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Hesperetin is one of the natural dihydroflavonoid widely extracted from various plants,
and a large number of studies have demonstrated that hesperetin has a wide range of
biological activities. In this study, we explored its antiviral function against Siniperca
chuatsi rhabdovirus (SCRV), one strain of important fish viral viruses, resulting in
multiple transmissions and devastating damage in aquaculture. Experiments were
performed to confirm that hesperetin could effectively delay the occurrence of cytopathic
effects (CPEs) in epithelioma papulosum cyprinid cells (EPC), and inhibit SCRV
replication by microscopy observation and viral titer assay, respectively.
Time-of-addition assay showed that the best inhibitory effect of hesperetin was achieved
by blocking SCRV invasion into cells. In addition, qRT-PCR and western blot analysis
confirmed that hesperetin could significantly inhibit the expression of SCRV
nucleoprotein. Flow cytometry analysis showed that hesperetin could reduce
SCRV-inducing apoptosis of EPC cells after annexin V-FITC/PI double staining and
immunofluorence microscopy observation after JC-1 incubation. Down-regulation of
caspase-3 and caspase-9 enzymatic activity after hesperetin treatment indicated that it
might protect cells from SCRV infection by decreasing mitochondrial intrinsic apoptosis
in infected cells. After hesperetin treatment, a decrease in ROS and an increase in
mitochondrial membrane potential (MMP) in SCRV-infected EPC cells further confirmed
the inhibition of the apoptotic pathway mediated by hesperetin. Thus, our present study

indicated that hesperetin possessed antiviral ability against SCRV, suggesting its
candidate role for potential effective control of fish rhabdovirus spreading.

INTRODUCTION

As an aglycone metabolite of hesperidin, hesperetin
(3',5,7,-trihydroxy-4'-methoxyflavanone) is the most abun-
dant flavonoid glycoside isolated from citrus fruits.! Among
them, rhamnose can also be removed by glycosyl hydrolase
to form hesperetin.2 Hesperetin has higher bioavailability
and has shown potential health-promoting properties on
cancer, cardiovascular diseases, carbohydrate dysregula-
tion, bone health, cardioprotective and neuroprotective
function, and other pathologies.1:> However, further well-
designed experimental trials are needed to address other
effects of hesperetin observed in preclinical trials, as well
as to a more in-depth understanding of its safety profile.
Siniperca chuatsi rhabdovirus (SCRV) is one of the strains
of fish rhabdoviruses, which are epidemic pathogens that
harm fish aquaculture and cause great economic losses.*

However, there are currently no specific drugs to treat these
diseases. Considering their enormous infectivity and dam-
age to various fish species, a large number of studies have
been reported on the molecular biology of rhabdoviruses
and their interactions with hosts,>7 which provided new
information for understanding viral infection mechanism
and developing potential antiviral techniques against fish
rhabdoviruses. For SCRV virus, previous research showed
that its infection could activate apoptosis and autophagy,8
interplay of which serves an important role in the virus
replication and antiviral immune of hosts.® Transcriptome
analysis of immune response against SCRV in infected fish
tissues and microRNAs profiles of SCRV-infected cells were
also investigated.?10 These studies provided further pro-
found insight into the antiviral immune response and pave
new ways for the development of effective strategies
against SCRV infection.
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In this study we explored the antiviral activity of hes-
peretin against SCRV in vitro. Our current study demon-
strated that hesperetin could apparently delay the cyto-
pathic effects induced by SCRV in cell monolayers and
inhibit the replication of progeny virus. Further mechanical
research suggested that hesperetin could block the intru-
sion of SCRV into cells after infection. Hesperetin also led
to a decrease in apoptotic cells and protected the cells from
SCRV infection. This study undoubtedly provides a good
preliminary foundation for the research and development
of antiviral technology based on hesperetin against fish
rhabdoviruses.

MATERIALS AND METHODS

CELLS AND SCRV MAINTENANCE

EPC (epithelioma papulosum cyprinid) cells used in this
study were cultured in M199 medium (Haiken, China) con-
taining 10% fetal bovine serum (FBS, Sijiging, Hangzhou,
China) and maintained at 25°C in an incubator. The SCRV
virus was stored in freezer at -80°C.

MTT ASSAY

EPC cells were seeded in sealed culture dishes for growth
overnight, resulting in about 75% to 85% confluence of the
culture dish. 4 ml of different concentrations of hesperetin
solution (0, 150, 300, 400 uM) was added to each dish for 24
and 48 h, respectively. The toxicity of the hesperetin to the
cells was detected by MTT assay according to standard pro-
cedures.!! In addition, the morphology changes in treated
cells were observed by inverted microscope at different time
points.

CPE DETECTION AND TIME-OF-ADDITION ASSAY

After growing to about 75% to 85% confluence of the cul-
ture dish, EPC cells were infected with SCRV (350 TCID50)
for 2 h, or incubated with 4ml of different concentrations
of hesperetin (0, 150, 300, 400 uM) containing SCRV (350
TCID50) solution prepared with cell culture medium (con-
taining 5% FBS), respectively. CPEs of cell monolayers were
observed by inverted microscope and photographed at dif-
ferent time periods.

For time-of-addition assay, EPC cells were treated with
below three different infection procedures, including neu-
tralization group (co-treatment: mixture with hesperetin
and SCRV), inhibition group (post-treatment: firstly, in-
fected with SCRV, then added hesperetin), and blocking
group (pre-treatment: firstly incubated with hesperetin,
then infected with SCRV). After 48 h, the cell supernatant
and cell lysate of each group were taken to further detect
the virus titer, respectively. The TCID50 values of the virus
solutions were calculated by standard Reed-Muench
method.!!
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WESTERN BLOTTING

The treated EPC cells were collected for protein extraction.
After the determination of protein concentration by the
Coomassie brilliant blue method, equal amounts of protein
samples were separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred to nitrocellulose membranes. After blocking with 5%
skimmed milk powder, the membranes were incubated with
different primary antibodies overnight at 4 °C, and further
incubated with the corresponding horseradish peroxidase
(HRP)-conjugated secondary antibodies at room tempera-
ture for 1 h, respectively. After washing three times with
TBST solution, the membranes were detected with the
Odyssey CLX infrared imaging system (Li-COR Biosciences,
Lincoln, Nebraska USA), and the fluorescence intensities of
the bands were quantified by Image] software.

QRT-PCR

Total RNA samples were extracted from treated EPC cells
using the Animal Tissue Total RNA Extraction Kit (Prime
Biotech), and then reverse-transcribed into cDNA according
to the procedures of the Transcription Factor Kit (Yeasen
Biotechnology Co., Ltd, Shanghai, China). gqRT-PCR analy-
sis was performed with the SYBR Green kit (Vazyme Biotech
Co., Ltd. Nanjing, China) using 18s rRNA as an internal ref-
erence gene. The primers used in this study were as fol-
lows: SCRV N-F: ATCCATCAGATCACAGAACGC, SCRV N-R:
TCCCAGCCATTCTCCTCAGTCC; 18s-F: CATTCGTATTGTGC-
CGCTAGA, 18s-R: CAAATGCTTTCGCTTTGGGTC. The rela-
tive mRNA values of each group were calculated by 2-4ACt
method. The experiment was repeated three times in paral-
lel.

HOECHST 33342 STAINING

To detect the nuclei changes in SCRV-infected EPC cells,
after incubation with hesperetin and SCRV, the cells were
stained with a Hoechst 33342 solution in the dark for 15
min. The nuclei of each group of cells were observed under
a Zeiss fluorescence microscope.

FLOW CYTOMETRY ANALYSIS

For apoptotic rate detection, the treated cells were col-
lected and stained with Annexin V-FITC (5 pL) and PI (10
uL) solution successively, protected from light for 20 min,
and then immediately detected by flow cytometry (BD FAC-
SCanto™II Flow Cytometry, USA). The data were finally an-
alyzed by Flowjo software.

CASPASE ACTIVITY DETECTION

Enzyme activities of caspases (including caspase-3, cas-
pase-8 and caspase-9) were detected in EPC cells treated
with hesperetin and SCRV. The assay was carried out ac-
cording to the protocol of the Enzymatic Activity kit Re-
action System (Beyotime Biotechnology, Shanghai, China)
and analyzed at a wavelength of 405 nm with the mi-
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croplate reader (Bio-Tek Epoch, USA). The enzyme activi-
ties were calculated by the generated absorbances and the
comparison standard curve.

MITOCHONDRIAL MEMBRANE POTENTIAL (MMP) ASSAY

After acting on SCRV-infected EPC cells with hesperetin
for 24 h, cells were incubated with JC-1 staining (Beyotime
Biotechnology, Shanghai, China). After washing twice with
pre-cooled JC-1 staining buffer, the fluorescence signals of
the cells were detected with a Zeiss fluorescence micro-
scope.

ROS MEASUREMENT

After 24 h of treatment with hesperetin in SCRV-infected
EPC cells, the cells were washed with PBS solution and fol-
lowed by DCFH-DA staining to detect changes in ROS lev-
els. The fluorescence signals in the cells were observed and
photographed with a laser confocal microscope (Olympus
Fluorescence Vision FV3000, Japan).

STATISTICAL ANALYSIS

Data are presented as mean * standard error, and all ex-
periments were repeated at least three times. All statistical
analyses were performed with IBM SPSS Statistics 25 soft-
ware. p < 0.05 was considered statistically significant (*p <
0.05; **p < 0.01, and ***p < 0.001).

RESULTS

THERE’S NO TOXIC EFFECT OF HESPERETIN TO EPC
CELLS

In order to explore the antiviral effect of hesperetin against
fish rhabdovirus SCRV, we first detected whether it has a
toxic effect on the growth of EPC cells or not. The current
study showed that after treatment, the cell monolayer still
remained very complete and did not change significantly
with the increase of the concentration of hesperetin at dif-
ferent time periods (Figure 1A), and there’s no apparent
toxic impact on the growth of EPC cells. Interestingly, the
MTT assay suggested that the survival rate of EPC cells in-
creased with the higher concentration of hesperetin (Figure
1B), indicating that hesperetin might have a promoting ef-
fect on the growth of normal cells.

HESPERETIN POSSESSES A STRONG ANTIVIRAL ABILITY
TO SCRV

To investigate the antiviral ability of hesperetin to SCRV,
different concentrations of hesperetin were applied to treat
SCRV-infected EPC cells. Microscope observation found
that the cell monolayer in the SCRV-only infection group
showed more CPEs, and the cells shrank, brightened, and
detached from the monolayer. While, with the increase of
the concentration of hesperetin, the numbers of CPEs in
the experimental groups were obviously less than that in
the infection-positive group, with a time- and concentra-
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tion-dependent manner (Figure 2A), indicating that hes-
peretin possessed strong anti-SCRV effect on EPC cells.

Besides, a time-of-addition experiment was explored to
identify the antiviral mode of hesperetin against SCRV in-
fection. After treatment with three different procedures
(neutralization group, inhibition group, and blocking
group), the virus titers in the cell supernatants (Figure 2B)
and lysates (Figure 2C) at 48 h post-infection were tested.
Compared with the SCRV-only infection group, the virus
titers in the groups treated with hesperetin displayed a
downward trend (Fig. 2B; 2C), and there’s no significant dif-
ference between the titer of supernatant and cell lysate in
the same treatment group. Among the 4 groups, TCID50
in supernatant or lysate samples of the blocking group ex-
hibited the lowest value, which suggested that hesperetin
might execute its antiviral function by blocking SCRV at-
tachment or entry into the cells.

HESPERETIN INHIBITED EXPRESSION OF SCRV
NUCLEOPROTEIN

In order to explore the antiviral mechanism of hesperetin
against SCRV, we detected the transcription and expression
of the SCRV nucleoprotein gene (N gene), which plays a
key role in rhabdovirus assembly and replication in infected
cells. qRT-PCR analysis showed that under all four treat-
ment conditions (SCRV-only infected group, neutralization
group, inhibition group, and blocking group), the transcrip-
tional level of SCRV N gene in the blocking group was low-
est (Figure 3A). Furthermore, western blot and its statistical
analysis indicated that N protein also exhibited the low-
est expression manner in SCRV-infected EPC cells by pre-
exposure of hesperetin (Figure 3B), which was consistent
with qRT-PCR results and the morphological observation
described above.

HESPERETIN REDUCED APOPTOSIS IN SCRV-INFECTED
EPC CELLS

A previous study found that SCRV infection could induce
cell apoptosis.!! In this study, Hoechst 33342 staining
analysis confirmed the existence of typical apoptotic fea-
tures such as partial rupture and crescent shape of the nu-
cleus (Figure 4A), while pre-exposure of hesperetin could
significantly reduce the apoptotic nuclei in the blocking
group, compared to the only-SCRV infected group (Figure
4A), which indicated that hesperetin was able to decrease
apoptosis caused by SCRV in EPC cells.

In addition, the cell apoptosis rates in the blank control
group, hesperetin-treated group, SCRV-infected group, and
the blocking group, were counted by flow cytometry, re-
spectively. The results showed that the percentage of apop-
tosis in the SCRV-alone infected group came to 18.84% (in-
cluding early and late apoptotic cells) at 24 h, while the
hesperetin could retard the cell apoptosis induced by SCRV
to some extent, and the cell apoptosis rates were 11.78%
(Figure 4B). This also reaffirmed that hesperetin could pro-
tect EPC cells from apoptotic cell death triggered by SCRV
infection.
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Figure 1. Hesperetin at present concentrations had no cytotoxicity to EPC cells. (A) Morphological changes of
EPC cells after treatment with several concentrations of hesperetin for different times. (original magnification,
x100). (B) Cell viability analysis of EPC cells treated with different concentrations of hesperetin at 24 h and 48 h.
(n = 3; *p < 0.05, **p < 0.01 and ***p < 0.001).
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Figure 2. Hesperetin possessed strong antiviral ability to SCRV. (A) Microscopy observation of SCRV-infected EPC
cells treated with several concentrations of hesperetin at different time periods. (original magnification, x100).
(B) Virus titer analysis of EPC cell supernatants treated with different exposure manners at 48 h. (C) Virus titer
analysis of EPC cell lysates treated with different exposure manners at 48 h.

HESPERETIN REDUCED CASPASE-3 AND CASPASE-9 2.7-fold in the SCRV-infected group compared to the blank
ACTIVITY IN SCRV-INFECTED CELLS control group, respectively (Figure 5). Among them, hes-

peretin could significantly decrease the activity of cas-
The cystatin family of proteases is closely associated with  pase-3 and caspase-9 in the blocking group compared to
apoptosis. The changes in enzymatic activities of the main  the SCRV-only infected group, while there’s no statistical
executive caspases (caspase-3, caspase-8, and caspase-9) difference in caspase-8 activity between the two group cells
were examined in different test groups. The results showed  (Figure 5). Thus, the current study suggested that hes-
that, after 24 h of post-infection, the caspase-3, caspase-8, peretin might block the intrinsic mitochondrial apoptosis
and caspase-9 activity increased 2.5-fold, 2.1-fold, and pathway activated by SCRV infection in EPC cells.
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Figure 4. Hesperetin reduced SCRV-induced apoptosis in EPC cells. (A) Hoechst 33342 staining of cell nuclei in
different test groups. The number of cells with normal nuclear shape increased in blocking group (original
magnification, x200. Arrows denotes the apoptotic nuclei). (B) Flow cytometry analysis of EPC cells treated with
different exposure methods. The number of early (AV staining) and late (PI staining) apoptotic cells significantly
decreased in the blocking group (SCRV+HST) at 24 h. Hesperetin was here abbreviated as HST.

HESPERETIN INHIBITED MITOCHONDRIAL APOPTOSIS
IN SCRV-INFECTED CELLS

To further confirm the inhibitory role of hesperetin in
apoptosis induced by SCRV infection, we used DCFH-DA
and JC-1 probe to detect changes in ROS and MMP of SCRV-
infected EPC cells, respectively. After DCFH-DA staining,
the number of green fluorescent signals significantly in-
creased in SCRV-infected cells, while the number of pos-
itive signals decreased apparently in the blocking group
(hesperetin + SCRV) (Figure 6A), which suggested that hes-
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peretin pretreatment could disturb the SCRV-induced ROS
rise in EPC cells.

Additionally, the JC-1 staining analysis demonstrated
that the green fluorescence signals (low MMP) were sig-
nificantly enhanced in the SCRV-infected cells, which sug-
gested the activation of cellular mitochondrial intrinsic
apoptosis (generally, JC-1 could produce red light in the
matrix with high MMP, while the green light when the po-
tential is low). However, pretreatment of hesperetin could
efficiently increase red signals (high MMP) and reduce the
generation of green signals activated by SCRV (Figure 6B).
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Figure 5. Hesperetin reduced caspase-3 and caspase-9 activity in SCRV-infected cells. A, B and C stands up
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These data indicated that hesperetin could inhibit mito-
chondrial apoptosis in SCRV-infected EPC cells.

DISCUSSION

Flavonoids are a diversified group of natural substances
that were discovered to provide a variety of health benefits
in human beings, including hepatoprotective properties,
anticancer, anti-inflammatory, and antiviral activities.1213
Isolation, identification, and biological role of flavonoids,
as well as their uses on health advantages, are all major
topics in research and development currently. Flavonoids
have been studied to fight against a variety of DNA and
RNA viruses. For example, quercetin, apigenin, and proan-
thocyanidins have been investigated for their antiviral ef-
fects on influenza virus type 3 and herpes simplex virus.14
In view of the arrangement, replacement of functional
groups, and total number of hydroxyl groups around
flavonoid’s nucleus structure affecting their biological ac-
tivity, metabolism, and bioavailability, more studies on the
pharmaceutical properties of different flavonoids need to
be investigated.

In this study, hesperetin, the natural flavanone com-
pound, was first used to discover its effects against the fish
rhabdovirus SCRV, one major threat to hinder the develop-
ment of aquaculture, causing severe hemorrhagic sepsis in
freshwater and marine fish and several economic losses.!5
16 Through a combination of morphological observation,
virus titer assay, QRT-PCR and western blot analysis, hes-
peretin was found to inhibit CPE occurrence, lower the
progeny virus titer and decrease the expression of SCRV
N protein. Additionally, in view of the complex process
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including virus adsorption, penetration, replication of the
parental virus, and release of progeny virus in the viral
replication cycle, time-of-addition assay was conducted,
and our study suggested that pretreatment of hesperetin
could efficiently block the SCRV attachment or entry and
therefore interfere with the replication of progeny viruses
in EPC cells.

Apoptosis accounts for a large proportion of several
types of cell death when rhabdoviruses infect host cells.1?
Zhou et al. (2021)8 also proved that SCRV infection can
cause apoptosis of EPC cells. In the present study, by
Hoechst 33342 staining, Annexin V/PI double staining and
detection of activity of apoptosis-related enzymes, hes-
peretin was found to reduce the endogenous apoptosis rate
of SCRV-infected EPC cells and exhibit antiviral activity
by preserving mitochondrial integrity and reducing ROS in
SCRV-infected EPC cells. Endogenous apoptosis can lead to
mitochondrial dysfunction, and changes in MMP and ROS
levels are key features. Hence, the present JC-1 and DCFH-
DA fluorescence probe staining analysis also confirmed that
hesperetin could reduce mitochondrial damage and prevent
endogenous apoptosis caused by SCRV infection in EPC
cells. These results could help to explore profoundly the an-
tiviral mechanism of hesperetin to fish rhabdoviruses in the
future.

In fact, previous studies have confirmed that hesperetin
could inhibit replication of a variety of viruses, such as her-
pes simplex virus type 1, poliovirus type 1, parainfluenza
virus type 3, influenza virus, Kaposi’s sarcoma-associated
herpesvirus, severe acute respiratory syndrome coronavirus
2 and Dengue virus,418-21 and affect multiple viral infec-
tion processes and regulate intracellular signal pathways
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Figure 6. (A) Detection of ROS changes in EPC cells with different exposure procedures. pretreatment of
hesperetin effectively reduced green fluorescence signals in SCRV-infected cells. Green signals denote ROS.
(original magnification, x200). (B) Detection of MMP changes in EPC cells with different exposure procedures.
pretreatment of hesperetin effectively increased red fluorescence signals in SCRV-infected cells. Green and red
signals denote JC-1 monomers and JC-1 aggregates, respectively. (Scale bar = 50 pnm). Hesperetin was here

abbreviated as HST.

involved in cell proliferation and responses to environmen-
tal changes.20 In aquatic virology, hesperetin was also
found to protect crayfish against white spot syndrome virus
(WSSV) infection, the important invertebrate pathogen in
aquaculture.22 It can regulate the innate immunity of cray-
fish and delay and reduce mortality after the WSSV chal-
lenge. Recently, Verma et al. (2024)23 reported the antiviral
activity of hesperetin against multiple poxviruses, includ-
ing buffalopox virus, vaccinia virus, and lumpy skin disease
virus, providing some insights into its potential mecha-
nisms of action. There is no doubt that our current study
provides new data and evidence on the antiviral spectrum
of hesperetin.

However, we should note that SCRV replication cycle is
a complicated process involving multiple factors in infected
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cells.24 Although some new molecules against SCRV infec-
tion have been reported,!! more and more antiviral drugs
or techniques need to be explored in the future. Obviously,
current findings on the dual role of hesperetin in both di-
rectly suppressing SCRV replication and modulating the
cell mitochondrial apoptosis, offer a promising candidate
molecule and improve the management of SCRV infection,
ensuring healthier fish populations and greater economic
stability.

219


https://ija.scholasticahq.com/article/132392-hesperetin-inhibits-_siniperca-chuatsi_-rhabdovirus-replication-by-reducing-mitochondrial-apoptosis-in-epc-cells/attachment/271829.jpeg

Hesperetin inhibits Siniperca chuatsi rhabdovirus replication by reducing mitochondrial apoptosis in EPC ce...

ACKNOWLEDGMENTS

This research was supported by Natural Science Foundation
of Henan (232300420018) and the High-level talents Fund
from Henan University of Technology (2023BS001).

AUTHORS’ CONTRIBUTION

Conceptualization: Yu-Zhen Ma (Equal). Formal Analysis:
Yu-Zhen Ma (Equal), Shuang-Shuang Sun (Equal). Investi-
gation: Yu-Zhen Ma (Equal), Shuang-Shuang Sun (Equal).
Writing - original draft: Yu-Zhen Ma (Equal), Shuang-
Shuang Sun (Equal). Writing — review & editing: Shi-Wei
Ma (Equal). Funding acquisition: Shi-Wei Ma (Equal). Su-
pervision: Shi-Wei Ma (Equal).

COMPETING OF INTEREST — COPE

The authors declare that they have no financial/commercial
conflicts of interest concerning this article.

ETHICAL CONDUCT APPROVAL — IACUC

This study does not involve in vivo experiments on animals
or plants. All analyses were based on previously published
studies. Thus, no ethical approval and patient consent are
required.

INFORMED CONSENT STATEMENT

All authors and institutions have confirmed this manuscript
for publication.

DATA AVAILABILITY STATEMENT

All data generated or used during the study appear in the
submitted manuscript.

Submitted: November 25, 2024 CST. Accepted: January 04,
2025 CST. Published: March 20, 2025 CST.

This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License

(CCBY-4.0). View this license’s legal deed at http://creativecommons.org/licenses/by/4.0 and legal code at http://creativecom-

mons.org/licenses/by/4.0/legalcode for more information.

Israeli Journal of Aquaculture - Bamidgeh

220



Hesperetin inhibits Siniperca chuatsi rhabdovirus replication by reducing mitochondrial apoptosis in EPC ce...

REFERENCES

1. Salehi B, Martins NC, Butnariu M, et al.
Hesperetin’s health potential: moving from
preclinical to clinical evidence and bioavailability
issues, to upcoming strategies to overcome current
limitations. Critical Reviews in Food Science and
Nutrition. 2022;62(16):4449-4464. doi:10.1080/
10408398.2021.1875979

2. Gonalez-Barrio R, Trindade LM, Manzanares P,
Graaff LH, Tomas-Barberan FA, Espin JC. Production
of bioavailable flavonoid glucosides in fruit juices and
green tea by use of fungal alpha-L-rhamnosidases.
Journal of Agricultural and Chemistry.
2011;52(20):6136-6142. doi:10.1021/jf0490807

3. Sohel M, Sultana H, Sultana T, et al.
Chemotherapeutic potential of hesperetin for cancer
treatment, with mechanistic insights: A
comprehensive review. Heliyon. 2022;8(1):e08815.
doi:10.1016/j.heliyon.2022.e08815

4. Ke F, Meng XY, Zhang QY. Siniperca chuatsi
rhabdovirus (SCRV)-induced key pathways and major
antiviral genes in fish cells. Microorganisms.
2022;10(12):2464. doi:10.3390/
microorganisms10122464

5.FuX, Lin Q, Liang H, et al. The biological features
and genetic diversity of novel fish rhabdovirus
isolates in China. Archive of Virology.
2017;162(9):2829-2834. doi:10.1007/
s00705-017-3416-z

6. Fu X, Ming Y, Li C, et al. Siniperca chuatsi
rhabdovirus (SCRV) induces autophagy via PI3K/Akt-
mTOR pathway in CPB cells. Fish & Shellfish
Immunology. 2022;102:381-388. doi:10.1016/
j.fsi.2020.04.064

7. Meng XY, Jiang QQ, Yu XD, Zhang QY, Ke F.
Eukaryotic translation elongation factor 1 alpha
(eEF1A) inhibits Siniperca chuatsi rhabdovirus (SCRV)
infection through two distinct mechanisms. Journal of
Virology. 2023;97(11):e0122623. doi:10.1128/

jvi.01226-23

8. Zhou GZ, Li ], Sun YH, Zhang Q, Zhang L, Pei C.
Autophagy delays apoptotic cell death induced by
Siniperca chuatsi rhabdovirus in epithelioma
papulosum cyprinid cells. Viruses-Basel.
2021;13(8):1554. doi:10.3390/v13081554

9. Huang Y, Wang R, Gao T, et al. Transcriptome
analysis of immune response against Siniperca chuatsi
rhabdovirus infection in mandarin fish Siniperca
chuatsi. Journal of Fish Diseases. 2021;44(6):675-687.

doi:10.1111/jfd.13329

Israeli Journal of Aquaculture - Bamidgeh

10. Zhao Y, Lin Q, Li N, et al. MicroRNAs profiles of
Chinese Perch Brain (CPB) cells infected with
Siniperca chuatsi rhabdovirus (SCRV). Fish & Shellfish
Immunology. 2019;84:1075-1082. doi:10.1016/

11. Ju PM, Ma SW, Li YY, Zhang SF, Li ], Zhou GZ.
Investigation of the antiviral mechanism of curcumin
analog EF-24 against Siniperca cachuatsi rhabdovirus.
Fishes. 2024;9(5):179. doi:10.3390/fishes9050179

12. Billowria K, Ali R, Rangra NK, Kumar R, Chawla
PA. Bioactive flavonoids: A comprehensive review on
pharmacokinetics and analytical aspects. Critical
Reviews in Analytical Chemistry.
2024;54(5):1002-1016. doi:10.1080/
10408347.2022.2105641

13. Hasnat H, Shompa SA, Islam MM, et al.
Flavonoids: A treasure house of prospective
pharmacological potentials. Heliyon.
2024;10(6):€27533. doi:10.1016/
j.heliyon.2024.e27533

14. Sharma R, Bhattu M, Tripathi A, et al. Potential
medicinal plants to combat viral infections: A way
forward to environmental biotechnology.
Environmental Research. 2023;227:115725.
doi:10.1016/j.envres.2023.115725

15. Zhang QY, Gui JF. Virus genomes and virus-host
interactions in aquaculture animals. Science China
Life Sciences. 2015;58(2):156-169. doi:10.1007/
s11427-015-4802-y

16. Ke F, Zhang QY. Aquatic animals viruses mediated
immune evasion in their host. Fish & Shellfish
Immunology. 2019;86:1096-1105. doi:10.1016/

j.f51.2018.12.027

17.Li S, Xu B, Luo Y, Luo J, Huang S, Guo X.
Autophagy and apoptosis in rabies virus replication.
Cells. 2024;13(2):183. doi:10.3390/cells 13020183

18. Cheng FJ], Huynh TK, Yang CS, et al. Hesperidin is
a potential inhibitor against SARS-CoV-2 infection.
Nutrients. 2021;13(8):2800. doi:10.3390/nu13082800

19. Long WY, Zhao GH, Wu Y. Hesperetin inhibits
KSHYV reactivation and is reversed by HIF1a
overexpression. Journal of General Virology.
2021;102(11). doi:10.1099/jgv.0.001686

221


https://doi.org/10.1080/10408398.2021.1875979
https://doi.org/10.1080/10408398.2021.1875979
https://doi.org/10.1021/jf0490807
https://doi.org/10.1016/j.heliyon.2022.e08815
https://doi.org/10.3390/microorganisms10122464
https://doi.org/10.3390/microorganisms10122464
https://doi.org/10.1007/s00705-017-3416-z
https://doi.org/10.1007/s00705-017-3416-z
https://doi.org/10.1016/j.fsi.2020.04.064
https://doi.org/10.1016/j.fsi.2020.04.064
https://doi.org/10.1128/jvi.01226-23
https://doi.org/10.1128/jvi.01226-23
https://doi.org/10.3390/v13081554
https://doi.org/10.1111/jfd.13329
https://doi.org/10.1016/j.fsi.2018.11.020
https://doi.org/10.1016/j.fsi.2018.11.020
https://doi.org/10.3390/fishes9050179
https://doi.org/10.1080/10408347.2022.2105641
https://doi.org/10.1080/10408347.2022.2105641
https://doi.org/10.1016/j.heliyon.2024.e27533
https://doi.org/10.1016/j.heliyon.2024.e27533
https://doi.org/10.1016/j.envres.2023.115725
https://doi.org/10.1007/s11427-015-4802-y
https://doi.org/10.1007/s11427-015-4802-y
https://doi.org/10.1016/j.fsi.2018.12.027
https://doi.org/10.1016/j.fsi.2018.12.027
https://doi.org/10.3390/cells13020183
https://doi.org/10.3390/nu13082800
https://doi.org/10.1099/jgv.0.001686

Hesperetin inhibits Siniperca chuatsi rhabdovirus replication by reducing mitochondrial apoptosis in EPC ce...

20. Khezri MR, Ghasemnejad-Berenji M, Moloodsouri
D. Hesperetin and the PI3K/AKT pathway: Could
their interaction play a role in the entry and
replication of the SARS-CoV-2? Journal of Food
Biochemistry. 2022;46(9):e14212. doi:10.1111/

ifbc.14212

21. Fatriansyah JF, Rizqillah RK, Yandi MY. Molecular
docking and molecular dynamics simulation of
fisetin, galangin, hesperetin, hesperidin, myricetin,
and naringenin against polymerase of Dengue virus.
Journal of Tropical Medicine. 2022;2022:7254990.
doi:10.1155/2022/7254990

22. Qian X, Zhu F. Hesperetin protects crayfish
Procambarus clarkii against white spot syndrome
virus infection. Fish & Shellfish Inmunology.
2019;93:116-123. doi:10.1016/j.fsi.2019.07.029

23. Verma A, Dedar RK, Kumar R, et al. Hesperetin
blocks poxvirus replication with a low tendency to
select for drug-resistant viral variants. Journal of

Medical Virology. 2024;96(4):€29555. doi:10.1002/

jmv.29555

24. Ma B, Li ], Zhang M, et al. Tissue factor pathway
inhibitors disrupt structures of rhabdovirus/
ranairidovirus and inhibit viral infection in Chinese

perch, Siniperca chuatsi. Fish & Shellfish Inmunology.

2024;149:109553. doi:10.1016/j.fsi.2024.109553

Israeli Journal of Aquaculture - Bamidgeh

222


https://doi.org/10.1111/jfbc.14212
https://doi.org/10.1111/jfbc.14212
https://doi.org/10.1155/2022/7254990
https://doi.org/10.1016/j.fsi.2019.07.029
https://doi.org/10.1002/jmv.29555
https://doi.org/10.1002/jmv.29555
https://doi.org/10.1016/j.fsi.2024.109553

	Hesperetin inhibits Siniperca chuatsi rhabdovirus replication by reducing mitochondrial apoptosis in EPC cells
	Introduction
	Materials and methods
	Cells and SCRV maintenance
	MTT assay
	CPE detection and time-of-addition assay
	Western blotting
	qRT-PCR
	Hoechst 33342 staining
	Flow cytometry analysis
	Caspase activity detection
	Mitochondrial membrane potential (MMP) assay
	ROS measurement
	Statistical analysis

	Results
	There’s no toxic effect of hesperetin to EPC cells
	Hesperetin possesses a strong antiviral ability to SCRV
	Hesperetin inhibited expression of SCRV nucleoprotein
	Hesperetin reduced apoptosis in SCRV-infected EPC cells
	Hesperetin reduced caspase-3 and caspase-9 activity in SCRV-infected cells
	Hesperetin inhibited mitochondrial apoptosis in SCRV-infected cells

	Discussion
	Acknowledgments
	Authors’ Contribution
	Competing of Interest – COPE
	Ethical Conduct Approval – IACUC
	Informed Consent Statement
	Data Availability Statement

	References


