene. (E) Protein samples 
normalized to 40 µg were subjected to 12.5% SDS-PAGE and then transferred to PVDF membrane to detect the 
EV71 VP1 protein expression levels. The amount of β-Tubulin was used as the internal standard. The VP1 band 
intensity was analysed and normalized to the corresponding band intensity of β-Tubulin. The band intensity of 
the EV71 group was set as 100% (n = 3). All results were expressed as the means ± SEs. Asterisks indicate that 
the data significantly differ from the EV71 group at the P < 0.05 level according to one-way analysis of variance.
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Figure 3.  ICAC reduced the mortality of the EV71-infected mice by regulating the viral load and cytokine 
secretion. Two-day-old mice were utilized as the animal model. (A) The acute toxicity of ICAC (12.5–200 mg/
kg) on mice was evaluated. In the antiviral study, the mice were challenged intraperitoneally with saline 
(control) or 1×107 TCID50 of EV71. Then, the infected mice were treated with various doses (1.6–6.4 mg/kg) of 
ICAC or 10 mg/kg of ribavirin for 14 days. The mice in the model group were injected with saline. The survival 
rates (B) and body weight ratios (C) were recorded continuously until 14 dpi. The body weight ratio was 
presented relative to the corresponding treatments on the first day (n = 10). (D) Representative photos of limb 
paralysis caused by EV71 infection (left) and healthy phenotypes of mice treated with 6.4 mg/kg of ICAC (right) 
at 6 dpi. The brain tissues were sampled at 3, 6, and 9 dpi. (E) The viral loads in the brains were determined by 
real-time PCR (n = 6). The IL-6 (F), MCP-1 (G), and TNF-α (H) levels in the brains were determined by ELISA 
(n = 6). All results were expressed as the means ± SEs. Asterisks indicate that the data significantly differ from 
the EV71 group at the P < 0.05 level according to one-way analysis of variance.
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ICAC regulated the viral load and cytokine secretion in EV71-infected mice.  The effects of ICAC 
on the viral load were investigated in the subsequent experiment. As shown in Fig. 3E, the viral load in the mouse 
brain tissues gradually increased to a peak at 6 dpi, followed by a decline at 9 dpi, which was obviously inhibited 
by ICAC at the indicated time points (Fig. 3E, P < 0.05). For example, the viral copies in the ICAC-treated mice 
decreased by approximately 17-fold at 6 dpi (Fig. 3E, P < 0.05), which was consistent with the results observed in 
the cellular model (Fig. 2D).

To further explore the regulation of cytokine secretion by ICAC, the IL-6, MCP-1, and TNF-α levels in the mouse 
brains were assessed at 3, 6, and 9 dpi. EV71 challenge resulted in significant IL-6, MCP-1, and TNF-α accumulation 
in the brain tissues at 3 and 6 dpi (Fig. 3F–H, P < 0.05) compared with the cytokine accumulation in the control 
group. ICAC relieved the accumulation of IL-6, MCP-1, and TNF-α clearly at 3 and 6 dpi (Fig. 3F–H, P < 0.05). 
Additionally, MCP-1 secretion in the brain tissues declined to near normal levels in the presence or absence of 
ICAC administration at 9 dpi (Fig. 3G), but ICAC failed to decrease IL-6 and TNF-α secretion in response to EV71 
infection at 9 dpi (Fig. 3F,H). Therefore, ICAC regulated the viral load and the secretion of cytokines, including IL-6, 
MCP-1, and TNF-α, in EV71-infected mouse brains, which confirmed the antiviral effects of ICAC.

ICAC mitigated the oxidative damage caused by EV71 infection via glutathione metabolism.  
To investigate the antiviral mechanism, the regulation of glutathione metabolism by ICAC was evaluated. 
Infection with 100 TCID50 of EV71 for 12 h induced a decrease in the GSH content that was coupled with an 
increase in GSSG in Vero cells (Fig. 4, P < 0.05). However, the ICAC treatment obviously reduced or eliminated 
the effects of EV71 infection on GSH and GSSG (Fig. 4, P < 0.05). Moreover, a quite high GSH/GSSG ratio, which 
is a key parameter for the intracellular redox status, was restored by ICAC addition compared with the ratio in the 
model group (Fig. 4B). Further analysis of GSH metabolic enzymes provided more insights into the exact mode 
of the antiviral action of ICAC against EV71. As shown, the activities of GR, GPX and G6PD in Vero cells were 
decreased by approximately 46.8%, 51.0% and 42.1%, respectively, following exposure to EV71 infection and were 
recovered by ICAC to varying degrees (Fig. 5). These results were consistent with the regulation of GSH redox 
homeostasis and the ROS level by ICAC (Fig. 4).

BSO disrupted the antiviral effects of ICAC against EV71 in Vero cells.  To validate the potential 
effects of GSH induced by ICAC, BSO, a previously described inhibitor of GSH biosynthesis was utilized. As 
shown in Fig. 6, BSO disrupted the cellular defence effects of ICAC in a dose-dependent fusion. For example, 

Group Total survival rate (%) Survival period (Days)

Control 100+ 14.0*

EV71 0 7.6 ± 0.9

6.4 mg kg−1 ICAC 60+ 12.5 ± 0.6*

3.2 mg kg−1 ICAC 30+ 9.4 ± 1.1*

1.6 mg kg−1 ICAC 0 8.0 ± 0.6

10 mg kg−1 RBV 50+ 10.1 ± 1.8*

Table 1.  ICAC reduced the mortality in EV71-infected mice. Each 2-day-old suckling mouse was 
intraperitoneally challenged with EV71 (1×107 TCID50). Then, the infected mice were intraperitoneally injected 
with different daily doses of ICAC (1.6, 3.2, and 6.4 g kg−1) or 10 mg kg−1 of ribavirin in 0.1 mL saline for 14 
days. The mice in the control (uninfected) were injected with the same volume of saline. Each group contained 
10 suckling mice (n = 10). The survival rates of the mice were monitored daily. All results were expressed as the 
means ± SEs. Crosses and asterisks indicate that the data significantly differ from the EV71 group at the P < 0.05 
level according to the Chi-square test and one-way analysis of variance, respectively.

Figure 4.  ICAC maintained GSH redox homeostasis in EV71-infected Vero cells. Infected (100 TCID50 of 
EV71) Vero cells were treated with medium or 100 µM ICAC for 12 h. Uninfected cells were used as the control 
group. The reduced and oxidized glutathione (GSH and GSSG) contents were analysed by HPLC (n = 3). All 
results were expressed as the means ± SEs. Asterisks indicate that the data significantly differ from the EV71 
group at the P < 0.05 level according to one-way analysis of variance. The GSH/GSSG ratio was also calculated.
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when the concentration of BSO was increased to 500 µM, the protection of ICAC on Vero cells upon EV71 was 
abolished totally (Fig. 6). Meanwhile, results from preliminary experiment showed that BSO only revealed minor 
cytotoxicity on cellular viability at concentrations up to 2 mM (data not shown), which indicated the concentra-
tion used in our study was atoxic to the cells. On the other hand, it was also observed that exogenous GSH failed 
to inhibit the CPE caused by EV71 infection (data not shown). Thus, the data here exhibited GSH played a key 
role in ICAC-induced inhibition on EV71 infection, which confirmed the antiviral mechanism of ICAC.

Discussion
ICAC is a natural product from Lonicera japonica, which is a well-known traditional Chinese herb that is widely used 
in HFMD treatments33. In addition to the capacity of ICAC to inhibit RSV26, HIV27–29, and coxsackievirus30 replication, 
we confirmed that the compound inhibited EV71 infection in cellular and animal models. In this study, ICAC revealed 
inhibitory potential against EV71 replication in Vero cells. In EV71-challenged mice, ICAC administration remarkably 
improved the survival rates and symptoms, including emaciation and paralysis. The compound also reduced the viral 
load and cytokine secretion in the brain. Finally, biochemical analysis showed that ICAC regulated the GSH/GSSG ratio 

Figure 5.  ICAC decreased the ROS level induced by EV71 infection via modulating the antioxidant enzymes 
involved in GSH metabolism. Infected (100 TCID50 EV71) Vero cells were treated with medium or 100 µM ICAC 
for 12 h. Uninfected cells were used as the control group. The antioxidant enzymes activities (A–C) and ROS levels 
(D) of the Vero cells were detected (n = 3). All results were expressed as the means ± SEs. Asterisks indicate that 
the data significantly differ from the EV71 group at the P < 0.05 level according to one-way analysis of variance.

Figure 6.  The antiviral effects of ICAC against EV71 were disrupted by BSO administration. Infected (100 
TCID50 of EV71) Vero cells, treated with 100 µM ICAC, exposed to various concentrations of BSO (0~500 µM). 
Uninfected cells were used as the control group. Vero cells infected with 100 TCID50 of EV71 alone were used 
as the model group. Cell viability was detected using the MTS cell proliferation assay kit at 48 hpi. The viability 
of the control group was set as 100% (n = 6). Asterisks indicate that the data significantly differ from the ICAC 
group at the P < 0.05 level according to one-way analysis of variance.



www.nature.com/scientificreports/

7SCieNtifiC Reports | 7: 16278  | DOI:10.1038/s41598-017-16446-7

and ROS level via the antioxidative enzymes involved in GSH metabolism. Taken together, the results demonstrated 
that ICAC inhibited EV71 infection via modulating GSH redox homeostasis in Vero cells.

In this study, the cytotoxicity of ICAC was investigated in the Vero cell model, which demonstrated an atoxic 
dose range. Vero cells, which are sensitive to EV71 infection34–37, were chosen as the cellular model to assess the anti-
viral effects of ICAC against the virus. Herein, the results indicated that ICAC reduced the plaques and CPE caused 
by EV71 infection in a dose-dependent manner. The time-dependent assay showed suppression of the EV71 yield by 
ICAC, which explained the protective effect of ICAC on cell viability. Moreover, VP1 transcripts and protein synthe-
sis, which are normally utilized for EV71 identification38,39, were decreased by ICAC treatment, which confirmed the 
inhibitory effect of ICAC on the EV71 yield. Taken together, these results demonstrate the antiviral capacity of ICAC 
against EV71. Previous reports have indicated that ICAC exhibits a broad antiviral spectrum26–30,40–42, and this study 
enriches the antiviral spectrum of ICAC. Our results indicate that ICAC may be the active ingredient that inhibits 
enteroviruses in the aqueous extract of Lonicera japonica30 and the Reduning injection43. Moreover, ICAC exhibits 
potential utility in the control of HFMD via the necessary structural modification44.

The suckling mice challenged with EV71 gradually developed HFDM symptoms, including weight loss, paralysis, 
and death45–47. In this study, the mortality, weight loss, and limb paralysis caused by EV71 infection were alleviated 
significantly by ICAC administration. ICAC showed better effects than ribavirin injection, which is a clinical drug 
used for HFMD treatment48. Furthermore, ICAC decreased the viral load in the mouse brain49, which was con-
firmed by the results obtained in the cellular model. Previous research reported that ICAC inhibited HIV replication 
by inhibiting integrase activity28,29. However, the target through which ICAC reduced the EV71 yield is still unclear. 
Macrophages are an important target cell and may even be effectors of the EV71 attack6,50. Excessive cytokines and 
chemokines, including IL-6, MCP-1 and TNF-α, are secreted by the cells in response to the accumulation of viral 
copies6. In the central nervous system, these factors were proven to be responsible for the pathogenesis of the severe 
brainstem encephalitis and pulmonary oedema caused by EV71 infection9–11,51. In the present study, the steep accu-
mulation of IL-6, MCP-1 and TNF-α in the infected mouse brains52,53 was reduced by ICAC, which correlated with 
the protection against mortality. Thus, the results revealed that ICAC inhibited EV71-induced mouse deaths by 
relieving the excessive viral load and cytokine secretion. However, the potential regulatory mechanisms underlying 
the effects of ICAC on the viral load and cytokine secretion should be discussed further.

To examine the antiviral mechanism of ICAC, we investigated modulation of GSH and its metabolism enzymes 
by the compound. GSH, which scavenges ROS in response to viral infection54, is an ideal biochemical to protect 
cells against oxidative stress. Maintenance of GSH redox homeostasis was reported to ameliorate cellular suscepti-
bility to EV71 infection15. In this study, the depletion of the GSH pool induced by EV71 infection18 was reversed by 
ICAC supplementation, which correlated with the protection of ICAC on the cells upon to EV71 infection. Further 
biochemical analysis showed that ICAC up-regulated the enzymatic activities of GR, GPX and G6PD, which were 
responsible for GSH redox homeostasis. Additionally, these enzymes were indicated to play critical roles in the anti-
viral process. For example, GR and GPX exhibited protective effects against the myocarditis caused by coxsackievi-
rus B355,56. The increase in enzymatic activities by antioxidant administration correlated with the improved tolerance 
against viral infection57–59. Moreover, the increased susceptibility to EV71 infection was reversed by both G6PD 
expression and exogenous NAC treatment (a well-known antioxidant) in G6PD-deficient cells, which ensured the 
anti-EV71 role of G6PD15. The up-regulation of the enzymes, responsible for GSH metabolism, not only alleviated 
the oxidative damage caused by viral infection, but also maintained the redox homeostasis of GSH in Vero cells 
infected by EV71. Finally, the inhibition effects of GSH induced by ICAC on EV71 infection was proven by BSO 
addition, which usually used for GSH-depletion. Normally, renal intracellular GSH is degraded by γ-glutamyl trans-
peptidase into dipeptides and amino acids, which are translocated into cells60,61. Those findings could explain the 
observation that exogenous supplementation of GSH failed to prevent cells from CPE caused by EV71 infection. The 
present results indicated that regulation of GSH redox homeostasis could be the potential antiviral mechanism of 
ICAC against EV71. However, GSH was reported to be a novel factor essential for coxsackievirus virion morpho-
genesis, which indicated that the function of GSH in viral infection should be limited to the maintenance of redox 
homeostasis62,63. By contrary, EV71 morphogenesis was not observed to rely on GSH63. Thus, the function and 
regulation of GSH in EV71 infection and defence may be complex.

In summary, in this study, we showed the antiviral effects of ICAC against EV71 by inhibiting the viral yield. 
The compound improved the mortality and symptoms caused by viral infection by decreasing the EV71 load and 
cytokine secretion in the brain. ICAC maintained the GSH/GSSG ratio and its metabolic enzymatic activities. 
The antiviral effects of ICAC was disrupted by BSO, a biosynthesis inhibitor of GSH. Taken together, these results 
suggested that ICAC prevented EV71 infection via modulating GSH redox homeostasis.

Methods
Chemicals.  Isochlorogenic acid C (ICAC, C25H24O12; CAS No. 32451-88-0; MW 516.45) was purchased 
from the National Institutes for Food and Drug Control of China (Beijing, China). The MTS cell proliferation 
assay kit was purchased from Promega Biotech Co., Ltd. (Beijing, China). Glutathione, oxidized glutathione, and 
L-buthionine sulfoximine (BSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Virus and cells.  EV71-infected Vero cells were used as the infection model36,37. The virus strain was isolated and 
identified clinically (GenBank accession no. HQ882182)40. EV71 was propagated in Vero cells, and the titres were 
determined as previously described64. The Vero cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% foetal bovine serum (FBS, Gibco) at 37 °C in a humidified incubator with 5% CO2.

Animals.  The 2-day-old BALB/c mice (1.6–2.0 g, SPF class) used as the animal model43–45 were purchased 
from Shanghai JSJ Experimental Animal Co. Ltd. (Shanghai, China). The mice were housed in an IVC system 
(temperature: 23 ± 2 °C, humidity: 40–70%, mechanical air supply, light-dark cycle: 12 h/12 h, illumination: 
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300 lux) with plenty of food and water. All animal experiment protocols were approved by Jiangsu Laboratory 
Animal Association (Licence number: SYXK(Jiangsu)2010-0010), which were conducted in accordance with the 
“Guiding Opinions on PETA’s” promulgated by Ministry of Science and Technology of China in 2006.

Cellular toxicity assay.  Vero cells (1×104 cells/well) were seeded into 96-well plates and supplemented 
with various concentrations of ICAC as indicated in triplicate. The cell viability was detected using the MTS cell 
proliferation assay kit at 48 hours after addition.

Antiviral study.  Vero cells (1×104 cells/well) seeded into 96-well plates were infected with EV71 (100 
TCID50) at 37 °C for 2 h. After removing the virus, the cells were treated with various concentrations of ICAC as 
indicated in triplicate for 48 h. The plaque reduction assay was performed as previously described40,65. The cyto-
pathic effects (CPEs) caused by the viral infection were measured quantitatively using the MTS cell proliferation 
assay kit according to the user manual. The concentration required for the 50% of maximal effect (EC50) and 
selection index (SI, SI = TC50/EC50) were calculated as previously described38. For the biochemical and molecular 
biology investigations, infected Vero cells (1 × 106 cells/well in a 6-well plate) were treated with 100 µM ICAC for 
12 h and then lysed for extraction.

Time-course analysis of the EV71 yield.  This analysis was performed as previously described9,66,67. 
Briefly, Vero cells (1 × 106 cells/well) seeded into 6-well plates were infected with EV71 (100 TCID50) at 37 °C for 
2 h. After removing the virus, the infected cells were treated with 100 µM ICAC. The viral particles were collected 
by freeze-thawing at −80 °C at the indicated time points.

Viral load detection.  Total RNA was isolated from the samples using the TRIzol reagent (Invitrogen, USA), 
and cDNA was synthesized using random hexamers with a reverse transcript kit (TaKaRa, China) according to 
the user manuals. The cDNA was subjected to the EV71 RNA Detection Kit (Shanghai ZJ Bio-Tech Co., Ltd) 
specific for the VP1 gene. Positive fragments adjusted to a series of concentrations were used as a standard curve.

Western blotting analysis.  The samples were treated with RIPA lysis buffer (Beyotime Institute of 
Biotechnology, China) and centrifuged at 12,000 × g for 15 min at 4 °C. The protein concentrations were deter-
mined with a BCA protein assay kit (Beyotime Institute of Biotechnology, China). Western blotting analysis was 
performed as previously reported67.

Mouse protection assay.  Suckling mice were intraperitoneally challenged with EV71 (1×107 TCID50). 
Infected mice were intraperitoneally injected with ICAC (1.6, 3.2, and 6.4 g/kg, qd) for 14 days. Ribavirin injec-
tion (10 mg/kg, qd) was used as a positive control. The model group was injected with the same volume (0.1 mL) 
of saline. The survival rates and body weights of the mice were monitored daily. For RNA and cytokine extraction, 
the mice were treated as described above, and the brains were sampled at 3, 6, and 9 dpi.

Cytokine quantification.  The brain tissues (~150 mg) were homogenized in 1 mL of 50 mM Tris buffer (pH 
8.0) containing 5 M guanidine-HCl. The homogenates were mixed on an orbital shaker at room temperature for 
4 h. The samples were diluted with cold PBS with 1× protease inhibitor cocktail (Thermo Scientific, USA) and 
then centrifuged at 16,000 × g for 20 min at 4 °C. The supernatants were used for the enzyme-linked immuno-
sorbent assay (ELISA). The IL-6, MCP-1 and TNF-α levels were measured using anti-mouse ELISA kits (eBiosci-
ence, San Diego, CA, USA) according to the manufacturer’s guidelines.

GSH and GSSG analyses.  The GSH and GSSG levels were analysed by high-performance liquid chroma-
tography (HPLC) as previously reported16.

Enzymatic activity assays.  The cells were lysed on ice using the Membrane and Cytosol Protein Extraction 
Kit (Beyotime Institute of Biotechnology, China) for the biochemical assays. The GR activity was determined 
using the Glutathione Reductase Assay Kit (Abcam, UK) according to the user manual. One unit was defined as 
the amount of enzyme that catalysed the conversion of 1.0 μmol of GSSG into GSH and generated 1.0 μmol of 
5-merapto-2-nitrobenzoic acid under the assay kit conditions per minute at 25 °C. The GPX activity was detected 
using the Glutathione Peroxidase Assay Kit (Abcam, UK) according to the user manual. One unit was defined as 
the amount of enzyme that caused the oxidation of 1.0 µmol of NADPH to NADP+ under the assay kit conditions 
per minute at 25 °C. The G6PD activity was estimated using the Glucose 6-Phosphate Dehydrogenase Kit (Abcam, 
UK) according to the user manual. One unit was defined as the amount of enzyme that catalysed the conversion 
of 1.0 μmol of glucose-6-phosphate into 6- phosphoglucono-δ-lactone and generated 1.0 μmol of NADH under 
the assay kit conditions per minute at 37 °C.

Determination of ROS.  Vero cells (1 × 106 cells/well) seeded in 6-well plate were infected and treated as 
described above. The ROS level was detected using a Cellular Reactive Oxygen Species Detection Kit (Abcam, 
UK) according to user manual. The relative fluorescence units (RFU) was monitored at Ex/Em = 540/570 nm.

Statistics analysis.  All results were expressed as the means ± SEs. The statistical significances of differences 
in the mean values were assessed with one-way analysis of variance (asterisk) or Chi-square test (cross) at the 
P < 0.05 level, respectively.
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