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Abstract 

Hepatitis C virus (HCV) infection and its related liver disease have constituted a heavy 

burden worldwide. It had been reported that Drinking coffee could decrease 

mortality risk of HCV infected patients. Caffeic Acid (CA), the Coffee-related organic 

acid could inhibit HCV replication, however, the detailed mechanism of CA against 

HCV is unclear. In this study, we showed that CA could notably inhibit HCV replication. 

Mechanism study demonstrated that CA could induce HO-1 expression, which would 

trigger the IFNα antiviral response, and the antiviral effect of CA was attenuated 

when HO-1 activity was inhibited by SnPP (an HO-1 inhibitor). CA could also increase 

erythroid 2-related factor 2 (Nrf2) expression. When Nrf2 was knocked down by 

specific siRNA, HO-1 expression was concomitantly decreased while HCV expression 

was restored. Further study indicated that kelch-like ECH-associated protein 1 (Keap1) 

expression was decreased by CA in a p62/Sequestosome1 (p62)-dependent way, 

which would lead to the stabilization and accumulation of Nrf2. The decrease of 
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Keap1 was restored when p62 was silenced by specific p62 siRNA, suggesting p62 

was required for CA-mediated Keap1 downregulation. Taken together, the results 

demonstrated that CA could modulate Keap1/Nrf2 interaction via increasing p62 

expression, which will lead to stabilization of Nrf2 and HO-1 induction and elicit IFNα 

antiviral response to suppress HCV replication. 

Key Words: Caffeic acid; Keap1; Nrf2; HO-1; p62. 

Highlights: 

� CA inhibits HCV replication by inducing HO-1 expression and thus eliciting 

IFNα antivral response 

� CA activates Nrf2 to induce HO-1 expression  

� CA increases p62 expression and thus downregulates Keap1 expression to 

activate Nrf2 

� Lay the foundation for a wider application of CA and the potential 

optimization of CA structure 

Abbreviations 

CA, caffeic acid; HCV, hepatitis c virus; IFNα, interferon α; p62, Sequestosome1/p62; 

Nrf2, Nuclear factor (erythroid-derived 2)-like 2; Keap1, kelch-like ECH-associated 

protein 1; HO-1, heme oxygenase-1; GAPDH, glyceraldehyde 3-phosphate 

dehydrogenase; OAS, 2,5-oligoadenylate synthetase; PKR, protein kinase R. 

1. Introduction  

HCV has posed a heavy burden all over the world, with approximately 170 million 

people being chronically infected. HCV belongs to the Flaviviridae family and is a 

single positive-strand RNA virus of 9.6 kb in length, which contains a long open 

reading frame (ORF) flanking by 5’ and 3’ untranslated regions (UTRs). The genome 

can be translated via an internal ribosome entry site (IRES) into a polypeptide, which 

will be later processed by host and viral enzymes to ten proteins, including core, E1, 

E2, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B (Hoffman and Liu, 2011). The 

landscape of HCV treatment has been dramatically revolutionized in recent years 

(Kardashian and Pockros, 2017). A newly approved drug, Harvoni has shown an 
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optimistic antiviral activity against different HCV genotypes (Mullins et al., 2015). 

Despite all these achievements, several minor side effects still persist: fatigue, yellow 

fever, especially the high cost, which blocked most patients’ access to these effective 

regimens (Braillon, 2015). Besides, these regimens have merely been applied for a 

short term and it needs more time to confirm the long-term effects. Therefore, more 

options that are more pan-genotypic, more tolerated, cheaper and with a shorter 

treatment duration are needed to enrich the pipelines of HCV treatments. 

CA is an organic compound found in almost all plants (Boerjan et al., 2003). CA is 

believed to exert a variety of pharmacological effects in the body, including 

antioxidant (Gulcin, 2006), antimicrobial (Utsunomiya et al., 2014), antiviral (Wang et 

al., 2009) and anti-inflammatory effects (Chao et al., 2010). A recent study has shown 

that coffee drinking could decrease the mortality risk in HCV-HIV coinfected patients 

(Carrieri et al.), which could be possibly attributed to the role of CA in coffee. 

Numerous studies has proved a correlation between oxidative stress and HCV 

infection, and antioxidants have been regarded as a choice for HCV treatments (Choi, 

2012). HO-1 is an essential enzyme involved in antioxidant pathway (Otterbein et al., 

2003) and is responsible for cleaving heme to form biliverdin, carbon monoxide, 

ferrous iron. Biliverdin is proved to possess anti-HCV effects through eliciting IFNα 

antiviral response and impairing HCV NS3/4A proteinase activity (Lehmann et al., 

2010; Zhu et al., 2010).  

p62 is an ubiquitin binding protein involved in cell signaling, oxidative stress and 

autophagy (Bjørkøy et al., 2006; Komatsu et al., 2010; Seibenhener et al., 2007). P62 

is found to interact with ubiquitin, providing a scaffold for several signaling proteins 

and triggering degradation of proteins through the proteasome or lysosome 

(Vadlamudi et al., 1996). Protein aggregates formed by p62 can be degraded by the 

autophagosome (Bjørkøy et al., 2005; Bjørkøy et al., 2006). Light Chain 3 (LC3) is 

identified as a subunit of microtubule-associated proteins and considered as 

indicators of autophagy (Kabeya et al., 2004) when the conversion of LC3-I to LC3-II, 

the lower migrating form occurs. P62 binds to autophagosomal membrane protein 

LC3, bringing p62-containing protein aggregates to the autophagosome (Pankiv et al., 
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2007). P62 can also interact with Keap1, which is a cytoplasmic inhibitor of Nrf2, a 

key transcription factor involved in cellular responses to oxidative stress (Komatsu et 

al., 2010). Thus, accumulation of p62 can lead to an increase in Nrf2 activity. 

Nrf2 is a transcription factor involved in the regulation of HO-1 regulation (Li et al., 

2004). Under physiological conditions, Nrf2 is sequestered in the cytosol by Keap1, 

an adaptor of Cullin3-based E3 ligase (Cullin3) complex, and is ubiquitinated by 

Cullin3. Then the ubiquinated-Nrf2 is degraded by proteasome while the level of Nrf2 

is maintained at a basal level (Nguyen et al., 2005; Pintard et al., 2004). However, 

under stressful or electrophilic conditions, Keap1 detaches from the complex and 

Nrf2 is released. Nrf2 accumulates in the cytoplasm and translocates into the nucleus, 

which will activate the related downstream gene expression. The free Keap1 will then 

degraded by autophagy mediated by the p62 and LC3 (Ichimura et al., 2013).  

Previous studies have shown that CA could inhibit HCV replication through blocking 

HCV entry (Tanida et al., 2015), but detailed mechanism is not yet clarified. Here, we 

show that CA could inhibit HCV replication by increasing p62 expression through 

activating Keap1/Nrf2 pathway and triggering IFNα antiviral response. 

2. Materials and methods 

2.1. Cell culture and reagents 

Huh7.5.1 was maintained in the DMEM medium containing 10% fetal bovine serum, 

100 U/ml penicillin and 100 μg/ml streptomycin. Con1（HCV subgenomic replicon 

system, genotype 1b） (Lohmann et al., 1999)cells were cultured in DMEM 

supplemented with 0.5mg/ml geneticin. All cells were incubated at 37°C with 5% of 

CO2. 

Antibodies, anti-NS5B, anti-β-actin antibodies were purchased from Abcam (United 

Kingdom); anti-HO-1, anti-Nrf2, anti-Keap1, anti-p62, anti-phosphorylated-p62, 

anti-LC3 and anti-Cullin E3 ligase(Cullin3) antibody were purchased from Cell 

Signaling Technology (USA). Caffeic acid was purchased from Sigma Aldrich (USA); tin 

protoporphyrin IX (SnPP), rapamycin, MG132 were purchased from Selleck (USA).  

2.2. The amplification, purification, storage and infection of HCV virus 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

J399EM, a JFH-1 based adaptive strain in which an EGFP gene was inserted into NS5A 

(Han et al., 2009) is employed to infect Huh7.5.1 cells at a MOI of 0.01. Six hours later, 

viral supernatants were replaced with fresh medium. Cells were passaged every 3-5 

days. Medium was harvested 8-9 days postinfection. Cell debris was removed by 

centrifugation and filtration. 

Confluent cultures of cells were inoculated with J399EM medium at a MOI of 0.1. Six 

hours later, supernatants were replaced with fresh culture medium with or without 

compounds, and cultured for 3 days. Then the medium was removed and the 

absorbance was read at a microplate reader (PerkinElmer). 

2.3. HCV subgenomic replicon assay 

Confluent cultures of Con1 cells were treated with different doses of compounds for 

72 hours. Then the intracellular RNA and proteins were extracted and subjected to 

reverse transcription and western blot respectively to evaluate the effect of CA on 

HCV replication. 

HCV titration, infection 

Endpoint dilution assays (EDA) were used to determine the virus titers (Zhong et al., 

2005). For the EDAs, Huh7.5.1 cells were seeded into 96-well plates at a density of 

1×104 cells/well. Viral supernatants were 10-fold diluted serially in complete growth 

medium and were used to infect the cells at an MOI of 0.1. Six hours later, 

supernatants were replaced with fresh medium. Following 3 days of incubation, the 

cells were monitored and EGFP fluorophores within cells were counted using a 

fluorescence microscope (Nikon). 

2.4. Total RNA extraction, reverse transcription and quantitative PCR 

Intracellular and extracellular RNA were extracted using QIAamp RNeasy kit and 

QIAamp Viral RNA Mini kit (Qiagen), respectively according to the manufacturer’s 

protocols. RNA was subjected to reversed transcription and quantitative real time 

polymerase reaction (qPCR) using the ABI 7900HT Real-Time PCR System (UK). 

GAPDH gene was employed as the endogenous control for normalization in all 

qRT-PCR analyses. The primer sequences were listed below. 
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Target gene Sequences 

2a f GCGCGCTCTAGACCCGCCCCTAATAGGGGCGACACTCCGCC 

2a r GGA AACCAAGCTGCCCATCA 

1b f    GGA AACCAAGCTGCCCATCA 

1b r  CCTCCACGGATAGAAGTTTA 

GAPDH f GGTATC GTG GAA GGACTCATGAC 

GAPDH r ATGCCAGTG AGCTTCCCGTTCAGC 

IFN2 f ATTCGTATGCCAGCTCACCT 

IFN2 r CAGCATGGTCCTCTGTAAGGG 

OAS1 f             CAAGCTCAAGAGCCTCATCC 

OAS1 r TGGGCTGTGTTGAAATGTGT 

OAS2 f ACAGCTGAAAGCCTTTTGGA 

OAS2 r GCATTAAAGGCAGGAAGCAC 

OAS3 f ATCAAGGTGGTCAAGGAGCG 

OAS3 r  TAGACTTGAGAGCTGGGC CT 

PKR f ATGATGGAAAGCGAACAAGG 

PKR r GAG ATGATGCCATCC CGTAG 

2.5. Western Blot 

Cells were harvested by trypsin, pelleting and subsequent lysis in RIPA lysis buffer 

(Beyotime Biotechnology, China), and the lysates were then boiled and processed as 

described in (Yu et al., 2014). Specific antibodies were used to detect different target 

proteins. 

2.6. Nuclear protein extraction 

Nuclear protein was extracted using NE-PER Nuclear and Cytoplasmic Extraction 

Reagents (ThermoFisher, USA) according to the manufacturer’s protocol. Briefly, cell 

pellets were collected and subject to CER I, CER II and NER reagents for lysis. To begin 

with, cell pellets were suspended in CER I and incubated in ice for 10 minutes. Then 

the pre-chilled CER II was added and vortexed thoroughly. After 1 minute on ice, the 

tube is centrifuged at maximum speed for 10 minutes. The supernatants 
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(cytoplasmic extract) were transferred immediately to a clean tube and store at -80 

degree. The insoluble pellets remained were suspended in pre-chilled NER and 

vortexed thoroughly every 10 minutes for 3 times. After centrifugation, the 

supernatant was also transferred to a clean pre-chilled tube and stored at -80 

degree.  

2.7. Cytotoxicity assay 

Confluent culture of cells were treated with or without caffeic acid for 72 hours. Then, 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] was added 4 

hours before the end of culture, and then cells were lysed with 10% SDS, 50% 

N,N-dimethyl formamide (pH 7.2). OD values were read at 570 nm 6 hours later, and 

the percent of cell death was calculated(Xu et al., 2014). 

2.8. Statistical analysis 

Results of experiments were presented as means ± SD. Student’s t-test was used to 

analyze the statistical differences using the GraphPad Prism Software (San Diego 

California, USA). The level of significant difference was set at *p<0.05; **p< 0.01; 

***P<0.001. 

3. Results 

3.1. Caffeic acid inhibited HCV replication 

To evaluate the antiviral activity of CA, Huh7.5.1 cells infected with J399EM virus and 

Con1 cells were treated with different dose of caffeic acid for 72 hours. Results 

showed that CA markedly inhibited J399EM replication without significantly 

interfering the viability of cells (Figure1A and 1B). The half maximal inhibitory 

concentration (IC50) and the half maximal cytotoxic concentration (CC50) was 

100±20μM, 1600±30μM respectively. Similar results were obtained in Con1 cells. As 

shown in Figure 1, HCV RNA（Figure 1C） and protein level（Figure 1D） were notably 

decreased upon CA treatments. 

3.2. Caffeic acid enhanced HO-1 expression  

Caffeic acid has long been known for its antioxidant activity (Gulcin, 2006; Migliori et 

al., 2015). HO-1 is one of the key antioxidant enzymes, and some studies have shown 
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that the induction of HO-1 could lead to the increase of biliverdin (Lehmann et al., 

2010), and biliverdin will trigger IFN-a antiviral response (Lehmann et al., 2010). 

Therefore, we tried to examine whether CA could modulate HO-1 expression in Con1 

cells. A dose-dependent increase of HO-1 RNA expression (Figure 2A) and protein 

expression (Figure 2B) were detected, which confirmed the induction of HO-1. 

3.3. HO-1 is required for Caffeic acid to inhibit HCV replication 

To investigate if the antiviral effects of CA is associated with HO-1 induction, Con1 

cells were treated with different concentrations of SnPP (an HO-1 inhibitor) in the 

presence of CA (400μM) for 3 days. Immunoblot assay and qRT-PCR were employed 

to assess the effects of combination treatments on HCV protein and RNA expression 

level. HCV RNA （Figure 2C）and protein expression（Figure 2D） was restored after 

the addition of SnPP and the restored effect was correlated with the concentration of 

SnPP, although HO-1 expression was not markedly downregulated (Figure 2D). 

Collectively, these results indicated that CA increased the expression of HO-1 which 

contributed to CA’s antiviral activity. 

3.4. Caffeic acid enhanced IFNα related gene expression 

It was previously shown that biliverdin, a product of heme degradation by HO-1, 

could inhibit HCV replication by eliciting the IFNα antiviral response (Zhu et al., 2010).  

Therefore, efforts were made to investigate whether CA could induce IFNα antiviral 

response. The results showed that CA treatment increased the mRNA expression 

levels of IFNα-mediated antiviral genes (Figure 3A), including 2’-5’-oligoadenylate 

synthetase1 (OAS1), OAS2, OAS3, IFNα2 and PKR (Der et al., 1998). Besides, an 

increase in OAS1 and PKR protein expression level were also observed (Figure 3B). 

Collectively, we concluded that CA could trigger the IFNα antiviral response at in 

mRNA and protein level to inhibit HCV replication. 

3.5. Caffeic acid triggered the upregulation and translocation of Nrf2 to increase 

Ho-1 expression 

Next attention was paid to study the pathway modulating HO-1 expression. Nrf2 is 

one of the upstream transcription factors that can activate HO-1 expression (Alam et 

al., 1999). To investigate whether Nrf2 is involved in CA-mediated HO-1 upregulation, 
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the Nrf2 expression was tested in CA-treated Con1 cells. Upon CA treatments, an 

increasing accumulation of total Nrf2 and nuclear Nrf2 were found in a dose 

dependent manner (Figure 4A and 4B). When Nrf2 expression was abrogated by Nrf2 

siRNA, HO-1 was decreased correspondingly, and the decreased NS5B expression was 

reversed (Figure 4C). Taken together, the results indicated that CA could induce HO-1 

expression via Nrf2 activation. 

3.6. Caffeic acid decreased Keap1 expression, in which p62 was involved 

To investigate the role of Keap1 in CA-mediated Nrf2 activation (Itoh et al., 1999), CA 

was used to treat Con1 cells. And a decreased expression of Keap1 was observed in 

CA-treated Con1 cells (Figure 5A). 

P62 is an autophagy substrate that can bind to Keap1, leading to the degradation of 

Keap1 via selective autophagy (Komatsu et al., 2010; Lau et al., 2010; Taguchi et al., 

2012). P62 expression was elevated after the treatment of CA for three days (Figure 

5B). In addition, Results show that phosphorylation of p62 (p-p62) was concomitantly 

enhanced (Figure 5B), which will increase the binding affinity of p62 for Keap1 and 

further contribute to Keap1 degradation (Ichimura et al., 2013). Along with this, the 

expression of Cullin3, an adaptor protein responsible for protein ubiquitination 

showed no marked change (Figure 5B). On the other hand, the induction and 

activation of LC3, a marker of autophagy was also observed which indicated the 

involvement of autophagy (Figure 5B). Collectively, CA could increase p62 expression 

and its phosphorylation and thus enhance Keap1 degradation. 

To investigate the role of p62 phosphorylation on Keap1 degradation (Ichimura et al., 

2013), rapamycin, an mTORC1 kinase inhibitor, was used to treat Con1 cells in the 

presence of CA. Upon combinational treatment, p62 and p-p62 expression were 

abolished dose-dependently and the decreased expression of Keap1 was also slightly 

restored (Figure 6A). And the proteasome inhibitor, MG132 was also used to 

investigate the role of the proteasome in CA-mediated Keap1 degradation. Results 

showed that Keap1 remained unchanged upon MG132 treatments in the presence of 

CA (Figure 6B), which confirmed that Keap1 degradation was not due to the 

proteasome degradation. In addition, p62 siRNA was used to knock down p62 
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expression. Consistent with rapamycin treatments, Keap1 expression was also 

restored, which indicated the involvement of p62 in CA-mediated Keap1 degradation 

(Figure 6C). Taken together, we concluded that p62 was required for Keap1 

degradation. 

4. Discussion 

In this study, we showed that CA could inhibit HCV replication in HCV replicon (1b) 

and infectious J399EM system (Figure 1) (Han et al., 2009; Lohmann et al., 1999) by 

increasing HO-1 expression (Figure 2), which led to the downstream activation of 

IFNα antiviral response (Figure 3). Following that, we further uncovered CA could 

activate Nrf2 to induce HO-1 expression (Figure 4). When cells were transfected with 

Nrf2 siRNA, HO-1 expression was notably abrogated (Figure 4) and the CA-mediated 

downregulation of HCV protein was restored, suggesting HO-1 was induced by Nrf2 

and required for CA’s antiviral effects. In line with Pang et al. (Pang et al., 2016), we 

also found that CA could decrease Keap1 expression (Figure 5), and this will 

subsequently contribute to the release and accumulation of Nrf2 and its 

translocation from the cytoplasm into nucleus to induce related gene expression. 

Moreover, the accumulation of p62, an adaptor protein responsible for Keap1 

degradation was also observed after the treatment of CA (Figure 5). Along with this, 

the phosphorylated p62 was also upregulated. Due to the involvement of mTORC1 in 

p62 phosphorylation (Ichimura et al., 2013), rapamycin, an mTORC1 inhibitor was 

used to investigate whether it could interrupt p62 phosphorylation. The Keap1 

expression was partly but not completely reversed upon rapamycin treatments, 

possibly because rapamycin is both an autophagy inducer and mTORC1 inhibitor (Li 

et al., 2013). The rapamycin’s inhibitory effects on p62 phosphorylation and then 

Keap1 degradation was partially counteracted by the enhanced autophagy caused by 

rapamycin. p-p62 and p62 expression decreased when cells were treated with 

rapamycin in the presence of CA (Figure 6A)，possibly because p62 is a downstream 

target of the transcription factor Nrf2 (Jain et al., 2010). The inhibition of p62 

phosphorylation had led to the stabilization of Keap1 and then the proteasomal 
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degradation of the Nrf2, and thus the downregulation of p62. Similar results were 

also obtained using siRNA of p62 (Figure 6C). The knockdown of p62 led to less 

binding of p62 for Keap1, thus more Keap1 was stabilized. More Keap1 retained in 

cytoplasm, more proteasomal degradation of the Nrf2. Therefore, less Nrf2 will 

translocate into the nucleus to induce p62 expression. To exclude the possibility that 

Keap1 might be degraded via the proteasome pathway, a proteasome inhibitor, 

MG132 was employed to investigate the role of the proteasome in Keap1 

degradation. We found that Keap1 remained unchanged upon MG132 treatments in 

the presence of CA (Figure 6B). The proposed model of the mechanism of CA’s 

anti-HCV effect has been presented in Figure 7. 

Prevalence of oxidative stress during HCV replication is widely observed (Ivanov et al., 

2013; Wang and Weinman, 2013). It was shown that most of the HCV-related 

proteins, including nonstructural and structural proteins, were involved in the 

induction of oxidative stress (Ivanov et al., 2011; Pal et al., 2010), and oxidative stress 

has been long considered as a choice of anti-HCV strategy. The Keap1/Nrf2 signaling 

pathway is one of the important antioxidant pathways that can directly regulate the 

expression of a series of antioxidant enzymes, including superoxide dismutase (SOD), 

glutathione peroxidase, NADPH : quinone oxidoreductase (NQO1), HO-1 (Tripathi and 

Jena, 2010). CA has been well known for its antioxidant effects (Gulcin, 2006; Migliori 

et al., 2015). We found that CA could trigger HO-1 expression via Keap1/Nrf2 

pathway. As for the reason why CA can activate the Keap1/Nrf2 signaling pathway, it 

can possibly be explained by that CA is a kind of compound possessing electrophilic 

carboxyl group. Upon exposure to CA, carboxyl group of CA reacts with cysteine 

sulfhydryl groups of Keap1 leading to the change of Keap1 conformation and the 

dissociation of Keap1 from Nrf2, and then activation of Nrf2 (Dinkova-Kostova et al., 

2002; Eggler et al., 2005; Holland and Fishbein, 2010; Marino and Gladyshev, 2012). 

Then the released Keap1 was degraded by the p62-mediated selective autophagy 

(Ichimura et al., 2013; Taguchi et al., 2012). 

In addition to Keap1, there still exist several factors that are involved in regulating 

Nrf2 activity, including phosphorylation of Nrf2 by various protein kinases, like 
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protein kinase C (PKC)(Huang et al., 2002), phosphatidylinositol 3-kinase (PI3K/Akt), 

GSK-3β(Rada et al., 2011), c-Jun N-terminal kinase (JNK)(Yuan et al., 2006), 

extracellular signal-regulated kinase (ERK) (Yuan et al., 2006). Besides, Protein 

partners (p21)(Chen et al., 2009), caveolin-1(Zheng et al., 2012) and epigenetic 

factors (micro-RNAs)(Sangokoya et al., 2010; Yang et al., 2011) also play a role in the 

regulation of Nrf2 activity. Because biliverdin can exert anti-HCV effects through 

impairing HCV NS3/4A proteinase activity (Zhu et al., 2010) CA could possibly inhibit 

HCV NS3/4A proteinase activity. Further work is needed to elucidate the role of these 

factors in CA’s antiviral effects. The uncover of mechanism of CA pharmacological 

effects may encourage a wider application of CA due to its diverse pharmacological 

effects and may also lay the foundation for the further optimization of CA structure. 

Taken together, our results showed that CA could inhibit HCV replication, which was 

mediated by the induction of HO-1 through Keap1/Nrf2 pathway. The increased 

expression of HO-1 will lead to the activation of IFNα antiviral response and thus 

block HCV replication. 

5. Acknowledgements 

The work was funded by the National Basic Research Program of China (973 Program) 

(2013CB911104). 

We are grateful to Dr XW Chen (State Key Laboratory of Virology, Wuhan Institute of 

Virology, Chinese Academy of Sciences, Wuhan, People’s Republic of China) for 

providing Huh 7.5.1 cell lines, HCV replicon Con1 cell lines, J399EM and JFH vectors 

and viruses. 

6. Conflicts of interests 

We declared no conflicts of interest concerning the authorship of this piece of paper. 

7. References 

Alam, J., Stewart, D., Touchard, C., Boinapally, S., Choi, A. M. K., and Cook, J. L. (1999). Nrf2, a 

Cap’n’Collar Transcription Factor, Regulates Induction of the Heme Oxygenase-1 Gene. Journal of 

Biological Chemistry 274, 26071-26078. 

Bjørkøy, G., Lamark, T., Brech, A., Outzen, H., Perander, M., Øvervatn, A., Stenmark, H., and Johansen, 

T. (2005). p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

on huntingtin-induced cell death. The Journal of Cell Biology 171, 603. 

Bjørkøy, G., Lamark, T., and Johansen, T. (2006). p62/SQSTM1: A Missing Link between Protein 

Aggregates and the Autophagy Machinery, Vol 2). 

Boerjan, W., Ralph, J., and Baucher, M. (2003). Lignin Biosynthesis. Annual Review of Plant Biology 54, 

519-546. 

Braillon, A. (2015). Interferon-free treatments against HCV are far from free. The Lancet 386, 856. 

Carrieri, M. P., Protopopescu, C., Marcellin, F., Rosellini, S., Wittkop, L., Esterle, L., Zucman, D., Raffi, F., 

Rosenthal, E., Poizot-Martin, I., et al. Protective effect of coffee consumption on all-cause mortality of 

French HIV-HCV co-infected patients. Journal of hepatology. 

Chao, C. y., Mong, M. c., Chan, K. c., and Yin, M. c. (2010). Anti‐glycative and anti‐inflammatory 

effects of caffeic acid and ellagic acid in kidney of diabetic mice. Molecular Nutrition & Food Research 

54, 388-395. 

Chen, W., Sun, Z., Wang, X.-J., Jiang, T., Huang, Z., Fang, D., and Zhang, D. D. (2009). Direct Interaction 

between Nrf2 and p21Cip1/WAF1 Upregulates the Nrf2-Mediated Antioxidant Response. Molecular 

cell 34, 663-673. 

Choi, J. (2012). Oxidative stress, endogenous antioxidants, alcohol, and hepatitis C: pathogenic 

interactions and therapeutic considerations. Free Radical Biology and Medicine 52, 1135-1150. 

Der, S. D., Zhou, A., Williams, B. R. G., and Silverman, R. H. (1998). Identification of genes differentially 

regulated by interferon α, β, or γ using oligonucleotide arrays. Proceedings of the National Academy of 

Sciences 95, 15623-15628. 

Dinkova-Kostova, A. T., Holtzclaw, W. D., Cole, R. N., Itoh, K., Wakabayashi, N., Katoh, Y., Yamamoto, M., 

and Talalay, P. (2002). Direct evidence that sulfhydryl groups of Keap1 are the sensors regulating 

induction of phase 2 enzymes that protect against carcinogens and oxidants. Proceedings of the 

National Academy of Sciences 99, 11908-11913. 

Eggler, A. L., Liu, G., Pezzuto, J. M., van Breemen, R. B., and Mesecar, A. D. (2005). Modifying specific 

cysteines of the electrophile-sensing human Keap1 protein is insufficient to disrupt binding to the Nrf2 

domain Neh2. Proceedings of the National Academy of Sciences of the United States of America 102, 

10070-10075. 

Gulcin, I. (2006). Antioxidant activity of caffeic acid (3,4-dihydroxycinnamic acid). Toxicology 217, 

213-220. 

Han, Q., Xu, C., Wu, C., Zhu, W., Yang, R., and Chen, X. (2009). Compensatory mutations in NS3 and 

NS5A proteins enhance the virus production capability of hepatitis C reporter virus. Virus research 145, 

63-73. 

Hoffman, B., and Liu, Q. (2011). Hepatitis C viral protein translation: mechanisms and implications in 

developing antivirals. Liver International 31, 1449-1467. 

Holland, R., and Fishbein, J. C. (2010). Chemistry of the Cysteine Sensors in Kelch-Like ECH-Associated 

Protein 1. Antioxidants & Redox Signaling 13, 1749-1761. 

Huang, H.-C., Nguyen, T., and Pickett, C. B. (2002). Phosphorylation of Nrf2 at Ser-40 by Protein Kinase 

C Regulates Antioxidant Response Element-mediated Transcription. Journal of Biological Chemistry 

277, 42769-42774. 

Ichimura, Y., Waguri, S., Sou, Y. S., Kageyama, S., Hasegawa, J., Ishimura, R., Saito, T., Yang, Y., Kouno, T., 

Fukutomi, T., et al. (2013). Phosphorylation of p62 activates the Keap1-Nrf2 pathway during selective 

autophagy. Molecular cell 51, 618-631. 

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel, J. D., and Yamamoto, M. (1999). Keap1 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

represses nuclear activation of antioxidant responsive elements by Nrf2 through binding to the 

amino-terminal Neh2 domain. Genes & Development 13, 76-86. 

Ivanov, A. V., Bartosch, B., Smirnova, O. A., Isaguliants, M. G., and Kochetkov, S. N. (2013). HCV and 

Oxidative Stress in the Liver. Viruses 5, 439-469. 

Ivanov, A. V., Smirnova, O. A., Ivanova, O. N., Masalova, O. V., Kochetkov, S. N., and Isaguliants, M. G. 

(2011). Hepatitis C Virus Proteins Activate NRF2/ARE Pathway by Distinct ROS-Dependent and 

Independent Mechanisms in HUH7 Cells. PloS one 6, e24957. 

Jain, A., Lamark, T., Sjøttem, E., Bowitz Larsen, K., Atesoh Awuh, J., Øvervatn, A., McMahon, M., Hayes, 

J. D., and Johansen, T. (2010). p62/SQSTM1 Is a Target Gene for Transcription Factor NRF2 and Creates 

a Positive Feedback Loop by Inducing Antioxidant Response Element-driven Gene Transcription. 

Journal of Biological Chemistry 285, 22576-22591. 

Kabeya, Y., Mizushima, N., Yamamoto, A., Oshitani-Okamoto, S., Ohsumi, Y., and Yoshimori, T. (2004). 

LC3, GABARAP and GATE16 localize to autophagosomal membrane depending on form-II formation. 

Journal of Cell Science 117, 2805. 

Kardashian, A. A., and Pockros, P. J. (2017). Novel emerging treatments for hepatitis C infection: a 

fast-moving pipeline. Therapeutic Advances in Gastroenterology 10, 277-282. 

Komatsu, M., Kurokawa, H., Waguri, S., Taguchi, K., Kobayashi, A., Ichimura, Y., Sou, Y.-S., Ueno, I., 

Sakamoto, A., Tong, K. I., et al. (2010). The selective autophagy substrate p62 activates the stress 

responsive transcription factor Nrf2 through inactivation of Keap1. Nat Cell Biol 12, 213-223. 

Lau, A., Wang, X.-J., Zhao, F., Villeneuve, N. F., Wu, T., Jiang, T., Sun, Z., White, E., and Zhang, D. D. 

(2010). A Noncanonical Mechanism of Nrf2 Activation by Autophagy Deficiency: Direct Interaction 

between Keap1 and p62. Molecular and Cellular Biology 30, 3275-3285. 

Lehmann, E., El-Tantawy, W. H., Ocker, M., Bartenschlager, R., Lohmann, V., Hashemolhosseini, S., 

Tiegs, G., and Sass, G. (2010). The heme oxygenase 1 product biliverdin interferes with hepatitis C 

virus replication by increasing antiviral interferon response. Hepatology 51, 398-404. 

Li, N., Alam, J., Venkatesan, M. I., Eiguren-Fernandez, A., Schmitz, D., Di Stefano, E., Slaughter, N., 

Killeen, E., Wang, X., Huang, A., et al. (2004). Nrf2 Is a Key Transcription Factor That Regulates 

Antioxidant Defense in Macrophages and Epithelial Cells: Protecting against the Proinflammatory and 

Oxidizing Effects of Diesel Exhaust Chemicals. The Journal of Immunology 173, 3467. 

Li, X. U. E., Wu, D. I., Shen, J., Zhou, M., and Lu, Y. A. N. (2013). Rapamycin induces autophagy in the 

melanoma cell line M14 via regulation of the expression levels of Bcl-2 and Bax. Oncology Letters 5, 

167-172. 

Lohmann, V., Körner, F., Koch, J. O., Herian, U., Theilmann, L., and Bartenschlager, R. (1999). 

Replication of Subgenomic Hepatitis C Virus RNAs in a Hepatoma Cell Line. Science 285, 110. 

Marino, S. M., and Gladyshev, V. N. (2012). Analysis and Functional Prediction of Reactive Cysteine 

Residues. Journal of Biological Chemistry 287, 4419-4425. 

Migliori, M., Cantaluppi, V., Mannari, C., Bertelli, A. A., Medica, D., Quercia, A. D., Navarro, V., Scatena, 

A., Giovannini, L., Biancone, L., and Panichi, V. (2015). Caffeic acid, a phenol found in white wine, 

modulates endothelial nitric oxide production and protects from oxidative stress-associated 

endothelial cell injury. PloS one 10, e0117530. 

Mullins, C., Gibson, W., and Klibanov, O. M. (2015). Harvoni (ledipasvir and sofosbuvir) for hepatitis C. 

The Nurse Practitioner 40, 22-26. 

Nguyen, T., Sherratt, P. J., Nioi, P., Yang, C. S., and Pickett, C. B. (2005). Nrf2 Controls Constitutive and 

Inducible Expression of ARE-driven Genes through a Dynamic Pathway Involving Nucleocytoplasmic 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Shuttling by Keap1. Journal of Biological Chemistry 280, 32485-32492. 

Otterbein, L. E., Soares, M. P., Yamashita, K., and Bach, F. H. (2003). Heme oxygenase-1: unleashing the 

protective properties of heme. Trends in immunology 24, 449-455. 

Pal, S., Polyak, S. J., Bano, N., Qiu, W. C., Carithers, R. L., Shuhart, M., Gretch, D. R., and Das, A. (2010). 

Hepatitis C virus induces oxidative stress, DNA damage and modulates the DNA repair enzyme NEIL1. 

Journal of Gastroenterology and Hepatology 25, 627-634. 

Pang, C., Zheng, Z., Shi, L., Sheng, Y., Wei, H., Wang, Z., and Ji, L. (2016). Caffeic acid prevents 

acetaminophen-induced liver injury by activating the Keap1-Nrf2 antioxidative defense system. Free 

Radical Biology and Medicine 91, 236-246. 

Pintard, L., Willems, A., and Peter, M. (2004). Cullin‐based ubiquitin ligases: Cul3–BTB complexes 

join the family. The EMBO Journal 23, 1681. 

Rada, P., Rojo, A. I., Chowdhry, S., McMahon, M., Hayes, J. D., and Cuadrado, A. (2011). SCF/β-TrCP 

Promotes Glycogen Synthase Kinase 3-Dependent Degradation of the Nrf2 Transcription Factor in a 

Keap1-Independent Manner. Molecular and Cellular Biology 31, 1121-1133. 

Sangokoya, C., Telen, M. J., and Chi, J.-T. (2010). microRNA miR-144 modulates oxidative stress 

tolerance and associates with anemia severity in sickle cell disease. Blood 116, 4338-4348. 

Taguchi, K., Fujikawa, N., Komatsu, M., Ishii, T., Unno, M., Akaike, T., Motohashi, H., and Yamamoto, M. 

(2012). Keap1 degradation by autophagy for the maintenance of redox homeostasis. Proceedings of 

the National Academy of Sciences 109, 13561-13566. 

Tanida, I., Shirasago, Y., Suzuki, R., Abe, R., Wakita, T., Hanada, K., and Fukasawa, M. (2015). Inhibitory 

Effects of Caffeic Acid, a Coffee-Related Organic Acid, on the Propagation of Hepatitis C Virus. 

Japanese journal of infectious diseases 68, 268-275. 

Tripathi, D. N., and Jena, G. B. (2010). Effect of melatonin on the expression of Nrf2 and NF-κB during 

cyclophosphamide-induced urinary bladder injury in rat. Journal of Pineal Research 48, 324-331. 

Utsunomiya, H., Ichinose, M., Ikeda, K., Uozaki, M., Morishita, J., Kuwahara, T., Koyama, A. H., and 

Yamasaki, H. (2014). Inhibition by caffeic acid of the influenza A virus multiplication in vitro. 

International journal of molecular medicine 34, 1020-1024. 

Vadlamudi, R. K., Joung, I., Strominger, J. L., and Shin, J. (1996). p62, a Phosphotyrosine-independent 

Ligand of the SH2 Domain of p56lck, Belongs to a New Class of Ubiquitin-binding Proteins. Journal of 

Biological Chemistry 271, 20235-20237. 

Wang, G. F., Shi, L. P., Ren, Y. D., Liu, Q. F., Liu, H. F., Zhang, R. J., Li, Z., Zhu, F. H., He, P. L., Tang, W., et al. 

(2009). Anti-hepatitis B virus activity of chlorogenic acid, quinic acid and caffeic acid in vivo and in 

vitro. Antiviral research 83, 186-190. 

Wang, T., and Weinman, S. A. (2013). Interactions Between Hepatitis C Virus and Mitochondria: 

Impact on Pathogenesis and Innate Immunity. Current Pathobiology Reports 1, 179-187. 

Xu, Y.-B., Yang, L., Wang, G.-F., Tong, X.-K., Wang, Y.-J., Yu, Y., Jing, J.-F., Feng, C.-L., He, P.-L., Lu, W., et al. 

(2014). Benzimidazole derivative, BM601, a novel inhibitor of hepatitis B virus and HBsAg secretion. 

Antiviral research 107, 6-15. 

Yang, M., Yao, Y., Eades, G., Zhang, Y., and Zhou, Q. (2011). MiR-28 regulates Nrf2 expression through a 

Keap1-independent mechanism. Breast Cancer Research and Treatment 129, 983-991. 

Yu, Y., Jing, J. F., Tong, X. K., He, P. L., Li, Y. C., Hu, Y. H., Tang, W., and Zuo, J. P. (2014). Discovering novel 

anti-HCV compounds with inhibitory activities toward HCV NS3/4A protease. Acta pharmacologica 

Sinica 35, 1074-1081. 

Yuan, X., Xu, C., Pan, Z., Keum, Y.-S., Kim, J.-H., Shen, G., Yu, S., Oo, K. T., Ma, J., and Kong, A.-N. T. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

(2006). Butylated hydroxyanisole regulates ARE-mediated gene expression via Nrf2 coupled with ERK 

and JNK signaling pathway in HepG2 cells. Molecular Carcinogenesis 45, 841-850. 

Zheng, Y., Morris, A., Sunkara, M., Layne, J., Toborek, M., and Hennig, B. (2012). 

Epigallocatechin-gallate stimulates NF-E2-related factor and heme oxygenase-1 via caveolin-1 

displacement. The Journal of Nutritional Biochemistry 23, 163-168. 

Zhong, J., Gastaminza, P., Cheng, G., Kapadia, S., Kato, T., Burton, D. R., Wieland, S. F., Uprichard, S. L., 

Wakita, T., and Chisari, F. V. (2005). Robust hepatitis C virus infection in vitro. Proceedings of the 

National Academy of Sciences of the United States of America 102, 9294-9299. 

Zhu, Z., Wilson, A. T., Luxon, B. A., Brown, K. E., Mathahs, M. M., Bandyopadhyay, S., McCaffrey, A. P., 

and Schmidt, W. N. (2010). Biliverdin inhibits hepatitis C virus nonstructural 3/4A protease activity: 

mechanism for the antiviral effects of heme oxygenase? Hepatology 52, 1897-1905. 

 

8. Figures and legends 

Figure 1. CA inhibited HCV replication. Antiviral effects of CA were evaluated in 

infectious J399EM (2a) (A, B) and HCV replicon system Con1 (1b) cells (C, D). (A) 

Cytotoxicity of CA on Huh7.5.1 cells in the presence or absence of CA. Viability was 

determined with MTT assays, and presented as percentage of that of control cells. (B) 

The inhibitory effects of CA on infectious HCV system. Huh7.5.1 cells were infected 

with J399EM at a MOI of 0.1 and six hours later, the viral supernatants were replaced 

with various doses of CA and incubated for 72 hours. Then the fluorescence (OD 

value) was read out in a microplate reader. The OD value of control cells were 

considered as 100%. (C, D) HCV RNA and protein level were decreased by CA in Con1 

cells. Total cellular RNA and protein was extracted and subject to qRT-PCR and 

Western Blot, respectively. The absolute number of HCV RNA copies were detected 

and normalized to the internal control GAPDH. The NS5B and β-actin protein 

expression level was detected using specific antibodies. 

Figure 2. CA induced HO-1 expression to inhibit HCV replication. (A, B) HO-1 RNA and 

protein level was increased significantly upon CA treatments. The Con1 cells were 

treated with different concentrations of CA for three days, then the cells were 

collected, RNA and protein extracted and subject to RT-qPCR and Western Blot 

respectively. The absolute number of HO-1 RNA copies were detected and 

normalized to the internal control GAPDH. The β-actin expression was used as 

protein loading control. HCV RNA（C）and protein level（D） was restored by 
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treatment of SnPP, an HO-1 inhibitor in the presence of CA. The HCV RNA level was 

normalized to the internal control GAPDH and described as percentage of that of 

CA-untreated cells (control, considered as 100%). Data were presented as the means 

of normalized data ± standard deviations (error bars) based on at least three 

independent experiments. *p<0.05; ** p <0.01. 

Figure 3. CA triggered IFNα antiviral response. (A, B) CA induced IFNα related gene 

expression at mRNA and protein levels. Con1 cells were treated with indicated 

concentrations of CA for three days. The mRNA levels of specific genes were 

normalized to the internal control GAPDH and presented as percentage of that of 

CA-untreated cells. The PKR and OAS1 antibodies were used to evaluate their 

expression level. β-actin was used as a loading control. 

* p <0.05; **, p <0.01; *** p <0.001. 

Figure 4. CA activated Nrf2 to induce HO-1 expression. (A, B) CA increased Nrf2 

expression and led to Nrf2 accumulation in nucleus. N-Nrf2, Nrf2 in Nucleus; 

Cyto-Nrf2, Nrf2 in cytoplasm. (C) Nrf2 was required for CA-mediated HO-1 induction. 

The Con1 cells were treated with various concentrations of CA for three days. The 

total cellular protein and nuclear and cytoplasmic protein was subsequently 

extracted respectively. Antibodies for Nrf2, β-actin, LaminB, HO-1 were used to 

detect specific protein expression. 

Figure 5. CA downregulated Keap1 expression, in which p62 was involved. (A) CA 

decreased Keap1 expression in a dose-dependent way. (B) CA increased p62 to 

downregulate Keap1. Con1 cells were treated with indicated concentrations of CA for 

three days. Antibodies for Keap1, p62, Cullin3, LC3 were used to assess the protein 

expression level. 

Figure 6. The role of p62 in CA-mediated downregulation of Keap1. (A) Rapamycin 

(rapa), an mTORC1 inhibitor restored the decreased Keap1 caused by CA; (B) MG132, 

a proteinase inhibitor, didn’t reverse the decreased expression of Keap1. (C) p62 was 

required for CA-mediated Keap1 downregulation. Con1 cells were treated with CA 

with or without rapamycin, MG132, p62 siRNA (Si-p62) for three days. Antibodies for 

Keap1, p62, p-p62, β-actin were used to assess the protein expression level.  
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Figure 7. Scheme of the mechanism of CA’s antiviral effects. To begin with, CA leads 

to the induction of p62 and its phosphorylation, which contributes to Keap1’s 

degradation by p62-mediated autophagy. Then the decrease of Keap1 will disrupt the 

ubiquitination of Nrf2 and encourage its stabilization. The stabilized Nrf2 will 

accumulate in the cytoplasm and translocate into the nucleus to activate the related 

gene expression, including HO-1, and the induced HO-1 will lead to activation of the 

IFNα antiviral response and inhibition of HCV replication. 
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Highlights:Highlights:Highlights:Highlights:    

� CA inhibits HCV replication by inducing HO-1 expression and thus 

eliciting IFN˞ antivral response 

� CA activates Nrf2 to induce HO-1 expression  

� CA increases p62 expression and thus downregulates Keap1 

expression to activate Nrf2 

� Lay the foundation for a wider application of CA and the potential 

optimization of CA structure 

 


