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ABSTRACT The rabbit hemorrhagic disease virus (RHDV), which belongs to the
family Caliciviridae and the genus Lagovirus, causes lethal fulminant hepatitis in rab-
bits. RHDV decreases the activity of antioxidant enzymes regulated by Nrf2 in the
liver. Antioxidants are important for the maintenance of cellular integrity and cyto-
protection. However, the mechanism underlying the regulation of the Nrf2-
antioxidant response element (ARE) signaling pathway by RHDV remains unclear. Us-
ing isobaric tags for relative and absolute quantification (iTRAQ) technology, the
current study demonstrated that RHDV inhibits the induction of ARE-regulated
genes and increases the expression of the p50 subunit of the NF-�B transcription
factor. We showed that RHDV replication causes a remarkable increase in reactive
oxygen species (ROS), which is simultaneously accompanied by a significant de-
crease in Nrf2. It was found that nuclear translocation of Keap1 plays a key role in
the nuclear export of Nrf2, leading to the inhibition of Nrf2 transcriptional activity.
The p50 protein partners with Keap1 to form the Keap1-p50/p65 complex, which is
involved in the nuclear translocation of Keap1. Moreover, upregulation of Nrf2 pro-
tein levels in liver cell nuclei by tert-butylhydroquinone (tBHQ) delayed rabbit deaths
due to RHDV infection. Considered together, our findings suggest that RHDV inhibits
the Nrf2-dependent antioxidant response via nuclear translocation of Keap1-NF-�B
complex and nuclear export of Nrf2 and provide new insight into the importance of
oxidative stress during RHDV infection.

IMPORTANCE Recent studies have reported that rabbit hemorrhagic disease virus
(RHDV) infection reduced Nrf2-related antioxidant function. However, the regulatory
mechanisms underlying this process remain unclear. The current study showed that
the NF-�B p50 subunit partners with Keap1 to form the Keap1-NF-�B complex,
which plays a key role in the inhibition of Nrf2 transcriptional activity. More impor-
tantly, upregulated Nrf2 activity delayed the death of RHDV-infected rabbits,
strongly indicating the importance of oxidative damage during RHDV infection.
These findings may provide novel insights into the pathogenesis of RHDV.
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Rabbit hemorrhagic disease (RHD) is caused by the rabbit hemorrhagic disease virus
(RHDV), a nonenveloped single-stranded RNA virus. RHD is a highly contagious and

acutely infectious disease which is fatal to rabbits. This disease, first reported in China,
has spread worldwide (1–3), resulting in the deaths of millions of domestic and wild
adult rabbits.

A suitable cell culture capable of supporting authentic RHDV has not yet been
established. This has greatly impeded the investigation of mechanisms underlying the
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pathogenesis of RHDV. RHDV infections, characterized by disseminated intravascular
coagulation (DIC), hepatocellular apoptosis, and fulminant hepatic failure (FHF) (4–7),
cause high morbidity and mortality in rabbits (1, 8, 9). Over 90% of RHDV-infected adult
rabbits die due to FHF within 3 days of infection (10). More recently, due to the
similarity of most representative biochemical and histologic parameters as well as
clinical signs to those of human FHF, rabbit FHF, caused by experimental infection of
rabbits with RHDV, has become useful as the new animal FHF model (11).

Previous studies have reported that melatonin attenuates oxidative stress, in-
flammation, and apoptosis in RHDV-infected rabbit livers. The mechanism under-
lying such attenuation was found to be associated with the activation of antioxidant
enzymes and inhibition of endoplasmic reticulum (ER) stress (11, 12). Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) is a redox-sensitive transcription factor and a
master regulator of cytoprotective genes, including superoxide dismutase (SOD),
glutathione S-transferase (GST), and glutathione peroxidase (GPx) (13–17). Nrf2 has
been shown to protect against drug- and hepatitis virus-induced liver injury,
indicating that activation of Nrf2 confers protection against oxidative stress in
diseases associated with reactive oxygen species (ROS) and inflammation (16).
Although it has been reported that Nrf2 is essential for reducing oxidative stress
and preventing a reduction of antioxidant enzyme activity in RHDV-induced liver
injury, the role of oxidative stress in the occurrence and development of RHD
requires clarification. The mechanism by which RHDV infection suppresses Nrf2-
mediated antioxidant response in the liver remains unknown.

Keap1 is a key induction suppressor of Nrf2 in the Nrf2-antioxidant response
element (ARE) signaling pathway. Keap1 acts as an adaptor protein between Nrf2 and
Cul3, which sequesters Nrf2 in the cytoplasm and promotes continuous degradation of
Nrf2 by the proteasome under normal conditions (18–21). Covalent modification of
Keap1 results in reduced ubiquitination of Nrf2, leading to its accumulation (22).
Modification of Keap1 cysteine residues via alkylation also activates the transcription
factor, Nrf2 (23). Moreover, upon recovery of cellular redox homeostasis, Keap1 trans-
locates to the nucleus to dissociate Nrf2 from the ARE (24). In addition, the nuclear
export sequence (NES) in Keap1 is required for termination of Nrf2-ARE signaling via
nuclear export of Nrf2, resulting in the degradation of Nrf2 (24). These reports sug-
gested that Keap1 plays a key role in the nuclear export of Nrf2 as well as termination
of the Nrf2 signaling pathway.

The current study demonstrated that the oxidative stress response, induced by ROS
during RHDV infection, played a critical role in RHDV pathogenicity. Furthermore, our
data indicated that the p50/p65 and Keap1 interaction was involved in the nuclear
translocation of Keap1, which is important for the nuclear export and degradation of
Nrf2. These findings may provide new mechanistic insights into the pathogenesis of
RHDV in rabbits.

RESULTS
Proteomic analysis indicated that oxidative stress in the liver was induced by

RHDV at 18 hpi. In this trial, 18 rabbits (9 rabbits per experimental group) underwent
high-accuracy liquid chromatography-tandem mass spectrometry (LC-MS/MS) isobaric
tags for relative and absolute quantification (iTRAQ) analysis combined with strong
cation exchange (SCX). Using untargeted proteomic analysis, a total of 27,965 peptides
matching 4,169 proteins (1 or more unique peptides with a false-discovery rate [FDR]
of less than 0.01) were identified. Fold changes of proteins between normal and
RHDV-infected livers were determined via iTRAQ reporter ion ratios. At a threshold of
1.2-fold change and a P value of �0.05, significantly different expression levels between
RHDV-infected livers and age-matched controls were detected in 68 proteins (32
upregulated and 36 downregulated) at 18 hours postinfection (hpi) (Fig. 1B; see Table
S1 in the supplemental material).

The iTRAQ data showed that antioxidant protein, GST, and NF-�B subunit 1 (p50)
were differentially expressed (Fig. 1C). In addition, another important antioxidant
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FIG 1 Proteomic analysis reveals that oxidative stress in the liver is induced by RHDV at 18 h postinfection. (A) Schematic of the experimental design.
Nine livers per group were collected; protein was extracted and pooled before iTRAQ labeling and subjected to mass spectrometric analysis. iTRAQ tags

(Continued on next page)

RHDV Inhibits Nrf2 Activity Journal of Virology

May 2020 Volume 94 Issue 10 e00016-20 jvi.asm.org 3

https://jvi.asm.org


protein, SOD1, exhibited a large fold change between the control and infection groups,
but the difference was not significant (Fig. 1C). The reason may have been the large
differences seen within the infection group itself (Table S1). In order to confirm these
results, Western blot analysis with �-actin as the housekeeping protein was used to
quantify the expression levels of GST, SOD1, and NF-�B1. Western blot analysis results
were consistent with those of the iTRAQ trial (Fig. 1D).

Liver injury was associated with oxidative stress in RHDV-infected livers. Blood
chemistry analyses indicated that alanine aminotransferase (ALT), aspartate transami-
nase (AST), lactate dehydrogenase (LDH), total bilirubin (T-Bil), and alkaline phospha-
tase (ALP) activities were all increased in RHDV-infected animals compared with those
in the control group. AST showed a significant difference at 18 hpi compared with the
control (0 hpi), while the others did so at 36 hpi (Fig. 2A). RHDV antigens were stained
brown during the immunohistochemical detection assay, indicating that the virus
replicated in a time-dependent manner (Fig. 2B). The mRNA level of RHDV was
consistent with that obtained via immunohistochemical detection, which demon-
strated again that RHDV replicated in a time-dependent manner (Fig. 2C). These results
indicated that liver injury had occurred starting from 18 hpi with RHDV.

Glutathione (GSH) and malondialdehyde (MDA) concentrations in different experi-
mental groups were analyzed as indicators of oxidative stress. GSH concentration was
significantly decreased at 36 hpi, while a marked increase was observed in the oxidized
glutathione (GSSG)/GSH ratio (Fig. 2D). The liver concentration of MDA also significantly
increased in RHDV-infected rabbits at 36 hpi (Fig. 2E). Infected animals showed a
progressive decrease in the activity of antioxidant enzymes, GPx and SOD1, at 36 hpi
(Fig. 2F and G). Changes in active oxygen content and intracellular ROS generation were
further analyzed using ROS fluorescent probe, dihydroethidium (DHE). The results
indicated that intracellular ROS generation had significantly increased with RHDV
infection (Fig. 2H).

Keap1 plays a key role in the nuclear export and degradation of Nrf2 in RHDV-
infected livers. Nrf2 expression in RHDV-infected livers was determined at different
time points. The results showed that both mRNA and protein levels of the transcription
factor, Nrf2, had undergone a significant reduction following RHDV infection (Fig. 3A
and B). Next, we analyzed changes in Nrf2 ubiquitination in the liver. Our results
suggested that Nrf2-ARE signaling was regulated via Nrf2 ubiquitination and degrada-
tion (Fig. 3C).

Previous studies have reported that Keap1 acts as a key postinduction repressor of
Nrf2 (24). In order to determine whether Keap1 is involved in nuclear export and
degradation of Nrf2 during RHDV infection, we investigated the localization of Keap1
and Nrf2 in liver cells. At 18 hpi, a significant increase in Keap1 protein levels was
observed in the cytosol and nuclei, indicating the importance of Keap1 protein in Nrf2
repression (Fig. 3D). Furthermore, Nrf2 and Keap1 were found to be colocalized in the
nucleus at 18 hpi, following which, nuclear export in the form of Nrf2-Keap1 complex
was observed at 36 hpi (Fig. 3E).

Nuclear translocation of Keap1 depends on interaction with NF-�B. The NF-�B
family carries homologous N-terminal Rel homology domain (RHD) for sequence-
specific DNA-binding, dimerization, and inhibitory protein binding functions (25–27).
The NF-�B subunit, p65, interacts with Keap1 to repress the Nrf2-ARE pathway, and the
N-terminal RHD is necessary for both interaction with Keap1 as well as suppression of
transcriptional activity (28). In our proteomic analysis, the NF-�B subunit, p50, changed
significantly at 18 hpi (Fig. 1B and C). In order to determine whether p50 plays a role
in the regulation of Nrf2 by Keap1, we assessed the interaction between p50 and Keap1

FIG 1 Legend (Continued)
113, 114, and 115 were used for C1, C2, and C3, and iTRAQ tags 116, 117, and 118 were used for T1, T2, and T3, respectively. Samples were fractionated
using strong cation exchange (SCX), and MS experiments were executed. (B) 68 differential expression proteins were detected via bioinformatics analysis
(�1.2-fold change and P value �0.05). (C) The 2 representative antioxidant proteins and 1 large fold change protein (NF-�B1 or p50) listed were (D) further
confirmed by Western blot analysis.
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FIG 2 Liver injury is associated with oxidative stress in RHDV-infected livers. (A) Effects of RHDV on blood chemistry (AST, ALT, LDH, T-Bil, and ALP
are shown) at indicated time points postinfection were detected. The values are expressed in comparison to the control (0 h). (B) Liver tissues
were harvested from RHDV-infected rabbits for antigen detection. Immunohistochemical staining with specific MAb 1B8 against RHDV was used
for antigen detection. The antigens are shown by arrows. (C) RHDV relative mRNA expression levels were detected. (D and E) The biochemical
markers (GSH, GSSG, GSSG/GSH, and MDA are shown) of liver oxidative stress were detected at different time points. (F and G) Activities of the
antioxidant enzymes, GPx and SOD1, were measured at different times postinfection. (H) Intracellular ROS generation was detected at indicated
times using DHE, a nonfluorescent cell-permeative compound, as a probe.
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in the presence or absence of RHDV infection. An immunoprecipitation (IP) assay using
anti-p50 specific polyclonal antibody showed that p50 and Keap1 were associated in
infected as well as uninfected liver cells (Fig. 4A). Next, pCI-Flag-Keap1 and pCI-p50-myc
eukaryotic expression plasmids were constructed and cotransfected into HEK293T cells,
following which, co-IP assays using anti-Myc monoclonal antibody (MAb) and anti-Flag
MAb, respectively, were conducted to determine whether p50 directly interacts with
Keap1. Western blot analysis using anti-Flag MAb and anti-Myc polyclonal antibodies
(PAb) displayed bands that corresponded with each other, indicating direct interaction
between p50 and Keap1 (Fig. 4B). In addition, Keap1 and p50 in liver cells were
colocalized in the nucleus at 18 hpi, following which, nuclear export of Keap1 was
observed at 36 hpi (Fig. 4C). These results showed that p50 specifically and directly
interacts with Keap1 and that p50 protein was involved in the nuclear translocation of
Keap1.

FIG 3 Keap1 is involved in nuclear export and degradation of Nrf2 in RHDV-infected livers. (A) Real-time PCR
was performed to detect the mRNA level of Nrf2. (B) Detection of Nrf2 proteins at 0, 18, and 36 h time points
postinfection using Western blot analysis. �-actin was employed as an internal control. (C) An IP assay was
performed using liver lysates at different time points. Nrf2 was isolated via immunoprecipitation with anti-Nrf2
MAb and analyzed using Western blots with antiubiquitin antibodies. (D) Detection of Keap1 proteins at
different time points postinfection in the cytosol and nuclei using Western blots. �-actin and lamin B1 were
employed as cytosol and nucleus internal controls, respectively. (E) Immunofluorescence localization analysis
of Nrf2 (green) and Keap1 (red). Slides of RHDV-infected liver incubated with Nrf2-specific MAb and
Keap1-specific PAb at 0, 18, and 36 h.
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To characterize the interaction between Keap1 and p50 protein alone, or Keap1 and
the p50/p65 complex, the plasmid pCI-p65-myc was constructed, and p65 protein was
also analyzed via assays. Both p50 and p65 interacted directly with Keap1 in RHDV-
infected livers and 293T cells (Fig. 4A and B). These results suggested that the 2
subunits of NF-�B (p50 and p65) directly and specifically interacted with Keap1 to form
the Keap1-p50/p65 complex during RHDV infections.

Activation of Nrf2 delayed the death of RHDV-infected rabbits. Tert-butylhydro-
quinone (tBHQ) treatment stabilized and increased Nrf2 protein levels and enhanced
Nrf2-mediated transcriptional activation and subsequent antioxidant protection (29). In
the challenge study, treating rabbits with tBHQ for 5 days before infection increased the
Nrf2 content in the liver compared to that in the untreated group at 36 hpi (Fig. 5A).
Activation of Nrf2 was indicated by an increase in Nrf2 protein levels in the nuclei (Fig.
5B). An assessment of SOD1 mRNA expression in the control and tBHQ groups also
indicated that the transcriptional activity of Nrf2 was enhanced before infection,
although SOD1 mRNA levels decreased with virus infection (Fig. 5C). Evaluation of an
observation period of 7 days indicated that the overall survival time of the tBHQ

FIG 4 Nuclear translocation of Keap1 depends on interaction with NF-�B. (A) p50 and p65 bind to Keap1 in RHDV livers. An IP assay was
performed on cell lysates using Keap1-specific PAb that were infected or uninfected with RHDV and then immunoblotted with MAb or
PAb against Nrf2 and Keap1. �-actin was employed as an internal control. (B) Validation of the interaction between Keap1 and p50/p65
by co-IP assay. 293T cells were cotransfected with plasmids expressing Flag-Keap1 and p50-myc or p65-myc. Cell lysates were prepared
at 48 h posttransfection. The proteins were immunoprecipitated using anti-Flag or anti-Myc MAbs and analyzed via Western blots with
MAbs against Myc or Flag. (C) Immunofluorescence localization analysis of Keap1 (red) and p50 (green). Slides of RHDV-infected livers
incubated with PAbs against Keap1 and p50 at 0, 18, and 36 h.
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treatment group was significantly prolonged compared to that of the RHDV infection
group (Fig. 5D). These data demonstrated that Nrf2 activation provided partial protec-
tion and delayed the death of RHDV-infected rabbits, suggesting that the oxidative
stress response induced by ROS during RHDV infection played an important role in
RHDV pathogenicity.

DISCUSSION

Previous studies have indicated that inflammation and apoptosis of the liver are
associated with RHDV pathogenicity. However, the mechanism underlying liver injury
during early infection remains unclear. Here, we provide direct evidence showing that
oxidative stress plays a key role in liver injury, especially in the early period of RHDV
infection, and that nuclear translocation of Keap1-NF-�B is critical for suppressing the
Nrf2-ARE pathway in hepatocytes.

Reportedly, RHDV RNA was found to be present in the liver of RHDV-infected rabbits
as early as 18 hpi, although the liver tested positive for viral antigens only at and after
36 hpi (30, 31). Histopathological analyses of the liver revealed that its first significant
lesions occurred at 30 hpi (31) and that most rabbits died between 36 and 54 hpi (9).
These results indicated that changes that occur in the liver between 18 and 36 h
following RHDV infection were critical for the pathogenicity of RHDV. A series of
differential proteins between RHDV-infected and uninfected livers were identified at 18
hpi via iTRAQ. It was found that 2 enzymes of the cellular defense system, GST, a phase
II detoxification enzyme, and SOD1, an antioxidant enzyme (32–34), both of which are
directly involved in ROS removal (35), were downregulated. Further studies demon-
strated that ROS in the liver increased substantially with RHDV replication in a time-
dependent manner. AST detection indicated liver injury occurring at 18 hpi, although
MDA, GSSG/GSH, and antioxidant enzymes were significantly increased only at 36 hpi.
These results indicated that oxidative stress injury to the liver was induced in RHDV-
infected rabbits at and after 18 hpi.

The expression of a variety of cytoprotective genes is regulated by AREs, wherein
Nrf2 is the central regulator of ARE-mediated gene expression. Nrf2 protects against
hepatitis virus-induced liver injury by regulating the expression of cytoprotective

FIG 5 tBHQ delaying the death of rabbits against RHDV infection via upregulated Nrf2 expression. (A)
Detection of Nrf2 protein in tBHQ-treated and untreated rabbits with RHDV-infected livers by Western
blot analysis. �-actin was employed as an internal control. (B) Detection of Nrf2 protein level changes in
the nuclei of tBHQ-treated and untreated rabbits. Lamin B1 was employed as an internal control. (C)
Detection of mRNA expression levels of the Nrf2-target gene SOD1 in liver tissues. (D) Survival of rabbits
infected with RHDV WF/China/2007. The tBHQ group received an intraperitoneal injection of tBHQ once
per day before RHDV infection for 5 days. Time points included 0, 18, and 36 h after RHDV infection. The
injection solution was prepared fresh every day. All rabbits were challenged subcutaneously with 2 � 104

hemagglutination units of RHDV and subsequently clinically examined daily for 7 days.
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genes, indicating that activation of Nrf2 confers protection against oxidative stress in
virus-induced liver diseases (36). Nrf2 degradation switched Nrf2-activated gene ex-
pression off (37). Keap1, which is mainly localized in the cytoplasm, is a known Nrf2
repressor protein that functions as an adaptor protein between Nrf2 and the E3 ligase
complex (Cul3) to facilitate Nrf2 degradation (18–21, 38). Keap1 regulates the Nrf2-
dependent antioxidant response during induction by modulating Nrf2 levels. Keap1 is
also critical for postinduction repression (24). The Keap1 protein is able to translocate
to the nucleus and dissociate Nrf2 from the ARE, causing the Nrf2-ARE pathway to turn
off (24).

In the current study, significant increases in MDA and the GSSG/GSH ratio demon-
strated the occurrence of oxidative stress in the liver. The decrease in GPx and SOD1
indicated suppression of Nrf2 activity. It was observed that Nrf2 protein levels were
reduced at 18 and 36 hpi. Nrf2 protein activity was inhibited along with virus replication
and liver injury. Moreover, an increase in ubiquitinated Nrf2 levels was observed in
RHDV-infected livers. In contrast, Keap1 protein levels in the cytoplasm and nuclei were
specifically increased and were also involved in the nuclear export of Nrf2 after RHDV
infection. Interestingly, Keap1 expression levels were decreased at 36 hpi compared to
those at 18 hpi in livers. Previous work reported that p62 serves as an autophagic cargo
receptor for Keap1, sequestering Keap1 protein in the developing phagophore for
degradation (39). During infection, RHDV-induced liver autophagy increases at 18 hpi,
reaching a maximum at 24 hpi and declining at 30 and 36 hpi (4). These results indicate
that autophagy at 36 hpi might be higher than that at 18 hpi, which could lead to a
decrease in Keap1 protein levels at 36 hpi compared to those at 18 hpi. This demon-
strates that RHDV represses the antioxidant response by regulating Nrf2 protein levels
via Keap1 to inhibit the Nrf2-ARE pathway.

NF-�B is activated in response to a wide range of stimuli, such as proinflammatory
cytokines and viral infections. NF-�B is a transcription factor that regulates various
cellular processes, including immune stress response and proliferation (40, 41). Several
studies have demonstrated that NF-�B activation antagonizes the Nrf2 pathway (28,
42). The NF-�B subunit, p65, deprives CBP of Nrf2 and facilitates the recruitment of
histone deacetylase 3 (HDAC3) to ARE (42) or connects with Keap1 to promote the
nuclear translocation of Keap1 to functionally inactivate Nrf2 (28). Follow-up studies are
warranted in order to elucidate the role of oxidative stress and NF-�B in RHDV
pathogenicity. Using iTRAQ, the current study found that the NF-�B p50 protein was
upregulated at 18 hpi with RHDV, indicating a change in NF-�B activity in the liver
during the early period of RHDV infection. Further studies showed that p50 and Keap1
were colocated in the nucleus, indicating an interaction between them. Furthermore,
co-IP experiments demonstrated that p50 directly and specifically interacts with Keap1,
indicating that p50 is a new partner of Keap1 and that not only p50, but also p65,
directly binds Keap1. These results indicated that NF-�B family proteins were important
regulatory factors of special biological functions associated with the Nrf2-ARE pathway.
Considered together, these results suggest that NF-�B (p50/p65) binds to Keap1,
forming the Keap1-p50/p65 complex, which plays a critical role in Nrf2-ARE pathway
regulation.

Antioxidants cause stabilization and nuclear translocation of Nrf2, which binds to
AREs and upregulates defensive genes that protect cells against oxidative stress.
Several studies have described the cytoprotective action of tBHQ under pathological
conditions in vitro as well as in vivo. Previous work reported that 50 to 100 mg/kg tBHQ
treatment or pretreatment can induce Nrf2 activation, preventing hepatic ischemia/
reperfusion injury and scrotal heat-induced damage (43–45). Nrf2 activation induced by
tBHQ also protects hepatocytes from lipotoxicity (46) and activates the augmenter of
liver regeneration (47). Cytoprotective actions of tBHQ were also confirmed by our
study via animal experiments. We detected antioxidant activities of tBHQ by inducing
the activation of Nrf2 and upregulating SOD1 expression. Following tBHQ injection,
rabbits were partially protected from RHDV assault, and their death was delayed. Thus,
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we speculate that tBHQ may reduce oxidative stress injury in the liver, thereby
protecting rabbits during RHDV infection.

In conclusion, the findings of this study indicated that nuclear export of Nrf2
mediated by Keap1 plays a key role in the pathogenic mechanism underlying RHD.
Keap1 binds with p50/p65 and translocates to the nucleus, where Keap1 induces the
nuclear export of Nrf2, leading to the inhibition of Nrf2 activity as well as antioxidant
response (Fig. 6). These results may enrich existing knowledge regarding the patho-
genic mechanisms of RHDV and provide important clues for the development of
antioxidant-based therapies of RHDV infection.

MATERIALS AND METHODS
Viruses and antibodies. WF/China/2007 (GenBank accession no. FJ794180), a virulent strain of RHDV

(48), was used to induce infection in rabbits. The VP60-specific MAb, 1B8, was prepared in our laboratory
as previously described (49). Nrf2 MAb and Keap1 PAb were purchased from Cell Signaling Technology
(Danvers, MA, USA). SOD1, GST, and p50 PAbs were purchased from Nanjing Sciben Biotechnology Co.
Ltd. (Nanjing, China). P65 and ubiquitin PAbs were purchased from Shanghai Beyotime Biotechnology
Co. Ltd. (Shanghai, China).

Cell culture and plasmid constructs. HEK293T cells were purchased from the American Tissue
Culture Collection (ATCC; Manassas, VA, USA). They were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% (vol/vol) fetal
bovine serum (FBS; Gibco). The Keap1 (GenBank accession no. XM_008251548), p50 (GenBank accession
no. XM_017347386), and p65 (GenBank accession no. NM_021975) sequences were amplified using
reverse transcription PCR (RT-PCR) from a rabbit liver cDNA library. Total RNA was extracted from liver
tissues using a total RNA kit I (Omega Bio-Tek, Inc., Norcross, GA), and 1 �g of RNA was used for cDNA
synthesis using a PrimeScript RT reagent kit (TaKaRa, Dalian, China) according to the manufacturer’s
instructions. The Keap1 gene was cloned into the pCMV-3Tag-1a vector (GenScript, Nanjing, China). The
p50 and p65 genes were cloned into the pCMV-3Tag-4a vector (GenScript). The resultant plasmids
pCMV-Flag-Keap1, pCMV-p50-myc, and pCMV-p65-myc were used to transfect the HEK293T cells with
Lipofectamine 3000 reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The primers used in this study are listed in Table 1.

RHDV infection in rabbits. For iTRAQ analysis, eighteen 8-week-old New Zealand white rabbits
(specific pathogen free [SPF]) purchased from Qingdao Kangda Rabbit Industry Development Co. Ltd.
(Qingdao, China) were randomly divided into 2 groups, the control group and the infection group.
Rabbits in the infection group were injected subcutaneously with 2 � 104 hemagglutination units (HAU;

FIG 6 The model of Nrf2-mediated repression of antioxidant responses in RHDV-infected livers. First, Keap1
interacts with NF-�B (p50/p65) to form a complex in liver cells. RHDV infection induces oxidative stress in livers, and
the Keap1-p50/p65 complex translocates into the nucleus to facilitate the dissociation of Nrf2 from the ARE. Then,
the Keap1-Nrf2 complex separates from p50/p65 and is exported from the nucleus. Finally, ubiquitination and
degradation of Nrf2, mediated by Keap1, occur. In addition, activation of Nrf2 by the antioxidant tBHQ upregulates
defensive genes that protect cells from oxidative stress.
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approximately 125 50% lethal doses [LD50]) (5, 9, 11, 50) of the RHDV isolate WF/China/2007. At 18 h
postinfection (hpi), 9 rabbits in the control and infection groups, respectively, were euthanized, and their
livers were immediately collected for iTRAQ analysis. In order to investigate molecular changes taking
place in the liver tissues of infected animals, 3 more rabbits from each group were euthanized at 0, 18,
and 36 hpi, following which, their liver samples were stored at �80°C or in liquid nitrogen. To study the
survival of antioxidant treatment, eleven 8-week-old rabbits were administered an intraperitoneal
injection of tBHQ (100 mg/kg body weight [43, 44] dissolved in 10 ml of 5% alcohol saline; Sigma, USA)
once a day for 5 days prior to RHDV infection. Next, the tBHQ-treated animals and 11 untreated rabbits
(control) were challenged with WF/China/2007. At 0, 18, and 36 hpi, 2 rabbits each of the tBHQ-treated
group and untreated group were euthanized, and their liver samples were stored at �80°C. The 5
remaining animals of both groups were left to die spontaneously for purposes of survival calculation.

The animals were handled according to the Standards for Laboratory Animals (GB14925-2001) and
Guideline on the Humane Treatment of Laboratory Animals (MOST 2006a) established by the People’s
Republic of China.

iTRAQ and LC-MS/MS. The workflow of the study is presented (Fig. 1A). Protein digestion, iTRAQ
labeling, and LC-MS/MS analysis were performed as previously described (51). Briefly, 9 RHDV-positive
and 9 negative-control liver tissues were ground with liquid nitrogen and dissolved in HU buffer (20 mM
HEPES, 8 M urea, 150 mM tris-HCl, pH 7.8). After centrifuging at 14,000 � g for 10 min at 4°C, the protein
content was determined using the Bradford protein assay reagent (Beyotime Institute of Biotechnology,
Shanghai, China). Protein samples (30 �g) were separated via electrophoresis on 12% SDS-PAGE and
stained to confirm parallelism among samples.

An eight-plex iTRAQ reagent was used to label the resultant peptide mixture according to the
manufacturer’s instructions (Applied Biosystems). To reduce individual variation, 9 controls were
pooled into 3 biological replicates of 3 samples each (C1, C2, and C3) labeled with iTRAQ tags 113,
114, and 115, respectively, and 9 RHDVs were pooled into 3 biological replicates of 3 samples each
(T1, T2, and T3) labeled with iTRAQ tags 116, 117, and 118, respectively. Next, iTRAQ-labeled
peptides were fractionated via strong cation exchange (SCX) chromatography using an AKTA purifier
100 (GE Healthcare, Chalfont St. Giles, UK). MS experiments were executed on a Q-Exactive mass
spectrometer (Thermo Finnigan) connected to a Thermo Fisher Scientific EASY-nLC autosampler. MS
data were acquired, and the instrument was run with the peptide-recognition mode enabled.

Finally, MS/MS spectra were searched using a Mascot engine 2.2 (Matrix Science, London, UK)
embedded in Proteome Discoverer 1.4 (Thermo Electron, San Jose, CA, USA) against an Oryctolagus
cuniculus protein sequence database (UniProt Oryctolagus cuniculus; FASTA, 22,911 sequences; down-
loaded on 18 May 2015) from the Universal Protein Resource (http://www.uniprot.org/). For protein
identification, the following parameters were used: a peptide mass tolerance of 20 ppm, MS/MS tolerance
of 0.1 Da, enzyme specificity set to trypsin with 2 missed cleavages, fixed modification of carbamidom-
ethyl at C and iTRAQ 8-plex at K and the N terminus, variable modification of oxidation at M, and a
false-discovery rate (FDR) of peptide identification set to be �0.01. Protein identification was based on
the identification of at least one unique peptide. Relative quantitative analyses of proteins in the samples
were performed using proteome Discoverer 1.4, on the basis of iTRAQ reporter ion ratios from all unique
peptides representing each protein. Sample REF was used as reference on the basis of the weighted
average of the intensity of reporter ions of each identified peptide. Then, the final protein ratios were
normalized by the median average protein ratio for an unequal mix of the different labeled samples.

Blood chemistry. ALT, AST, LDH, T-Bil, and ALP were detected via standard techniques using an
automatic biochemical analyzer (Spotchem EZ SP-4430; Arkray Ltd., Kyoto, Japan).

Activities of MDA and antioxidant enzymes. Liver tissues were homogenized in 0.01 �M
phosphate buffer (pH 7.4). Following centrifugation at 12,000 � g for 20 min at 4°C, the MDA, SOD1,
and GPx contents in the supernatant were assessed spectrophotometrically using corresponding kits
(Nanjing Jiancheng Biochemistry Co., China). The Bradford method was used to determine protein
concentrations. MDA levels were expressed as nmol/g protein, and SOD1 and GPx levels were
expressed as U/mg protein.

Measurement of ROS and immunofluorescence assays. Liver tissues were collected at different
postinfection time points, fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned (4 �m

TABLE 1 Primers for the amplification of p50, p65, and Keap1 genesa

Primer Sequence (5=-3=)
P50-F1 TATACAGCTCCAGAATGGC
P50-R1 CACGTCTTCCTGCTTAGTG
P50-F2 TTTTGGATCCATGGCAGACGACGACC
P50-R2 TTTCTCGAGATGGTTCATCCCAGC
P65-F1 ATTTCCGCCTCTGGCGAATG
P65-R1 CAAACGCTGGTGTTAGGC
P65-F2 TTTGGATCCATGGACGAACTGTTCC
P65-R2 TTTTCTCGAGGGAGCTGATCTGACTC
Keap1-F1 GCGTGATCCCTTGTCACTT
Keap1-R1 CACGTCAACAGGTGCAGTT
Keap1-F2 TTTTGGATCCATGCAGCCGGAAGCC
Keap1-R2 TTTCTCGAGTCAACAGGTGCAGTTC
aRestriction site sequences are underlined. GGATCC, BamH I; CTCGAG, Xho I.
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thick) for measurement of ROS and viral antigens or cell target protein labeling. Intracellular ROS
generation was detected using dihydroethidium (DHE), a nonfluorescent cell-permeative compound, as
a probe. Antigen labeling was performed via immunohistochemistry using MAb 1B8 prepared in our
laboratory. Nrf2, Keap1, and p50 proteins were labeled using specific MAb or PAb antibodies. The
dilutions of Nrf2, Keap1, and p50 antibodies were 1:3,000, 1:4,000 and 1:1,000, respectively. Images were
acquired using an ortho-fluorescence microscope (Nikon Eclipse C1; Nikon, Japan) and imaging system
(Nikon DS-U3; Nikon, Japan).

Gene expression analysis using RT-qPCR. Total RNA was extracted from liver tissues using a total
RNA kit I (Omega), and 1 �g of RNA was used for cDNA synthesis using a PrimeScript RT reagent kit
(TaKaRa). Specific primers for RHDV and rabbit SOD1 gene were used (11, 52) for quantitative real-time
PCR (RT-qPCR) analyses using a real-time SYBR master mix (TaKaRa) and a Light Cycler 480 II system
(Roche) according to previously reported methods. The expression of antioxidant enzymes was normal-
ized to that of the �-actin (53), and the results were presented as fold induction relative to normal
control. The primers used for RT-qPCR are described in Table 2.

Western blot analysis. Western blot analyses were performed on total cell proteins or cytosolic and
nuclear extracts. Cytosolic and nuclear extracts were prepared from liver homogenates using a Minute
cytoplasmic and nuclear extraction kit (Invent Biotechnologies, Inc., Beijing, China) according to the
manufacturer’s instructions. Protein samples were collected and stored in aliquots at �80°C until use.
Protein concentrations in cytosolic and nuclear liver fractions were measured using Bradford assays.
Equal amounts of protein were separated by 12% SDS-PAGE and blotted onto polyvinylidene difluoride
(PVDF) membranes. Target proteins were probed with special MAbs or PAbs at each suitable dilution.
After being washed and incubated with anti-mouse or anti-rabbit secondary horseradish peroxidase
(HRP)-conjugated antibodies (Jackson ImmunoResearch Laboratories, Inc., USA), the membranes were
visualized using an ECL detection kit (Vazyme Biotech, Nanjing, China).

Immunoprecipitation and immunoblotting. Liver tissues or HEK293T cells were washed with cold
phosphate-buffered saline (PBS) once and lysed in lysis buffer (reagent of Capturem IP and Co-IP kit;
TaKaRa) by adding an appropriate amount of protease inhibitor cocktail. Lysates were incubated on ice
for 15 min and centrifuged at 17,000 � g for 10 min at 4°C. Following incubation with recommended
amounts of antibodies and clarified lysates for up to 20 min at room temperature, immunoprecipitation
(IP) assays were performed using a Capturem IP and Co-IP kit (TaKaRa) according to the manufacturer’s
instructions. Collected samples were then analyzed using SDS-PAGE and Western blot analysis, as
described above.

Statistical analysis. All results are expressed as mean � standard error of the mean. The levels of
significance for differences between infection and control groups are indicated by asterisks as follows: *,
P � 0.05; **, P � 0.01; and ***, P � 0.001. Differences between groups were determined using Student’s
t tests with GraphPad Prism software 5.0 (San Diego, CA).
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