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Cyprinid herpesvirus 2 (CyHV-2) has caused great economic loss to the crucian
carp breeding industry. Upon viral stimulation, eukaryotic cells generally activate the
expression of anti-oxidative genes to maintain the intracellular oxidative balance and
resist viral infection. Here, intracellular reactive oxygen species (ROS) levels in CyHV-2-
infected cells were monitored to show that CyHV-2 induced the increase of intracellular
ROS during early infection, and intracellular excessive accumulation of ROS was
ameliorated during late infection, which was accompanied by activated expression of
genes related to Nrf2 signaling pathway. In order to explore the interaction between
CyHV-2 infection and ROS production, RyuF-2 cells were treated with either antioxidant
epigallocatechin-3-gallate (EGCG) or berberine hydrochloride (BBH) and then infected
with CyHV-2. Both BBH and EGCG could effectively inhibit the amplification of CyHV-2
while inhibiting the accumulation of intracellular ROS. Consistent with this, the oxidant
stress-related genes were up-regulated by CyHV-2 infection and down-regulated in cells
treated with either BBH or EGCG, through which the production of intracellular ROS
was modulated. These results collectively demonstrated that early ROS accumulation
favored the replication of CyHV-2, while antioxidants (BBH and EGCG) could inhibit the
amplification of CyHV-2 by inhibiting ROS induction.

Keywords: Keap1-Nrf2 pathway, BBH, EGCG, CyHV-2, ROS

INTRODUCTION

Cyprinid herpesvirus 2 (CyHV-2), belonging to the genus Cyprinivirus and the family
Alloherpesviridae, was first isolated and characterized from juvenile goldfish (Carassius auratus
auratus) in Japan (Jung and Miyazaki, 1995). Recently, CyHV-2 has emerged as a virulent pathogen
for cultured crucian carp (Carassius auratus gibelio) with high mortality and significant economic
loss in cultured crucian carp and allogynogenetic gibel carp (Wang et al., 2012; Xu et al., 2013).
CyHV-2 is an enveloped DNA virus with a 290.3-kb linear double-stranded DNA genome that
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encodes approximately 150 genes (Davison et al., 2013). Goldfish
are regarded as the natural host for CyHV-2, and the symptoms
are generally represented by pale gills and swollen spleens and
kidneys. CyHV-2 causes high mortality among juvenile goldfish
at water temperatures between 15 and 25◦C (Jeffery et al., 2007).
Typical symptoms for crucian carp include lethargy and lack of
appetite, bleeding and pale gills, pink ascites in the abdominal
cavity, and enlarged spleen and kidneys, and death can occur
within 1 to 2 days following the onset of clinical signs (Xu
et al., 2014). Notably, the symptoms of CyHV-2 infection in
crucian carp are significantly more severe than those in goldfish.
Currently, neither vaccine nor medicine is available for the
control of disease caused by CyHV-2 infection.

Virus generally stimulates the host’s immune system response
during the infection process and destroys the homeostasis of the
cell. The balance of pro-oxidation/anti-oxidation in the internal
environment is very important for maintaining the integrity of
cellular structure and function. An excess of bad radical species,
including reactive oxygen species (ROS) and reactive nitrogen
species (RNS), is often associated with important diseases such
as cancer and neurodegeneration (Liguori et al., 2018). Under
normal physiological conditions, excessive free radicals will
be cleared by the endogenous antioxidant defense through
either enzymatic or non-enzymatic pathways. The primary
antioxidant enzymes are superoxide dismutase (SOD), catalase
(CAT), and glutathione peroxidase (GPx), while the major
non-enzymatic antioxidants include bilirubin, α-tocopherol, β-
carotene, albumin, and uric acid (Liguori et al., 2018). However,
virus infection generally results in a transient ROS induction
followed by a continuous and weak antioxidant defense in
infected tissues to facilitate viral infection (Kumar et al., 2009;
Souza et al., 2011). ROS suppresses the type-I interferon
response by oxidizing cysteine 147 on murine stimulator of
interferon genes (STING), indicating that ROS orchestrates
anti-viral immune responses and can be exploited by viruses
to evade cellular defenses (Tao et al., 2020). ROS is usually
induced to a higher level immediately following viral attachment
and manipulated by the virus to alternate cellular antiviral
response; some viruses might modulate the ROS to a normal
level after the onset of viral replication for avoiding its adverse
effect on viral replication (Baruchel and Wainberg, 1992). ROS
is also involved in tissue damage through regulating host
inflammatory and immune responses (Akaike, 2001), and virus-
induced oxidative stress serves as a common and important
pathogenic mechanism for diseases caused by viral infection
(Jackson et al., 2010).

Berberine (BBR), the most abundant isoquinoline alkaloid
with a concentration range of 4.5–8% in different medical
plant species, has been used to treat various inflammatory
disorders and related diseases (Wang et al., 2019). Interestingly,
low concentrations of berberine (5–20 µM) inhibited increased
oxidative stress in 3T3-L1 cells by suppressing ROS production
via increased GPx gene expression and GPx activity (Dong
et al., 2015), while a higher concentration of berberine (40–
160 µmol/l) dose-dependently induced ROS generation, G(2)/M
phase arrest, and apoptosis in U266 cells (Hu et al., 2013).
Furthermore, BBR has a great potential to reduce the effects

of oxidative stress in vivo through markedly reducing Nox2-
dependent cytoplasmic and mitochondrial ROS production
(Sun et al., 2017).

Epigallocate-chin-3-gallate (EGCG) from green tea extract
is a natural antioxidant that confers strong resistance against
oxidation and free radicals (Lotito and Fraga, 1998; Yao et al.,
2008) and is also regarded as a multifunctional molecule with
anti-cancer (Yang and Wang, 2010) and immunity-enhancing
properties (Sheikhzadeh et al., 2011). Favorable effects of
EGCG have been largely attributed to its scavenging effects
on free radicals, inhibition of ROS-generating mechanisms,
and upregulation of major antioxidant enzymes including CAT,
superoxide dismutase 1 (SOD1), superoxide dismutase 2 (SOD2),
and GPx (Potenza et al., 2020).

The understanding of the interplay between virus-induced
oxidative stress and anti-oxidative host response has shed
light on the application of antioxidants as potential antiviral
supplements for better management of some human viral
diseases (Lee, 2018). For example, the upregulation of
intracellular ROS during the early phase of retroviral infection
plays an important role in viral establishment in the host
cell, and the treatment of apocynin, an inhibitor of NADPH
oxidase, could decrease viral titer in the mouse brain and
increase the lifespan of infected mice (Kim and Wong, 2013).
Recently, we reported that BBR could systematically impede
CyHV-2 replication and protect crucian carp from CyHV-
2 challenge in a dose-dependent manner (Su et al., 2021).
However, it is not clear whether BBR-mediated modulation
of ROS signaling involves the anti-CyHV-2 activity of BBR.
In the present study, we monitored the ROS level and
progeny virus production of susceptible cells during the
infection course of CyHV-2 in the presence of either BBR
or EGCG and provided evidence to show that antioxidants
could serve as potential therapeutic agents against cyprinid
herpesvirus 2 infection.

MATERIALS AND METHODS

Materials and Reagents
Berberine hydrochloride (BBH) and EGCG standards were
purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Dimethyl sulfoxide (DMSO) was purchased
from Sigma (Shanghai, China). DCFDA/H2DCFDA cellular
ROS assay kit was purchased from Abcam (Shanghai, China).
M199 medium, FBS serum, penicillin/streptomycin, second
antibodies, Pierce BCA Protein Assay Kit, and TRIzol
reagent were purchased from Thermo Fisher Scientific
(Shanghai, China). PrimeSTAR R© Max DNA Polymerase,
PrimeScriptTM II 1st Strand cDNA Synthesis Kit, TaKaRa
MiniBEST Viral RNA/DNA Extraction Kit Ver.5.0, and One-
Step SYBR RT-PCR kit were purchased from Takara Bio
(Beijing, China). All other reagents were purchased from
Sangon Biotech (Shanghai, China). CyHV-2 strain ST-J1
(NCBI: NC_019495) and RyuF-2 cell line were provided
by Dr. Motohiko Sano, University of Marine Science and
Technology, Tokyo.
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Cell Culture
Our cell lines are from the generous sharing of Dr. Motohiko
Sano from Tokyo Ocean University. Cryopreserved samples of
RyuF-2 cell stock at −150◦C were thawed in a 37◦C water bath
before cell passage and virus propagation. Frozen cells were
quickly thawed in a water bath, and the cryopreserved liquid
was removed by centrifugation at 850 rpm for 3 min. M199
medium was used to resuspend RyuF-2 cells and supplemented
with 10% heat-inactivated FBS and penicillin/streptomycin
(50 U/ml/50 mg/ml). The suspension cells are adjusted to a
density of 5 by the culture medium and then seeded on a 75-
cm2 culture flask/cm2 coated with collagen. The cultured flask
was placed in a humidified incubator at 27◦C for culture. Before
subculturing, the cells were grown to 80% confluence.

Virus Infection and Amplification
The virus was saved in normal M199 medium with 2% FBS (2%
medium). After CyHV-2 was taken out from −150◦C, the titer
was quantified by gradient dilution counting. The 2% medium
dilution was used to adjust the virus concentration until the
multiplicity of infection (MOI) = 1. To infect the RyuF-2 cells
with CyHV-2, the supernatant of the cells was removed, and
viral inoculum was added immediately for an incubation time
of 2 h. After that, the inoculum was replaced with 2% medium.
Infected cells were cultured until CPE was developed in 80% of
the cells. The remaining cells were scraped off with a spatula,
the suspension was collected, and the cells and cell debris were
removed by centrifugation at 12,000 g at 4◦C for 20 min. The
supernatant was filtered with a 0.22-µm filter to collect the virus.
The harvested virus was equally divided and placed at −80◦C
for subsequent experiments. Before the experiment, the gradient
dilution method was used to detect the virus titer again, and the
virus concentration was adjusted according to the experimental
cell density so that MOI = 1. CyHV-2 virus with a known titer
was used to infect RyuF-2, which has a density of about 80%.
After incubating for 2 h, the virus solution was removed, and the
time point was counted as the start of infection 0 h post-infection
(p.i.). The cultures were maintained for up to 96 h and were used
between 0 and 96 h in culture.

Antioxidant Drug Treatment
Berberine hydrochloride and EGCG were separately dissolved
in DMSO to prepare a 1-mg/ml preservation solution. RyuF-2
cells were used for experiments when their cell density was close
to 80%. To adjust the concentration of BBH storage solution
to 15, 20, and 25 µg/ml, 2% M199 medium was used. EGCG
storage solution was diluted to 10, 20, and 30 µg/ml in the
same way. The pretreatment was performed on RyuF-2 cells with
different concentrations of drugs for 30 min. The drug treatment
group kept the drug concentration unchanged and continued
to incubate. In the virus infection group, the supernatant was
removed and replaced with a virus solution, keeping the drug
concentration unchanged. After incubating for 2 h, the virus
solution was removed and 2% M199 medium was added with the
same drug concentration. The cultures were maintained for up to
72 h and were used between 0 and 72 h in culture.

Measurement of Intracellular Reactive
Oxygen Species
The intracellular ROS levels were estimated using a
DCFDA/H2DCFDA cellular ROS assay kit according to a
classic method (Heo et al., 2018). Briefly, the RyuF-2 cells were
seeded into 96-well microtiter plates at 2.5 × 104 cells/well
and were allowed to attach for 24 h at 27◦C, and 100 µl of
1 × PBS buffer was added. The cells were then washed with
1 × PBS buffer. The 1 × PBS buffer was removed, and the
cells were stained by adding 50 µl of the diluted DCFDA
solution. Then, the cells were incubated for 45 min at 37◦C
in the dark. The fluorescence intensity was measured using a
fluorescence microtiter ELISA plate reader at excitation and
emission wavelengths of 485 and 535 nm, respectively. For
cells infected with CyHV-2, cells were collected at 6, 12, 24,
36, 48, 60, 72, and 96 h after infection, and the intracellular
ROS levels were quantified using the DCFDA/H2DCFDA cell
ROS detection kit. For CyHV-2-infected cells in the presence
of 15, 20, and 25 µg/ml BBR or 10, 20, and 30 µg/ml EGCG,
the cells were harvested at 24 and 48 h p.i., and the intracellular
ROS levels were quantitated using a DCFDA/H2DCFDA
cellular ROS assay kit.

Nucleic Acid Extraction and Quantitative
Real-Time Reverse Transcription
Polymerase Chain Reaction Analysis
The supernatant of infected cells was obtained at different time
points after infection for total DNA extraction. Viral DNA was
extracted from the supernatant according to the instructions of
the Viral Genomic DNA Extraction Kit (Qiagen). The total RNA
of the RyuF-2 sample was extracted with 1 ml TRIzol reagent
and purified using phenol/chloroform and ethanol precipitation.
The NanoDrop Technologies instrument is used to quantify
RNA. Each group of samples used 5 µg of RNA as the sample
to generate cDNA for real-time quantitative qPCR, which was
achieved by the corresponding reverse transcription reaction of
PrimeScript RT Master Mix reagent. TB Green Premix Ex Taq II
(2x) was used to amplify 1 µl of the resulting cDNA. According to
the gene sequence obtained by the analysis of the transcriptome
results in the laboratory, Primer Premier 5.1 (Table 1) was used
to design a specific primer set for each open reading frame
(ORF). The reaction contained 12.5 µl TB Green Premix Ex Taq
II (2x) (Takara, Japan), 0.4 µM forward/reverse primers, and
200 ng cDNA. The thermal cycle program included the following:
95◦C for 30 s, then 95◦C for 5 s and 59◦C for 30 min for 39
cycles. The qPCR reaction was repeated three times. In order
to construct a standard curve, the DNA extracted from RyuF-
2 cells was used for continuous decimal dilution. Primers from
β-actin were successfully used in qPCR, using cDNA prepared
from infected and uninfected cells as a template. A one-way
analysis of variance (ANOVA) was used to calculate statistical
significance. Origin 9.0 was used for data analysis and graphing.
Values were considered as significant (∗) if they had a p-value of
0.01 to 0.05, very significant (∗∗) if they had a p-value of 0.001
to 0.01, and extremely significant (∗∗∗) if they had a p-value of
0.0001 to 0.001.
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TABLE 1 | Verification primers for oxidative stress-related genes.

Gene name Nucleotide sequence (5′–3′) Amplification efficiency (%) r2 Amplicon size (bp)

β-actin F:CACTGTGCCCATCTACGAG 97.6 0.990 224

R:CCATCTCCTGCTCGAAGTC

Nrf2 F:TGCCGGAGTCGTTGGATATG 105.5 0.999 364

R:TGCAGATCCATGGGGTTCAC

Keap1 F:ACGCACGCATTTATGTGCTC 103 0.996 105

R:TCATGTTGGTGACCTCGCTC

CAT F:AGAATTTGACCGTTGAAGAGG 101.7 0.986 253

R:GGAAGTTGCCGTTGGAGAT

GSS F:AGAGGCTCTTTGTAGATGGC 106.6 0.981 261

R:GCGAGATGGGTACTGATGTC

SOD F:CAGGGCACTACAGGTCTC 98.1 0.980 128

R:ACATTCTCCCAGTTCACAA

ORF121 F:GGACATCAAATCGGCAGCTC 101.4 0.9938 193

R:CTCCTCCATGGTCACATCGG

Western Blot
Cell samples were collected to extract total protein by boiling
with 2X SDS-PAGE protein loading buffer. Thermo Scientific
Pierce BCA protein detection kit was used to quantify protein
concentration. The protein (20 g) was separated on 10–12% SDS-
PAGE and then transferred to PVDF membrane. The membrane
was blocked in 1% TBS-T buffer containing 5% skim milk for
1 h at room temperature and then incubated overnight with
homemade anti-ORF121 polyclonal antibody (Yu et al., 2019)
(1:200 dilution). After washing the membrane with TBS-T three
times, horseradish peroxidase-conjugated secondary antibody
(diluted 1:1,000) was added and incubated for 2 h at room
temperature and then washed with TBS-T three times for 15 min.
A chemiluminescence imaging system (Bio-Rad, China) was used
to detect the signal with the ECL + western blot kit.

RESULTS

Cyprinid Herpesvirus 2 Induced the
Expression of Genes in Keap1-Nrf2
Pathway and Modulated Cellular
Reactive Oxygen Species Accumulation
During Infection
In a recent study to probe host response to viral infection,
we identified the differential expression genes in crucian carp
cells underlying CyHV-2 infection by transcriptomics analysis
(Fei et al., 2020). Primary data analysis of genes involved in
the Keap1-Nrf2 pathway indicated that the TPM (transcripts
per kilobase million) values of Nrf2, CAT, and SOD2 genes in
CyHV-2-infected cells at 48 h post-infection were dramatically
higher than those in the negative control (NC), and the values
of Keap 1 and GSS were also shown to be slightly higher
than those of the control (Figure 1). In order to verify the
effect of CyHV-2 infection on the expression of related genes
in the Keap1-Nrf2 pathway, we used quantitative real-time RT-
PCR analysis to compare the transcriptional expression levels
of Keap1, Nrf2, CAT, GSS, and SOD2 in normal cells and

CyHV-2-infected cells (Figure 2). At 24, 48, and 72 h after
infection with CyHV-2, RyuF-2 cells were collected for total RNA
extraction. All qRT-PCR assays were performed in triplicate, with
β-actin used as an endogenous control. As shown in Figure 2,
CyHV-2 significantly up-regulates all tested genes to higher levels
compared to the corresponding low steady-state levels in the
control cells. Specifically, the highest induction rate was recorded
for Nrf2 and GSS genes at 48 h p.i. (Figures 2B,E). In general, 48 h
p.i. seemed to be a time point for all the genes to be upregulated
to a peak level.

The Keap1-Nrf2 pathway regulates both mitochondrial and
cytosolic ROS production (Kovac et al., 2015); thus, the above
data predicted that CyHV-2 infection might interfere with ROS
synthesis and activate host oxidative stress response. To clarify
whether CyHV-2 infection disturbed the host cellular redox
balance, we monitored the ROS level following CyHV-2 infection
using DCFDA/H2DCFDA cellular ROS assay. Following CyHV-
2 infection at a MOI = 1, the ROS level in RyuF-2 cells
was dramatically induced to a higher level with maximum ROS
accumulation at 24 h p.i. and then gradually reversed to a
constant and lower level (Figure 3A). Successful replication of
CyHV-2 in RyuF-2 cells was reflected by the titration of progeny
virus from the virus supernatant after infection by quantitating
the genome copy number using a real-time polymerase chain
reaction (PCR) analysis. As shown in Figure 3B, the produced
CyHV-2 in supernatant significantly rose to a higher level of
more than 107 genome copy number/ml since 24 h p.i. and
then gradually increased until late infection of 96 h p.i. The
experiments indicated that higher ROS accumulation was only
induced at early phase of CyHV-2 infection, and the high level of
ROS was reversed during late infection.

The Effects of Antioxidants on the
Keap1-Nrf2 Pathway During Cyprinid
Herpesvirus 2 Infection
Epigallocatechin-3-gallate, the most abundant polyphenolic
substance in green tea, typically plays a critical role in free radical
scavenging owing to its antioxidant nature and subsequently
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FIGURE 1 | Key molecules of Nrf2 signaling pathway are induced by cyprinid herpesvirus 2 (CyHV-2) in RNA-seq analysis. TPM is transcripts per kilobase million,
the transcripts per kilobase of exon model per million mapped reads. TPM is a method of gene expression standardization, which visualizes differential expression
analysis. The transcriptome related to CyHV-2 infection was analyzed in the laboratory using the Mega Cloud platform. The differences in the expression of
antioxidant-related genes were analyzed and compared between the groups. The result is shown in (A), the difference of TPM values in the Nrf2 signaling pathway
identified in transcriptome analysis. According to the known reaction mode of Nrf2-ARE antioxidant element combined with the analysis result, (B) is inferred.
(B) Flow chart of proposed Nrf2 signaling pathway induced by CyHV-2.

FIGURE 2 | CyHV-2 induces expression of key genes of Nrf2 signaling pathway in RyuF-2 cells. Quantitative real-time RT-PCR analysis was performed to compare
the transcriptional expression levels of Keap1 (A), Nrf2 (B), SOD2 (C), CAT (D), GSS (E) and viral ORF121 (F) in infected cells. The mRNA level was normalized
against housekeeping gene β-actin. Mock infected cells served as negative control. Similar results were obtained from three independent experiments. Data were
represented as Means SD. *P < 0.05, **P < 0.01.

exerts a large number of medical activities in cancer control, viral
diseases, bacterial diseases, neurodegenerative diseases, etc. (Xu
et al., 2017). Thus, we were interested to test the effect of EGCG
on the CyHV-2-mediated upregulation of Keap1-Nrf2 pathway.
For this purpose, RyuF-2 cells were infected with CyHV-2 at a
MOI = 1 in the presence of 10 µg/ml EGCG. At 24, 48, and 72 h
post-infection, the infected cells were harvested for total RNA
extraction and subjected to gene expression assay by quantitative
real-time RT-PCR analysis. MOCK-infected cells treated with
10 µg/ml EGCG served as negative control, and CyHV-2-infected
cells without EGCG treatment served as positive control. As

shown in Figure 4, the treatment of MOCK-infected cells with
EGCG could result in an increased expression of Keap1, Nrf2,
GSS, and CAT gene; in comparison to CyHV-2-infected cell
controls, the treatment of CyHV-2-infected cells with EGCG
could result in a significant increase of Nrf2 at 48 h p.i., Keap 1 at
72 h p.i., GSS at all three time points, and CAT at 72 h p.i. Thus,
EGCG could enhance the expression of key genes in the Keap1-
Nrf2 pathway except for SOD gene, which was independent of
CyHV-2 infection.

Affecting various signaling pathways, berberine has been
shown to decrease the activity of xanthine oxidase, COX2,
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FIGURE 3 | Modulation of reactive oxygen species (ROS) accumulation during CyHV-2 infection in RyuF-2 cells. CyHV-2 with MOI = 1 was used to infect RyuF-2.
Cell samples and supernatant after infection were obtained at 6, 12, 24, 36, 48, 60, 72, and 92 h after infection. The DCFDA/H2DCFDA cellular ROS assay kit is
used to detect changes in the accumulation of intracellular ROS after virus infection. The control group cells were used as the normalization standard to reduce the
differences between groups. The results are shown in (A). After infection, the supernatant was used to obtain total DNA for detection of virus amplification. The early
gene ORF121 was used as a representative gene for detection of CyHV-2 replication, as shown in (B). The RT-PCR results were processed using the absolute
quantification standard program, and the data were expressed as the mean SD.

FIGURE 4 | Epigallocate-chin-3-gallate (EGCG) enhanced the CyHV-2-induced expression of genes of Nrf2 signaling pathway in RyuF-2 cells. Quantitative real-time
RT-PCR analysis was performed to compare the transcriptional expression levels of Keap1 (A), Nrf2 (B), GSS (C), CAT (D), SOD2 (E) and viral ORF121 (F) in
infected cells. The mRNA level was normalized against housekeeping gene β-actin. MOCK-infected cells treated with 10 µg/ml EGCG and CyhV-2-infected cells
without EGCG treatment served as controls. Similar results were obtained from three independent experiments. Data were represented as means SD.

and superoxide dismutase and subsequently reduce ROS levels
(Kaboli et al., 2014). As an alternative antioxidant, BBR was
subjected for analysis on its effect on the CyHV-2-mediated
upregulation of the Keap1-Nrf2 pathway. For this purpose, RyuF-
2 cells were infected with CyHV-2 at a MOI = 1 in the
presence of 20 µg/ml BBH. At 24, 48, and 72 h post-infection,
the infected cells were harvested for total RNA extraction and
subjected to gene expression assay by quantitative real-time RT-
PCR analysis. MOCK-infected cells treated with 20 µg/ml BBH
served as negative control, and CyHV-2 infected cells without
BBH treatment served as positive control. As shown in Figure 5,
in contrast to MOCK-infected cells treated with BBH, CyHV-2
infection resulted in an increased expression of all tested genes;
compared with CyHV-2-infected control cells, the treatment of
CyHV-2-infected cells with BBH could result in a significant
increase of Nrf2, Keap 1, and GSS at 48 h p.i. The gene

expression level was not affected at 48 h p.i. for CAT and at 72 h
p.i. for SOD. The results even suggested that these two genes
might be downregulated at other time points (Figures 5D,E).
Overall, the above experiments suggested that antioxidants, such
as EGCG and BBH, could efficiently activate the Keap1-Nrf2
pathway that was induced to a higher level by CyHV-2 challenge
in RyuF-2 cells.

The Effects of Antioxidants on Cyprinid
Herpesvirus 2-Modulated Reactive
Oxygen Species and Viral Replication in
RyuF-2 Cells
The above experiments indicated that CyHV-2 modulated
ROS level in infected cells and could induce dramatic ROS
accumulation during early infection. We are interested to know
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FIGURE 5 | Berberine hydrochloride (BBH) enhanced the CyHV-2-induced expression of genes of Nrf2 signaling pathway in RyuF-2 cells. Quantitative real-time
RT-PCR analysis was performed to compare the transcriptional expression levels of Keap1 (A), Nrf2 (B), GSS (C), CAT (D), SOD2 (E) and viral ORF121 (F) in
infected cells. The mRNA level was normalized against housekeeping gene β-actin. MOCK-infected cells treated with 20 µg/ml BBH and CyhV-2-infected cells
without BBH treatment served as controls. Similar results were obtained from three independent experiments. Data were represented as means SD.

FIGURE 6 | BBH and EGCG antagonized the ROS induction mediated by CyHV-2 infection in RyuF-2 cells. RyuF-2 cells were treated with 15, 20, and 25 µg/ml
BBH (A) or 10, 20, and 30 µg/ml EGCG (B) and infected with CyHV-2 at a MOI = 1. At 24 and 48 h p.i., cells were harvested for ROS detection as reflected by the
strength of fluorescence signal. MOCK-infected cells served as the negative control and CyhV-2-infected cells without BBH or EGCG treatment served as positive
control. Similar results were obtained from three independent experiments. Data were represented as means SD.

what will happen if the ROS accumulation is inhibited by
antioxidants such as BBR and EGCG during CyHV-2 infection.
RyuF-2 cells were treated with various doses of BBH (0, 15, 20,
and 25 µg/ml BBH) or EGCG (0, 10, 20, and 30 µg/ml EGCG)
and subjected to CyHV-2 infection at a MOI = 1. At 24 and 48 h
post-infection, the cells were harvested for DCFDA/H2DCFDA
cellular ROS assay, in which the ROS level was reflected by the
fluorescence strength detected from the cellular extract. The NC
group referred to normal cells without antioxidant treatment
and viral infection. Cells infected with CyHV-2 and treated
with 0 µg/ml antioxidant served as positive control (CyHV-2
group). As shown in Figure 6, both BBH and EGCG effectively

counteracted the accumulation of ROS induced by CyHV-2
infection at 24 and 48 h post-infection. In contrast to the dramatic
increase of ROS level at indicated time points post-infection,
treatment with BBH (Figure 6A) or EGCG (Figure 6B) resulted
in low ROS accumulation in CyHV-2-infected cells, which was
close to the level of the NC group.

The above experiments indicated that ROS accumulation
was efficiently inhibited by BBH or EGCG during CyHV-2
infection. Then, it will be interesting to know the effect of
these antioxidants on CyHV-2 replication. For this purpose, we
determined the progeny virus in the supernatants of infected cells
by quantifying the viral genome copy number through real-time
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FIGURE 7 | BBH and EGCG inhibited the production of progeny virus in RyuF-2 cells infected with CyHV-2. RyuF-2 cells were treated with 15, 20, and 25 µg/ml
BBH (A) or 10, 20, and 30 µg/ml EGCG (B) and infected with CyHV-2 at a MOI = 1. At 8, 24, and 48 h p.i., supernatants of infected cells were harvested for viral
genome copy quantification by real-time polymerase chain reaction (PCR) analysis. CyhV-2-infected cells without BBH or EGCG treatment served as positive control.
Similar results were obtained from three independent experiments. Data were represented as means SD.

FIGURE 8 | Inhibition of viral gene transcription and viral protein synthesis by either BBH or EGCG. RyuF-2 cells were treated with 15, 20, and 25 µg/ml BBH or 10,
20, and 30 µg/ml EGCG and infected with CyHV-2 at a MOI = 1. At 24, 48, and 72 h p.i., infected cells treated with 20 µg/ml BBH or 10 µg/ml EGCG were
harvested for viral gene expression analysis with the ORF121 as target by real-time RT-PCR analysis (A). At 72 h p.i., infected cells treated with 15, 20, and 25 µg/ml
BBH (B) or 10, 20, and 30 µg/ml EGCG (C) were harvested for protein expression analysis by western blot, which targeted ORF121 with a home-made
anti-ORF121 polyclonal antibody. Real-time RT-PCR results were obtained from three independent experiments, and data were presented as means SD.
*P < 0.05; **P < 0.01. MOCK-infected cells served as the negative control and CyhV-2-infected cells without BBH or EGCG treatment served as the positive
control. Housekeeping protein β-actin served as the internal control in the western blot analysis.

PCR analysis. The antiviral activity of antioxidants in vitro
was evaluated according to the reduced level of progeny virus
produced from CyHV-2-infected RyuF-2 cells in the presence of
different concentrations of EGCG or BBH. The supernatants of
infected RyuF-2 cells, in the presence of BBH at 0, 15, 20, and
25 µg/ml or EGCG at 0, 10, 20, and 30 µg/ml, were collected at 8,
24, and 48 h post-infection for total viral genome extraction and
quantification. As shown in Figure 7, both BBH and EGCG dose-
dependently suppressed the production of progeny virus from
infected cells, and the overall efficiency of these two antioxidants
was similar at 48 h post-infection. At 8 h post-infection, the
treatment of EGCG (Figure 7B) displayed a lower level of CyHV-
2 (Figure 7A) in supernatants than that of BBH, suggesting a
more robust effect of EGCG in antagonizing viral replication at
this time point.

To confirm the antiviral effects of BBH and EGCG, we
continued to investigate the transcriptional and translational

expression levels of ORF121, an immediately early gene
encoded by CyHV-2 (Tang et al., 2020). The infected RyuF-
2 cells in the presence of 20 µg/ml BBH or 10 µg/ml
EGCG were harvested at 24, 48, and 72 h post-infection, and
total protein samples were extracted from the infected cells
for ORF121 detection by western blot analysis; total RNA
samples were extracted from the infected cells for ORF121
mRNA detection by real-time RT-PCR analysis. As shown in
Figure 8A, the RyuF-2 cells infected with CyHV-2 resulted
in robust transcriptional expression of ORF121, which lasted
until 72 h post-infection; treatment with either BBH or EGCG
significantly suppressed the transcriptional expression of ORF121
throughout the infection course. As shown in Figures 8B,C,
in contrast to the strong signal of ORF121 protein from
CyHV-2-infected RyuF-2 cells in the immunoblot analysis,
the treatment of BBH or EGCG at indicated concentrations
demonstrated a dramatic decrease of protein signal, which
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indicated that either BBH or EGCG was effective in inhibiting
viral protein synthesis.

Thus, the above experiments suggested that BBH and EGCG
could significantly block CyHV-2-induced ROS accumulation,
inhibit viral gene transcription and protein synthesis, and reduce
the production of progeny virus.

DISCUSSION

A virus needs to keep oxidative stress at a level optimal for viral
reproduction, which is usually higher than normal; viral infection
thus generally induces oxidative stress in infected cells, which
must be in tight control in order to minimize the potentially
detrimental effects of ROS on the overall health of the infected
host cell (Lee, 2018). Although infection-initiated oxidative stress
plays a key role in the activation of innate immunity to fight off
pathogenic microbes, a number of viruses were shown to induce
oxidative stress on purpose to facilitate their replication inside the
cell, which at least included influenza virus, respiratory syncytial
virus (RSV), human metapneumovirus (hMPV), dengue virus
(DENV), rotavirus, herpes simplex virus, Zika virus, and HIV
(McCord et al., 2020). CyHV-2 infection in crucian carp remains
a challenge for the aquaculture section worldwide, and the
lack of vaccine or medicine in the field urgently required the
development of a novel antiviral strategy (Su et al., 2021).
Nrf2 and its principal negative regulator Keap1 play a central
role in the maintenance of intracellular redox homeostasis and
regulation of inflammation. The purpose of this study is to
evaluate the effects of antioxidants (BBH and EGCG) on CyHV-2
infection in crucian carp cells, which is based on the knowledge
that CyHV-2 regulates the Keap1-Nrf2 pathway (Figures 1, 2)
and modulates ROS accumulation in infected cells (Figure 3).

The Nrf2-dependent antioxidative pathway is regarded as an
adaptive cellular response to oxidative and electrophilic stress
and a responsive host defense system if caused by a viral
infection. In a study to apply Nrf2 agonists as anti-rotaviral
drugs, initial induction of Nrf2 concurred with a virus-induced
early burst of oxidative stress, and rotavirus infection was
determined to be sensitive to antioxidant treatments (Patra
et al., 2020). NrF2 belongs to the CNC family and is mainly
involved in the elimination of cell endogenous ROS. In a normal
cell environment, Nrf2 and Keap1 combine through the Neh2
structure of Nrf2 to promote ubiquitination of Nrf2 and degrade
it through the proteasome pathway. It has been found that
Nrf2 can regulate hundreds of different genes involved in the
maintenance of cell homeostasis, including heme oxygenase-1,
NADPH quinone reductase, superoxide dismutase, and other
antioxidant enzymes related to ROS elimination (Figure 1B). Our
data indicated that BBH and EGCG could efficiently activate the
Nrf2-dependent antioxidative pathway in normal RyuF-2 cells
(Figures 4, 5), as well as CyHV-2-infected cells (Figures 4, 5);
the induction of ROS accumulation during early viral infection
(Figure 3) could be abolished through treatment of BBH or
EGCG (Figure 6). Thus, CyHV-2-mediated induction could be
modulated by antioxidants, which was consistent with reports
from other viruses (McCord et al., 2020). As expected, either BBH

or EGCG efficiently blocks viral gene transcription (Figure 8A),
viral protein synthesis (Figure 8B), and progeny virus production
(Figure 7). Thus, our study is the first to successfully apply
antioxidants to counter fish herpes virus infection in vitro.

It is generally believed that virus has evolved to gain the
ability to manipulate the Nrf2 pathway and control the ROS
level to its favor. However, it is still not understood how the
early ROS accumulation was produced for CyHV-2, neither is the
mechanism involved in maintaining low ROS level during late
infection known. Based on our data, the treatment of antioxidants
seemed to upregulate the cytoprotective and detoxifying genes
of the Keap1-Nrf2 pathway (Figures 4, 5), which is also targeted
and regulated by CyHV-2 (Figures 1, 2). Antioxidants like EGCG
and BBH should be beneficial not only for disruption of the
ROS-dependent steps of the viral life cycle but also for the direct
amelioration of the stressed conditions of the infected host cells.
Our data thus supported the idea that Nrf2 modulators might
be able to serve as a promising supplement for viral diseases by
therapeutic modulation of virus-induced oxidative stress (Lee,
2018). Although the transcriptional regulation of the host Keap1-
Nrf2 pathway by CyHV-2 merits further investigation, complex
regulatory mechanisms were believed to occur in oxidative stress-
related pathogenesis, such as the reduction of mitochondrial
damage, regulation of calcium ions in the cell, programmed cell
death, and autophagy (Liu et al., 2021).

CONCLUSION

Cyprinid herpesvirus 2 activated the Keap1-Nrf2 pathway and
modulated ROS accumulation in host cells, especially during
early infection. Antioxidants such as BBH and EGCG further
enhanced the expression of genes involved in the Keap1-Nrf2
pathway and abolished the ROS-induction effect of CyHV-2
in infected cells. In the presence of antioxidants, viral gene
expression and protein synthesis were dramatically inhibited
resulting in decreased replication efficacy of CyHV-2. The
current study should shed light on developing antioxidants as
environmentally friendly reagents toward fighting the disease
caused by CyHV-2 infection in aquaculture.
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