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Myricetin, a polyhydroxyflavone compound, is one of the main ingredients 

of various human foods and therefore also known as dietary flavonoids. Due 

to the continuous emergence of resistant strains of herpesviruses, novel 

control measures are required. In the present study, myricetin exhibited 

potent antiviral activity against pseudorabies virus (PRV), a model organism of 

herpesvirus. The suppression rate could reach up to 96.4% at a concentration 

of 500 μM in cells, and the 50% inhibitory concentration (IC50) was 42.69 μM. 

Moreover, the inhibitory activity was not attenuated by the increased amount 

of infective dose, and a significant reduction of intracellular PRV virions was 

observed by indirect immunofluorescence. A mode of action study indicated 

that myricetin could directly inactivate the virus in vitro, leading to inhibition 

of viral adsorption, penetration and replication in cells. In addition to direct 

killing effect, myricetin could also activate host antiviral defense through 

regulation of apoptosis-related gene expressions (Bcl-2, Bcl-xl, Bax), NF-κB 

and MAPK signaling pathways and cytokine gene expressions (IL-1α, IL-1β, IL-

6, c-Jun, STAT1, c-Fos, and c-Myc). In PRV-infected mouse model, myricetin 

could enhance the survival rate by 40% at 5 days post infection, and viral 

loads in kidney, liver, lung, spleen, and brain were significantly decreased. The 

pathological changes caused by PRV infection were improved by myricetin 

treatment. The gene expressions of inflammatory factors (MCP-1, G-CSF, IL-

1α, IL-1β, and IL-6) and apoptotic factors (Bcl-xl, Bcl-2, and Bax) were regulated 

by myricetin in PRV-infected mice. The present findings suggest that myricetin 

can effectively inhibit PRV infection and become a candidate for development 

of new anti-herpesvirus drugs.
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Introduction

Myricetin, a polyhydroxyflavoid compound, was first found in 
bayberry bark in the late 18th century (Perkin and Hummel, 1896), 
and then successively isolated in other plants, such as Myricaceae, 
Vitaceae, Fabaceae, Ericaceae, and Euphorbiaceae (Liu and Yu, 
2014). It is also one of the main ingredients of various human’s 
foods, such as fruits, vegetables, fruit wine, tea, and honey, thus also 
known as dietary flavonoids (Deepak et al., 2016). The content of 
myricetin varies in different plants. It is well known that large 
amount of myricetin is present in the red bayberry trees which up 
to 10.53 mg/g in the red bayberry leaves (Yuan-Dan et al., 2015), but 
in bayberry core only 0.05 mg/g (Zou, 1995). The content of 
myricetin in fresh strawberries is only 75.7 μg/g (Gema and Maria, 
2016). Xanthoceras Sorbifolia Bunge is a kind of Tibetan medicine, 
mostly grown in Inner Mongolia, and has the content of myricetin 
about 0.8 mg/g (Yang et al., 2014). Vine tea is known as the “king of 
flavonoids” and contains 44% of total flavonoids, in which myricetin 
content was 6.73 mg/g (Chen et  al., 2015). Zhang et  al. (2021) 
compared 22 different sources of Xinyang Maojian tea and found 
that the content of myricetin reach up to 0.370 mg/g. As a natural 
flavonoid, myricetin has been developed as medicines, foods, health 
care products and cosmetics. Previous studies have shown that 
myricetin has a strong antioxidant activity to scavenge a series of 
free radicals and ions such as DPPH, NO (Rostoka et al., 2010), ROS 
(Di et al., 2011). It can protect the organism from oxidative damage, 
and has both antioxygen and promoting oxidation which depending 
on ascorbic acid and Fe3+ involvement (Chobot and Hadacek, 2011; 
Duthie and Morrice, 2012). Myricetin has a wide range of anti-
cancer effects, which is not only cytotoxic to various cancer cells 
such as liver, lung, and skin, but also inhibits the enzymatic activity 
associated with the development of cancer (Ci et al., 2018; Li et al., 
2019; Xie et al., 2019). The anti-inflammatory activity of myricetin 
has been demonstrated in many trials through regulation of various 
signaling pathways (Hou et al., 2018; Kan et al., 2019). Myricetin 
could inhibit the growth of both bacteria and viruses (Cai and Wu, 
1996; Naz et al., 2007). It was reported that myricetin could target 
the viral gD protein and downregulate the cellular EGFR/PI3K/Akt 
pathway to inhibit HSV replication (Li et al., 2020). Myricetin could 
inhibit HIV infection through suppression of SEVI fibers formation 
(Ren et al., 2018) and a direct killing effect (Pasetto et al., 2014). It 
could inhibit the activation of reverse transcriptase of murine 
leukemia virus (RLV) and HIV (Ono et al., 2010) and the activation 
of SARS-CoV helicase protein (nsP13; Yu et al., 2012). In addition, 
myricetin also has anti-allergy, antiacid, antihypertensive, and 
analgesic activities.

Herpesvirus, a class of viruses with double-stranded DNA, 
mainly invade skin, mucosal and neural tissues (Wildy, 1985), and 
then cause latent infection which is one of the major features of 
herpesvirus (Cohen, 2020). It can infect a wide range of hosts 
including amphibians, mammals and primates, and also involves in 
the development of certain cancers and causes complications of 
multiple diseases (Rafferty and Keen, 1973; Burrows, 1977; Boštíková 
et al., 2014). Pseudorabies virus (PRV), also known as swine herpes 

virus type I, belongs to the α subfamily of the Herpesviridae family. 
It is the pathogen that causes various mammalian Aujeszky’s disease 
(Wittmann and Rziha, 1989). Viruses in the α subfamily were found 
to be highly homologous, so PRV is often served as a model virus for 
studying α-herpesviruses (Karlin et al., 1994). Because of its high 
neurophilicity, PRV is often used as the “live” tracer of neuropathways 
(Sun et al., 2019). Although previous studies found that there was no 
cross-reactive between antibodies to PRV and HSV (Robbins et al., 
1987), cases of humans infected with PRV have occurred since 1914. 
The patients developed symptoms associated with the CNS and 
tested positive for antibody specificity at 5–15 months of onset 
(Mravak et al., 1987; Skinner et al., 2001). Recent reports showed 
that some patients suffered from endophthalmitis and encephalitis 
caused by the variant PRV strain (Ai et al., 2018). Thus, it appears 
that PRV is most likely to vary into the neglected zoonosis (Wong 
et al., 2019). Although many trials have been conducted, vaccines 
against the human herpes virus are still not approved (Rajčáni et al., 
2018). The approved drugs, including acyclovir, valacyclovir, and 
penciclovir are a class of nucleoside analogues that strongly inhibit 
DNA polymerase, which can effectively prevent and treat primary 
infection of herpes virus, but cannot protect the body from the 
damage caused by secondary infection (Sawleshwarkar and Dwyer, 
2015). Studies have found that some compounds extracted from 
natural plants have good anti-herpesvirus activity, especially 
flavonoids (Ninfali et al., 2020). They can function at various stages 
of the viral infection cycle, providing new strategies for the treatment 
of herpesviruses. In this study, the antiviral activity of myricetin 
against PRV was evaluated in order to developing a new treatment 
for herpesvirus infection from dietary flavonoids.

Materials and methods

Reagents cells and virus

Myricetin (MB1893-2; with purity > 95%) was purchased 
from Dalian Meilun Biotechnology Co., Ltd. (Dalian, China). Pig 
kidney cells (PK-15) were preserved in the Natural Medicine 
Research Center Sichuan Agricultural University (Chengdu, 
China) and grown in high glucose medium (DMEM) containing 
10% fetal bovine serum (PAN), penicillin (100 U/ml), and 
streptomycin (100 μg/ml) at 37°C 5%CO2. PRV (Ra strain) was 
purchased from China Veterinary Culture Collection Center 
(Beijing, China) and maintained at the Natural Medicine Research 
Center Sichuan Agricultural University (Chengdu, China) after 
propagated for five generations in PK-15 cells.

Half cytotoxic and half inhibition 
concentrations assays

The cytotoxic effects of myricetin on PK-15 cells were 
determined by cell counting kit-8 assay (CCK-8; MA0218-T; Dalian 
Meilun Biotechnology Co., Ltd.) according to the manufacturer’s 
instructions. PK-15 monolayers grown in 96-well plates were 
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incubated with DMEM containing 2% fetal bovine serum and 
2-fold dilutions of myricetin for 48 h at 37°C. Then 10 μl CCK-8 
solution was added to each well and incubated at 37°C for 30 min, 
followed by measurement of absorbance values at 450 nm in a 
microplate reader (Bio-Rad, United  States). The 50% cytotoxic 
concentration (CC50) was calculated by the Reed-Muench method.

The antiviral activity of myricetin was evaluated by the 
cytopathic inhibition assay (Yang et al., 2016b). PK-15 cells grown 
in 96-well plates were infected with PRV (100 TCID50) at 
confluence of 80%–90% in the presence of different concentrations 
of myricetin. After infection for 1 h, the virus-containing culture 
medium was removed and different concentrations of myricetin 
diluted in culture medium were added again. When the infected 
cells without any treatment showed approximately 80% cytopathic 
effect (CPE), CCK-8 assays were performed as described above. 
The 50% inhibitory concentration (IC50) was calculated by the 
Reed-Muench method.

Indirect immunofluorescence assay

The indirect immunofluorescence assay was conducted as 
previously described (Wang et al., 2017). PK-15 cells were infected 
with PRV (MOI = 0.1) in the presence of myricetin (500 μM), after 
adsorption for 1 h at 37°C, the virus-containing medium was 
replaced with a culture medium containing myricetin. After 
incubation for 24 h, the cells were washed with PBS and fixed with 
4% paraformaldehyde for 15 min. After penetration with 
0.2%TritonX-100 for 10 min, the cells were incubated with 5% BSA 
for 30 min at 37°C. After washing, cells were incubated consecutively 
with anti-PRV antibodies (ab3534, Abcam, 1:200 dilutions) and 
FITC Conjugated Goat Anti-rabbit IgG (H + L; BA1105; BOSTER, 
Wuhan, China). Then, the cell nucleus was stained with DAPI for 
5 min before fluorescence microscope observation. Images were 
recorded using a Nikon fluorescence microscope (80i).

Anti-PRV activity of myricetin against different viral dose 
PK-15 cells was infected with PRV (MOI = 1, 0.1, and 0.01, 
respectively) in the presence of myricetin (500 μM), after 
adsorption for 1 h at 37°C, virus-containing medium was removed 
and culture medium containing myricetin was added. After 
incubation for 24 h, total DNA of cells was extracted to detect viral 
DNA copy by using DNAiso Reagent (D305; TaKaRa, China) 
according to the manufacturer’s instructions. For determination 
of viral gene copies, fluorescent quantitative PCR (FQ-PCR) was 
performed using a Bio-Rad CFX96 ConnectTM Real-Time PCR 
Detection System (CA, United States) according to the method 
described by Zhao et al. (2017).

Mode of action assay

In order to elucidate which stage of viral infection was 
inhibited by myricetin, the mode of action assay was performed 
by the following five tests (Chen et al., 2021). (1) Pretreatment: 

cells were incubated with myricetin (500 μM) for 1 h at 37°C prior 
to PRV infection (100 TCID50). (2) Inactivation: PRV (10,000 
TCID50) was incubated with myricetin (500 μM) at 37°C for 1 h 
followed by 100-fold dilution, and then the mixture was added to 
cells for infection. (3) Adsorption: cells were infected with PRV 
(100 TCID50) in the presence of myricetin (500 μM) at 4°C for 1 h, 
and then the cells were washed to remove unadsorbed viruses, 
followed by incubation at 37°C. (4) Penetration: PRV (100 
TCID50) was allowed adsorption to pre-cooled cells for 1 h at 4°C, 
followed by incubation with myricetin (500 μM) at 37°C for 1 h. 
(5) Post-infection: cells were infected with PRV (100 TCID50) for 
1 h at 37°C, followed by addition of myricetin (500 μM) after 
removed the unadsorbed virus. After incubation for 48 h, the viral 
DNA copy in each assay were measured by FQ-PCR method as 
described above.

Virucidal activity

The method for detecting virucidal activity was described 
previously (Jones et al., 2020). The PRV at 107.3 TCID50 (0.1 ml) 
was incubated with or without equal volume of myricetin 
(1,000 μM) at 37°C for 0, 5, 10, 15, 30, 45, and 60 min and then 
serially 10-fold diluted on PK-15 cells in 96-well plates. After 
incubation at 37°C for 48 h, the viral titer was detected by the 
Reed-Muench method.

Effect of myricetin on the PRV growth 
curve

PK-15 cells seeded in 6-well plates were infected with PRV 
(MOI = 0.1), and after incubation for 1 h at 37°C, the medium 
was replaced by the myricetin-containing (500 μM) culture 
medium. Cells were collected to extract viral DNA at the 
following each time point: 2, 4, 6, 8, 12, 18, and 24 h post 
infection (hpi), respectively. The viral DNA copy were detected 
by FQ-PCR.

Apoptosis

The effect of myricetin on PRV causing apoptosis in 
PK-15 cells was determined by Annexin V-FITC/PI double 
staining (Hu et al., 2019). PK-15 cells seeded in 6-well plates 
were infected with PRV (MOI = 0.1). After adsorption for 1 h, 
virus-containing medium was replaced by the myricetin-
containing (500 μM) culture medium. The cells were 
incubated for 24 h, and then, Annexin V-FITC of binding 
solution (195 μl), AnnexinV-FITC (5 μl), and PI of staining 
solution (10 μl) were consecutively and gently added and 
mixed. After incubation from light at room temperature for 
20 min, images were recorded using a Nikon fluorescence 
microscope (80i, Japan).

https://doi.org/10.3389/fmicb.2022.985108
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Hu et al. 10.3389/fmicb.2022.985108

Frontiers in Microbiology 04 frontiersin.org

Western blot assay

PK-15 cells were infected with or without PRV (MOI = 1), and 
after adsorption for 1 h virus-containing medium was replaced by 
the culture medium with or without myricetin (500 μM). Total 
proteins of cells were extracted with a commercial kit (BOSTER, 
Wuhan, China) at 4, 8, and 12 hpi, respectively. Then, the proteins 
were isolated by 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred to polyvinylidene 
difluoride (PVDF) membranes (Millipore, United States). The 
membrane was blocked in 5% (w/v) skim milk diluted with Tris-
buffered saline containing 0.1%(v/v) Tween 20 (TBST) for 90 min 
at room temperature, followed by incubation with primary 
antibodies against P65 (CST, United States, 1:1,000), p-P65 (CST, 
United States, 1:1,000), P38 (CST, United States, 1:1,000), p-P38 
(CST, United  States, 1:1,000), ERK1/2 (CST, United  States, 
1:1,000), p-ERK1/2 (CST, United  States, 1:1,000), and β-actin 
(Boster, Wuhan, 1:1,000) at 4°C overnight, respectively. The 
membranes were washed with TBST and incubated with 
horseradish peroxidase-conjugated secondary antibody (CST, 
United States, 1:5,000) at room temperature for 1.5 h. The proteins 
were visualized using enzymatic chemiluminescence (ECL) 
reagents (Bio-Rad). The expressions of total proteins were 
normalized according to the expression of β-actin and ratios of 
protein band intensities were obtained with ImageJ Software 
(Version 1.47; NIH, United States).

Cytokines assay

Total RNA of PK-15 cells and organs was extracted by TRIzol 
reagent (Invitrogen, United States) according to the manufacturer’s 
protocol. Then, the total RNA was reverse-transcribed by Revert 
Aid First-Strand cDNA Synthesis Kit (K1622; Thermo Scientific, 
United States). The cDNA of each sample was used for RT-PCR 
with SYBR Green Supermix Kit (Bio-Rad, United States), and the 
primers used are listed in Table 1. The PCR cycling was performed 
at 95°C for 3 min, followed by 40 cycles of cycling at 95°C for 10 s, 
59.8°C for 30 s, and 55°C for 5 s. Expression of β-actin was used to 
normalize the differences in total mRNA expression in each 
sample. The relative expression of each gene was calculated 
by 2−△△Ct

.

Animals and experimental design

The animal experimental protocol was approved by the 
National Institute of Animal Health Animal Care and Use 
Committee at Sichuan Agricultural University (approval number 
2018–012).

Thirty female specific pathogen-free KM mice (body weight 
20 ± 2 g) were commercially obtained from the Chengdu Dossy 
Experimental Animals Co., Ltd. (Chengdu, China), and kept in 
the BSL-2 lab at Sichuan Agricultural University (Ya’an, China). 

They were housed at 20°C–25°C with a relative humidity of 
55% ± 5% and a 12 h light–dark cycle. After acclimating for a 
week, the mice were randomly divided into the following three 
groups (n = 10): uninfected-untreated group, infected-untreated 
group, and treatment group (Myr, 100 mg/kg, dissolved in 0.5% 
carboxy methyl cellulose sodium solution). The mice, except 
those in the uninfected-untreated group (0.1 ml PBS), were 
intraperitoneally injected with 0.1 ml of 2 × 104 TCID50 PRV. The 
mice in the treated groups were orally administered with 0.2 ml 
myricetin at 1 h post infection, twice daily. In the infected-
untreated group and uninfected-untreated group, the mice 
received 0.2 ml 0.5% CMC-Na. Then, all animals were 
euthanized by cervical dislocation and subjected to full 
dissection after the infected-untreated group reached a 
mortality rate of over 50%.

Survival rate

The number of deaths in each group was recorded daily. The 
survival rate was calculated as follows:

Survival rate = number of surviving mice/total number 
of mice.

Organ coefficient

After dissection, the heart, liver, spleen, lung, kidney, thymus, 
and brain were exercised and weighed. The relative organ weight 
was calculated according to the formula:

Organ coefficient (mg/g) = organ weight/body weight.

Viral load assay

The heart, liver, spleen, lung, kidney, and brain were collected 
from each group and immediately frozen with liquid nitrogen, 
followed by homogenization. Total DNA of tissue sample (20 mg) 
was extracted by using DNAiso Reagent (D305; TaKaRa, China) 
according to the manufacturer’s instructions. The viral copies were 
determined by the fluorescent quantitative polymerase chain 
reaction (FQ-PCR) method described by Zhao et al. (2017).

Histopathological examination

During dissection, the liver, spleen, lung, kidney, and brain 
were taken and fixed in 4.0% paraformaldehyde for 2 weeks, 
followed by embedding in paraffin. Sections (4 μm) were cut and 
stained with hematoxylin–eosin (HE) solution. Histopathological 
changes were observed under a microscope (Nikon Eclipse 80i, 
Tokyo, Japan). Three slides from different parts of each tissue type 
(3 mice per group) were analyzed.
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Statistical analysis

All data were representative of at least three independent 
experiments. Data were presented as means ± standard deviations 
(S.D.) and analyzed using SPSS 22.0 Statistical Software (IBM, NY, 
United States). Statistical significance of the data was compared by 
one-way analysis of variance (ANOVA), p-values < 0.05 were 
considered significant. The bar graph and line chart were prepared 
by GraphPad Prism 7 (GraphPad Software).

Results

Cytotoxicity and antiviral activity of 
myricetin

Myricetin is a polyhydroxyflavone with multiple 
pharmacological effects and the chemical structure is in 
Figure 1A. Throughout the tests, the concentration of DMSO in 
the culture medium is below 0.5%, which could not affect cell 
growth and virus proliferation. The toxicity study showed that the 
viability of cells was reduced by 11.9% at a concentration of 
1,000 μM (Figure  1B). There was no significant cytotoxicity 
observed when the concentration is no more than 500 μM, thus 
the maximum non-toxic concentration of myricetin to PK-15 cells 
was 500 μM. Myricetin could dose-dependently inhibit PRV 
growth, and PRV-induced cell deaths were reduced by 96.4% after 
treatment with myricetin (500 μM; Figure  1C). The IC50 was 

calculated as 42.69 μM (Table 2). Then, the initial infective dose 
was increased to 0.01, 0.1, and 1 MOI, and myricetin could still 
significantly inhibit PRV replication in cells at the concentration 
of 500 μM (Figure  1E). For further confirming the anti-PRV 
activity of myricetin under post infection, the cells were infected 
by PRV prior to addition of myricetin. The results showed 
(Figure 1D) that the anti-PRV potency of myricetin was reduced 
and the inhibitory rate was 63.2% when the concentration of 
myricetin was 500 μM.

The propagation of virions in cells was intuitively observed by 
indirect immunofluorescence. The cells were infected with PRV 
and treated with 500 μM myricetin at the same time. After 
infection for 24 h, cells were detected by immunofluorescence 
assay. The results (Figure 2) showed that cells infected with PRV 
had a larger nuclear volume and altered morphogenesis, and high 
fluorescence of viral antigens was detected in PRV-infected cells. 
In contrast, no nuclear morphology or size was significantly 
changed and very low fluorescence of viral antigens was detected 
after myricetin treatment.

Mode of action

To explore the mode of action, several tests based on viral 
replication cycle were performed. The results (Figure 3A) found that 
myricetin at the concentration of 500 μM showed a direct virus-
killing effect, and also had significant inhibitory effects on the stages 
of viral adsorption, penetration, and replication. Pretreatment did 

TABLE 1 The primer sequences used for real-time PCR.

Gene Forward primer sequence (5′ → 3′) Reverse primer sequence (5′ → 3′)

β-actin(pigs) GGACTTCGAGCAGGAGATGG AGGAAGGAGGGCTGGAAGAG

IL-1α(pigs) AGAATCTCAGAAACCCGACTGTTT TTCAGCAACACGGGTTCGT

IL-1β(pigs) GCCCTGTACCCCAACTGGTA CCAGGAAGACGGGCTTTTG

IL-6(pigs) ATTAAGTACATCCTCGGCAAA GTTTTCTGCCAGTACCTCC

c-Fos(pigs) TGCAGACTGAGATCGCCAACC CCACTCAGATCAAGGGAAGCCACA

c-Myc(pigs) GAAACAGATCAGCAACAACCGAAA CATTGTGTGTCCGCCTCTTGTCA

c-Jun(pigs) CGAGCGCCTGATAATCCAGTCCA AGCCCTCCTGCTCGTCAGTCAC

STAT1(pigs) TATAAAGTCATGGCCGCTGA GTTCCTTTAGGGCCGTCA

Bax(pigs) GTT TCA TCC AGG ATC GAG CA TGCAGCTCCATGTTACTGTCC

Bcl-2(pigs) CTGCACCTGACTCCCTTCACC TCCCGGTTGACGCTCTCCACA

Bcl-xl(pigs) GCCACTTACCTGAATGACCA ATTGTTTCCGTAGAGTTCCAC

US3(pigs) GGGCTTTCCTGATTTACAAGA TGT AAGGGCGGCGGACG

β-actin(mouse) GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

IL-1α(mouse) AGTTGCCAGAAACACC GTGGCAATAAACAGCTCT

IL-1β(mouse) CACTACAGGCTCCGAGA GCCACAGGTATTTTGTCGTT

IL-6(mouse) GTCGGAGGCTTAATTACACA CAAGTGCATCATCGTTGT

MCP-1(mouse) AAAACCTGGATCGGAAC TAGCTTCAGATTTACGGGTC

GCSF(mouse) TCTGCCTCTACCAAGGTCT CCCCTAGGTTTTCCATCTGC

Bax(mouse) TTTCATCCAGGATCGAGCAG CACGTCAGCAATCATCCTC

Bcl-2(mouse) ACCTGACGCCCTTCACC CATCTCCCTGTTGACGCTCT

Bcl-xl(mouse) ATCCCAGCTTCACATAACCC ATCCGACTCACCAATACCTG
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not show any protective effect on cells (Figure  3A). To further 
explore the direct viricidal effect of myricetin, we performed a time 
course of virucidal activity assay and found that coincubation of 
myricetin with virus at 37°C for 5 min could significantly reduce 
viral virulence in a time-dependent manner within 60 min 
(Figure  3B). It is speculated that myricetin may also inactivate 
progeny viruses and inhibit cell-to-cell transmission. The viral 
growth curve in the presence of myricetin suggests that it did not 
significantly inhibit viral replication during the first 4 hpi, but the 
viral growth significantly inhibited from 4 to 24 hpi (Figure 3C). 
Taken together, these results suggested that the antiviral effect of 
myricetin against PRV attributed to direct inactivation and 
inhibition of viral adsorption and penetration.

The inhibition of virus-induced apoptosis 
by myricetin

Viral infection often causes apoptosis and necrosis (Cheung 
et al., 2000). Annexin V-FITC/PI double staining was employed 
to explore the inhibitory effect of myricetin on PRV-causing 
apoptosis. The results (Figure 4A) showed that apoptosis occurred 
in the uninfected cells after 18hpi. In the infected cells, apoptosis 
was detected at 12 hpi and most of the cells were shown in late 
apoptosis or necrosis at 24 hpi. After myricetin treatment 
(500 μM), cells showed a reduced degree of apoptosis when 
compared to untreated cells and the relative fluorescence intensity 
what’s we counted were consistent with the above results 
(Figure  4B). To further explore the effect of myricetin on the 
apoptosis caused by PRV infection, we examined the expression 
of apoptosis-related genes. The results (Figure  4C) found that 
PRV-infected cells could significantly up-regulate the expression 
of antiapoptotic gene Bcl-2 at 12, 18, and 24 hpi, but the 
pro-apoptotic gene Bax was significantly downregulated at 12 hpi 
until its expression was significantly upregulated at 24 hpi. 
However, the antiapoptotic gene Bcl-xl was significantly 
downregulated at 12, 18, and 24 hpi. After 0.5 mM myricetin 
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FIGURE 1

Anti-PRV activity of Myricetin. (A) The structural formula of myricetin. (B) The cell toxicity of myricetin. PK-15 cells were incubated with different 
concentrations of myricetin for 48 h, then the cell viability was measured by CCK-8. (C) The inhibitory rate of myricetin against PRV. PK-15 cells 
were infected with PRV (100TCID50) and treated with myricetin at the same time. After adsorption for 1 h, the mixture was replaced with fresh 
medium containing myricetin to culture for 48 h. Then a CCK-8 assay was performed. (D) The inhibitory rate of myricetin on PRV replication. PK-
15 cells were infected with PRV (100TCID50) and treated with myricetin after 1 h post infection. After incubation for 48 h, a CCK-8 assay was used 
for detection. (E) MOI assay. PK-15 cells were infected with PRV (MOI = 0.01, 0.1, and 1, respectively) in the presence of myricetin; after incubated 
for 1 h at 37°C, the mixture was replaced with fresh compound-containing medium. The DNA copy of PRV was evaluated by FQ-PCR. Values are 
presented as means ± SD (n = 6). PRV, the infected group without treatment; PRV + Myr, the infected group with myricetin treatment. Symbol “***” 
represents p < 0.001 between the PRV group and PRV + Myr group.

TABLE 2 Antiviral activity of myricetin against PRV.

Compound CC50 (μM)a IC50 (μM)b SIc

Myricetin >1,000 42.69 ± 0.53 >23.24 ± 0.49

aCytotoxic concentration 50% (CC50), the concentration of myricetin induces cell death 
by 50%.
bInhibition concentration 50% (IC50), the concentration of myricetin reduces PRV-
induced cell death by 50%.
cThe selectivity index is defined as the ratio of CC50 to IC50.
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treatment, the regulation of PRV infection on apoptosis-related 
cytokine expression was reversed. Not only that, the expression of 
PRV apoptosis-related gene US3 gene was suppressed in the PRV 
after myricetin treatment, and the degree of inhibition was 
positively correlated with the time of drug action. The above 
showed that myricetin can inhibit apoptosis by inhibiting PRV 
apoptosis-related gene and regulating apoptosis-related cytokines.

The changes of NF-κB and P38 MAPK 
signaling pathways

Viral infection usually causes changes in cellular signaling 
pathways to facilitate their own proliferation (Sun et al., 2017). 
Studies have found that the MAPK and NF-κB pathways are 
associated with viral infection (Xu et al., 2019). The changes 

of NF-κB and MAPK signal pathways were shown in Figure 5. 
After 4 h of viral infection (Figure 5A), the expressions of P65, 
p-P65 as well as p-P65/P65 were significantly reduced in the 
PRV-infected cells compared to uninfected control; the 
expressions of ERK1/2, p-ERK1/2, P38, and p-P38 as well as 
p-ERK1/2/ERK1/2 and p-P38/P38 were elevated when 
compared with uninfected control. After treated with 
myricetin, the expressions of p-P65 and p-ERK1/2 as well as 
p-P65/P65 and p-ERK1/2/ERK1/2 were significantly enhanced 
and the expressions of ERK1/2, P38, p-P38 as well as p-P38/
P38 were significantly reduced when compared to the 
infected-untreated group. At 8 hpi (Figure 5B), the levels of 
P65, p-P65, p-P65/P65, ERK1/2, p-ERK1/2, P38, p-P38, 
p-ERK1/2/ERK1/2, and p-P38/P38 were significantly 
increased in the PRV-infected cells when compared with 
uninfected control. In contrast, the levels of p-P65, p-P65/P65, 

A B

FIGURE 2

Indirect immunofluorescence. (A) PK-15 cells were infected with PRV (MOI = 0.1) in the presence of myricetin, and subjected to immunostaining at 
24 h post-infection. Green, PRV virion; blue, nuclei. Magnification, 400X. (B) Relative fluoruminosity was counted by using the ImageJ software. 
The value is defined as the ratio of green fluorescence to blue fluorescence. Mock, the uninfected-untreated group; PRV, the infected group 
without treatment; PRV + DMSO, the infected group with DMSO treatment (0.5%); PRV + Myr, the infected group with myricetin treatment. Data are 
presented as mean ± SD, n = 6. Symbol “**” represents p < 0.01 between the mock group and other groups. Symbol “##” represents p < 0.01 between 
the PRV group and PRV + Myr group.

A B C

FIGURE 3

The antiviral mechanism of Myricetin. (A) Mode of action study. Myricetin was added on PK-15 cells for 1 h, and after washing, the cells were 
infected with PRV (Pretreatment). Myricetin was incubated with PRV for 1 h, and then added into cells after dilution (Inactivation). Myricetin was 
mixed with PRV to infect cells and replaced by new culture medium after adsorbed 1 h at 4°C (Adsorption). Myricetin was added to cells after PRV 
adsorption for 1 h at 4°C, and then cells were incubated for 1 h at 37°C followed by wahsing with citric acid-sodium citrate buffer (Entry). Myricetin 
was added after cells was infected with PRV for 1 h at 37°C (Post-infection). (B) Time course of virucidal activity. PRV and myricetin were incubated 
for different time periods and then serially diluted on PK-15 cells for determining viral titers (TCID50). (C) Growth curve. After infection for 1 h, PK-15 
cells were treated with myricetin and the viral gene copies at different time were detected. PRV, the infected group without treatment; PRV + Myr, 
the infected group with myricetin treatment (0.5 mM). Values are presented as means ± SD (n = 6). Symbols “** and ***” represent p < 0.01 and 
p < 0.001, respectively, between the PRV group and PRV + Myr group.
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p-ERK1/2 as well as p-ERK1/2/ERK1/2 were significantly 
elevated, and the levels of ERK1/2, P38, p-P38 as well as 
p-P38/P38 was significantly reduced after myricetin treatment. 
At 12 hpi (Figure 5C), compared with the uninfected control, 
PRV infection increased the levels of p-P65 and p-P65/P65; 
the expressions of ERK1/2 and P38 were significantly reduced, 
and the expressions of p-ERK1/2 and p-P38 as well as 
p-ERK1/2/ERK1/2 and p-P38/P38 were significantly elevated. 
After myricetin treatment, the levels of P65, p-P65, p-P65/
P65, p-ERK1/2, P38, p-P38, p-ERK1/2/ERK1/2, and p-P38/
P38 were significantly reduced, whereas the expression of 
ERK1/2 was significantly increased when compared with the 
PRV-infected cells. These results suggested that PRV infection 
could suppress the NF-κB pathway at 4 hpi, then turned into 
activation at 8 and 12 hpi. Myricetin treatment can activate the 
NF-κB pathway at 4 and 8 hpi, then turned to inhibition at 12 
hpi. It is also suggested that PRV infection could activate the 
MAPK pathway, and myricetin could inhibit the 
persistent activation.

The changes of gene expressions

Previous studies found that PRV infection can affect NF-κB 
and MAPK pathways, and the effect of myricetin on relevant 
target gene expressions was tested. The results are shown in 
Figure 6. The IL-1α, IL-1β, and IL-6 are associated with the 
NF-κB pathway, the relative expressions of IL-1α and IL-6 were 
significantly increased at 2, 4, 6, and 8 hpi in comparison with 
the uninfected-untreated control, which were significantly 
decreased by myricetin treatment. The expression of IL-1β was 
increased by PRV infection at 2, 6, 8, and 12 hpi, but decreased 
at 4 hpi, whereas it was inhibited at 6 and 12 hpi after myricetin 
treatment. The c-Jun, STAT1, c-Fos, and c-Myc are associated 
with the MAPK pathway. The expressions of c-Jun and c-Fos 
were upregulated within 12 hpi in comparison with the 
uninfected-untreated control. The expressions of STAT1 and 
c-Myc were upregulated within 10 hpi, but decreased at 12 hpi. 
The changes in these gene expressions caused by PRV infection 
are inhibited by myricetin.
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FIGURE 4

Apoptosis study. (A) Myricetin was added after the cells were infected with PRV (MOI = 0.1) for 1 h and subjected to Annexin V-FITC/PI double staining 
at 12, 18, and 24 hpi, respectively. Green, early period of apoptosis; Red, later period of apoptosis or necrosis. Magnification, 200X. (B) Relative 
fluorescence intensity was counted by using the ImageJ software. (C) Myricetin was added after the cells infected with PRV (MOI = 0.1) for 1 h and Total 
RNA was extracted by TRIzol reagent at 12, 18, and 24 hpi, respectively. Then, the total RNA was reverse-transcribed by Revert Aid First-Strand cDNA 
Synthesis Kit. Expression of each gene was determined by real-time PCR. Mock, the uninfected-untreated cells; PRV, the infected group without 
treatment; PRV + DMSO, the infected group with DMSO treatment (0.5%); PRV + Myr, the infected group with myricetin treatment (0.5 mM). Values are 
presented as means ± SD (n = 6). Symbols “*, **, and ***” represent p < 0.05, p < 0.01, and p < 0.001, respectively, between the mock group and other 
groups. Symbols “#, ##, and ###” represent p < 0.05, p < 0.01, and p < 0.001, respectively, between the PRV group and other groups.
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The antiviral activity of myricetin in 
PRV-infected mice

To further confirm the anti-PRV activity in vivo, the protective 
effects of myricetin on PRV-infected mice were tested. The results 
were shown in Figure 7. The mice began dying at 4 days post 
infection (dpi) with a mortality rate of 40%, and mortality rate as 
high as 70% at 5 dpi. After myricetin treatment, the mice began 
dying at 5 dpi with a mortality rate of 30% (Figure 7A). These 
results suggested that myricetin could prolong the survival of 
infected mice and enhance the survival rate.

The PRV proliferation was detected in each tissue by 
FQ-PCR. As shown in Figure 7B, PRV is replicated the most in the 
kidney, second by the liver, lung, spleen, brain, and the least 
proliferation in the heart. After myricetin treatment, the copy 
number of PRV in each organ was greatly reduced, indicating that 
myricetin can effectively inhibit the virus proliferation.

Organ index is a commonly used index in the toxicology 
experiment, which can reflect whether the body is in a pathological 

state. Our results showed that (Figure 7C) the organ indices of liver, 
kidney and thymus were significantly increased in PRV-infected 
mice, but lung and brain indices were significantly reduced. The 
results indicate that the liver, kidney, and thymus of infected mice 
may appear some degenerative changes, and lung and brain may 
appear edema, congestion, and other changes. After myricetin 
treatment, there was a certain degree of recovery in the organ indices 
of liver, thymus, and brain. Through histopathological examination, 
all the tested organs had different levels of pathological damages after 
infection with PRV (Figure 7D). In the liver, PRV infection caused 
disordered arrangement of hepatic cords, shedding of blood vessel 
walls, and forming a clot. The main changes were clustering of 
lymphocytes and necrosis of liver cells after myricetin treatment. In 
the spleen, PRV infection caused forming a clot, bleeding, and 
hemosiderosis. After myricetin treatment, the lesion was only 
hemosiderosis. In the kidney, PRV infection caused cell granule 
denaturation, hyperemia, hematolysis, and probable clustering of 
lymphocytes. After myricetin treatment, the main change was 
clustering of lymphocytes. In the lung, PRV infection caused blood 
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FIGURE 5

The changes of the NF-κB and MAPK pathways. The PK-15 cells were infected with or without PRV (MOI = 1) in the presence or absence of 
myricetin. Expressions of P65, p-P65, ERK1/2, p-ERK1/2, P38, and p-P38 were determined by Western blotting at 4 (A), 8 (B), and 12 (C) hpi. Mock, 
the uninfected-untreated cells; Myr, the uninfected group with myricetin treatment. PRV, the infected group without treatment; PRV + Myr, the 
infected group with myricetin treatment. Data are presented as mean ± SD, n = 6. Symbols “*, **, and ***” represent p < 0.05, p < 0.01, and p < 0.001, 
respectively, between the mock group and other groups. Symbols “# and ###” represent p < 0.05 and p < 0.001, respectively, between the PRV 
group and PRV + Myr group.

https://doi.org/10.3389/fmicb.2022.985108
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Hu et al. 10.3389/fmicb.2022.985108

Frontiers in Microbiology 10 frontiersin.org

congestion and blood stasis in the alveolar septal capillaries. 
Myricetin treatment reduced alveolar congestion and blood stasis. In 
the brain, PRV infection caused the glial cells surrounding the 
neurons, and there was no significant pathological damage in the 
brain after myricetin treatment.

The gene expression levels of inflammatory cytokines and 
apoptotic factors in lung, kidney, brain, spleen, and liver after 
PRV infection were determined by RT-PCR (Figures 7E,F). 
The expressions of IL-1α and Bax in liver were suppressed 
after PRV infection, while the G-CSF, IL-1β, IL-6, and Bcl-xl 
were upregulated. The expression of MCP-1, IL-1α, IL-6, 
Bcl-xl, and Bcl-2 was increased in the spleen, while the 
expression of IL-1β and Bax was downregulated. In the lung, 
all genes were upregulated, except for no significant change in 
the expression levels of Bcl-xl, and Bcl-2. Expressions of 
MCP-1, IL-1α, IL-6, Bcl-xl, and Bcl-2 were all increased in the 
skidney, whereas the expression levels of G-CSF and Bax were 
decreased. The expression levels of MCP-1, G-CSF, IL-1α, 
IL-1β, Bcl-xl, and Bcl-2, as well as Bax were also upregulated 
in the brain. The expression levels of inflammatory factors and 
apoptosis factors were recovered in each organ after 
myricetin treatment.

Discussion

Myricetin is a polyhydroxy dietary flavonoid compound 
widely found in fruits, vegetables, and tea with antiviral activity 

against some viruses, such as HSV, HIV, SARS-CoV (Ono et al., 
2010; Yu et al., 2012; Pasetto et al., 2014; Ren et al., 2018; Li et al., 
2020). Herpesvirus hosts have a wide range and still cause serious 
harm to humans and livestock and poultry today. Myricetin can 
target the viral gD protein and downregulate the cellular EGFR/
PI3K/Akt pathway to inhibit HSV infection and replication. PRV 
belongs to a member of the family Herpesviridae and is often 
regarded as a model virus to study herpesviruses (Karlin et al., 
1994). In this study, myricetin can achieve antiviral effects by 
directly inactivating the virus and inhibiting viral adsorption and 
penetration. Myricetin can also inhibit PRV-induced apoptosis 
and regulate the body immune and inflammatory responses 
caused by viral infection through the NF-κB and MAPK signal 
pathways. Thus, myricetin exhibited the potential to developing as 
an antiviral drug against herpesviruses.

The proliferative process of most viruses includes adsorption, 
penetration, replication, and release, and blocking any stage may 
inhibit viral infection. The approved anti-herpesvirus drugs are 
mainly a class of nucleoside analogs that selectively inhibit viral 
DNA polymerases, such as acyclovir, valacyclovir, and penciclovir. 
These drugs have adverse reactions involving the kidney, nerve, 
and heart in different ways of administration (Arndt, 1988; Haefeli 
et al., 1993; Izzedine et al., 2005; Ono et al., 2010; Gill et al., 2017). 
And long-term use has led to the production of resistant strains, 
making the treatment of herpes virus infections more difficult 
(Kukhanova et al., 2014). In this study, myricetin has a different 
antiviral mechanism from approved drugs. Pre-incubation of PRV 
with myricetin can reduce its infective ability and also inhibit PRV 

FIGURE 6

Gene expressions. The PK-15 cells were infected with or without PRV (MOI = 1) in the presence or absence of myricetin. The total mRNA of each 
sample was extracted at 2, 4, 6, 8, and 12 hpi, respectively, and subjected to real-time PCR to test the expressions of the target genes of NF-κB 
(IL-1α, IL-1β, and IL-6) and MAPKs (c-Jun, STAT1, c-Fos, and c-Myc) signaling pathways. Mock, the uninfected-untreated cells; Myr, the uninfected 
group with myricetin treatment; PRV, the infected group without treatment; PRV + Myr, the infected group with myricetin treatment. Data are 
presented as mean ± SD, n = 6. Symbols “*, **, and ***” represent p < 0.05, p < 0.01, and p < 0.001, respectively, between the mock group and other 
groups. Symbols “#, ##, and ###” represent p < 0.05, p < 0.01, and p < 0.001, respectively, between the PRV group and PRV + Myr group.
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FIGURE 7

Antiviral activity of myricetin in PRV-infected mice. (A) The survival rate of mice in each group depicted by Kaplan–Meier survival plots. The survival 
rate = number of surviving mice/total number of mice. (B) Virus load of liver, spleen, lung, kidney, and brain in each group (n = 3). The organs were 
frozen with liquid nitrogen, followed by homogenization. Total DNA of tissue sample was extracted and viral copies were determined by FQ-PCR. 
(C) Organ coefficient of mice. The heart, liver, spleen, lung, kidney, thymus, and brain were collected and weighed after dissected. The organ 
coefficient (mg/g) = organ weight/body weight. (D) Histopathological examination. In the liver (a–c), PRV infection caused disordered arrangement 
of hepatic cords, shedding of blood vessel walls (denoted by arrowhead “↑”), and forming a clot (denoted by arrowhead “→”); The main changes 
were clustering of lymphocytes (denoted by arrowhead “↓”) and necrosis of liver cells (denoted by arrowhead “←”) after myricetin treatment. In the 
spleen (d–f), PRV infection formed a clot (denoted by arrowhead “→”), bleeding (denoted by arrowhead “↓”) and hemosiderosis (denoted by 
arrowhead “↑”); after myricetin treatment, the main changes were hemosiderosis (denoted by arrowhead “↑”). In the kidney (g–i), PRV infection 
caused cell granule denaturation (denoted by arrowhead “↑”), hyperemia (denoted by arrowhead “→”), hematolysis (denoted by arrowhead “↓”) and 
clustering of lymphocytes (denoted by arrowhead “←”); after myricetin treatment, the main change was clustering of lymphocytes (denoted by 
arrowhead “←”). In the lung (j–l), PRV infection caused blood congestion and blood stasis in the alveolar septal capillaries (denoted by arrowhead 
“←”); after myricetin treatment, alveolar congestion and blood stasis were alleviated. In the brain (m–o), PRV infection caused the glial cells 
surrounding the neurons (denoted by arrowhead “↑”); no significant changes were detected after myricetin treatment. (E,F) Expression levels of 
inflammatory factors (E) and apoptotic factors (F). Total RNA of different organs was extracted and reverse-transcribed for RT-PCR assay. All data 
are presented as mean ± SD, n = 3. Symbols “*, **, and ***” represent p < 0.05, p < 0.01, and p < 0.001, respectively, between the uninfected-untreated 
group and other groups. Symbols “#, ##, and ###” represent p < 0.05, p < 0.01, and p < 0.001, respectively, between the infected-untreated group 
and infected-treated group.
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adsorption, penetration, and replication phases. It has been shown 
that PRV progeny viruses are usually detected upon infection with 
4–5 h in commonly used cell lines (Pomeranz et al., 2005). Our 
results suggested that inhibitory effect of myricetin after PRV 
entry into cells may be due to its direct inactivation and inhibiting 
adsorption and penetration to suppress viral transmission from 
cell to cell, but it does not rule out that myricetin has an effect of 
inhibiting PRV replication. The initial attachment of herpesviruses 
to cells was achieved by binding of the virus gC glycoproteins to 
the HSPG and CSPG receptors on the cell membrane. Although 
gC glycoproteins are important for viral adhesion cells, this effect 
can be replaced by gB when lacking (Wudunn and Spear, 1989; 
Herold et al., 1991; Cheshenko and Herold, 2002). In addition, the 
viral envelope proteins, gD, gH, and gL, are also taking part in 
viral entry, release, and cell-to-cell transmission, and these 
glycoproteins are also strongly associated with host immune 
defense (Mettenleiter, 1996, 2000). Myricetin may bind to 
glycoproteins on the herpes virus membrane to block PRV entry. 
Other flavonoids were found to exhibit similar antiviral activity 
(Ninfali et al., 2020).

Stimulation to cells caused by herpes virus infection often 
triggers autophagy and apoptosis, which is detrimental to viral 
proliferation. Therefore, most viruses in the early stage of infection 
can promote the production of antiapoptotic factors to delay cell 
death to obtain maximum viral production, and in the later stages 
of infection, virus will promote apoptosis to release the progeny 
virus (Teodoro and Branton, 1997; Roulston et al., 1999). Annexin 
V-FITC/PI double staining is a commonly used method to detect 
apoptosis (Hu et al., 2019). In this study, we found that only very 
few cells developed apoptosis early in PRV infection, whereas after 
18 h of infection, large number of cells gradually developed 
apoptosis and necrosis. Apoptosis induced by viral infection was 
controlled after myricetin treatment. Not only that, by examining 
the expression of apoptosis-related cytokines as well as PRV US3 
genes, it was found that myricetin can significantly inhibit the 
regulation of PRV infection on Bcl-2, Bcl-xl, and Bax and also 
inhibit US3 gene expression in PRV. It was found that in the early 
stages of α-herpesvirus infection, the protein kinase encoding by 
US3 plays an important role in promoting cell survival to improve 
self-production during infection of host cells (Deruelle et  al., 
2010). The US3 protein kinase can inhibit early apoptosis in 
infected cells by inhibiting the overexpression of relevant apoptotic 
factors such as Bcl-2 family members, as well as by activating the 
PI3-K/Akt and NF-κB signaling pathway (Ogg et al., 2004; Chang 
et  al., 2013). US3 also reduces autophagy levels in cells by 
activating the AKT/mTOR signaling pathway (Sun et al., 2017). 
However, the inhibitory effect of herpes virus on apoptosis is only 
temporary. PRV was found to activate caspase-3 expression in 
neurons during late in infection. In addition, ERK1/2 was also 
found to be activated to regulate cell apoptosis upon PRV infection 
(Marcaccini et al., 2006; Schulz et al., 2014). It was found that 
myricetin had both anti-apoptotic and pro-apoptotic effects. 
Myricetin can promote apoptosis and autophagy in various cancer 
cells by regulating the enzymatic activity associated with the 

development of cancer, as well as signaling pathways (Ci et al., 
2018; Li et  al., 2019; Xie et  al., 2019). In addition, myricetin 
inhibits high glucose and oxidative stress-induced apoptosis 
through the inhibition of CDK-5 activity and by regulating 
apoptosis-related proteins (Karunakaran et al., 2019; Aminzadeh 
and Bashiri, 2020). Myricetin also protects cells from H2O2-
induced apoptosis by regulating PI3K/Akt and MAPK signaling 
pathways (Kang et al., 2010). Thus, inhibition of PRV-induced 
apoptosis by myricetin may act by inhibiting the gene expression 
of PRV US3 and regulating apoptosis-related signaling pathways.

Myricetin can regulate several signaling pathways, such as 
MAPK, PI3K/AKT/mTOR, and IκB/NF-κB, leading to 
enhancement of immunomodulatory function and inhibition of 
cytokine storms (Cheung et al., 2000). PRV infection leads to an 
uncontrollable systemic inflammatory response in the body, 
which is greatly related to the continuous activation of the NF-κB 
pathway (Romero et  al., 2020). The MAPK signaling pathway 
plays an important role in regulating cell growth, differentiation, 
inflammation, apoptosis, and other stress responses (Chong et al., 
2003). The MAPK and NF-κB pathways were found to 
be associated with viral infection (Sun et al., 2017; Xu et al., 2019). 
When virus invades cells, the cells will trigger a series of cellular 
immune responses to resist the virus invasion and the virus also 
produces an immune escape mechanism (Banks and Rouse, 
1992). In this study, the NF-κB and MAPK signaling pathways 
that are closely related to viral infection were detected. NF-κB 
pathway dysregulation is closely linked with allergies, autoimmune 
disorders among other pathologies (Zhang et al., 2017). Thus, 
aberrant PRV-induced NF-κB activation may therefore serve as a 
viral immune evasion strategy. HSV-1 inhibits the NF-κB pathway 
by binding to IκBα through its early protein ICP 27, enabling it to 
escape the immune response of the host cells early in infection (Jin 
et  al., 2008). Similarly, it was found that PRV degraded P65 
through its UL24 protein to inhibit the NF-κB pathway for 
immune escape (Wang et al., 2020). Our results suggested that 
myricetin inhibited PRV infection in the early period of infection 
through the activation of the NF-κB pathway and regulating the 
immune response. However, PRV does not exert a sustained 
inhibition effect on the NF-κB pathway. It was found that PRV 
caused persistent NF-κB activation when infecting epithelial cells, 
thus modulating the host pro-inflammatory response for immune 
escape purposes, and that activation suppresses apoptosis 
(Romero et al., 2020). Myricetin can alleviate the inflammatory 
response by inhibiting the activation of PRV-induced NF-κB in 
the later stages of infection. Alternatively, PRV can perform 
immune escape by modulating the cellular antiviral immune 
response and inflammatory responses mediated by the JAK/STAT, 
MAPK, and NLRP3 pathways (Li et al., 2022). An ethyl acetate 
fraction of flavonoids from Polygonum hydropiper L. was found to 
reduce the PRV-induced inflammatory response by reducing the 
phosphorylation of the MAPK key proteins and the displacement 
of NF-κB p65 into the nucleus (Ren et al., 2020).The P38 MAPK 
signaling pathway delivers extracellular signals to the nucleus and 
plays an important role in regulating multiple cellular processes, 
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such as the cell life cycle and the immune response (Ono and Han, 
2000; Cuadrado and Nebreda, 2010). Viral infection activates the 
P38 MAPK pathway to promote its own replication, and drug 
blocking activation of P38 effectively suppresses viral infection 
(Cheng et al., 2020). It was found that the cell apoptosis caused by 
PRV infection was closely correlated with the activation of the P38 
and the JNK/SAPK signaling pathways (Marcaccini et al., 2006). 
This is consistent with this study that the P38 MAPK pathway is 
continuously activated after PRV infection and PRV infection 
promoted apoptosis in a time-dependent manner. However, viral-
induced P38 activation and apoptosis were inhibited by myricetin 
treatment. ERK1/2, also belonging to the MAPK pathway as P38, 
is an evolutionarily conserved signaling pathway that is closely 
related to cell proliferation, differentiation, apoptosis and the 
transcription and expression of certain genes (Chong et al., 2003; 
O’Neill and Kolch, 2004). We  found that PRV infection 
consistently activates ERK1/2, and after myricetin treatment the 
activation was promoted at 4 and 8hpi, turning into inhibition at 
12 hpi. The gE glycoprotein of PRV was found to induce T 
lymphocyte migration by inducing the phosphorylation of 
ERK1/2  in T lymphocytes, thereby spreading the infection to 
other susceptible cells (Pontes et al., 2014). Alternatively, PRV 
participates in mitosis and apoptosis to disrupting the nuclear 
membrane by activating the ERK1/2 pathway, and releasing 
nucleocapsids from the nucleus to the cytosol, what is a process 
important in the herpesvirus replication cycle (Schulz et al., 2014). 
These results suggested that myricetin regulates apoptosis and 
nuclear membrane rupture by regulating PRV-induced ERK1/2 
activation to affecting viral replication.

To further validate the regulatory role of myricetin on the 
both pathways, we examined the expression of relevant genes in 
the pathway. IL-1α and IL-1β, the first described members of the 
IL-1 family, control the inflammatory responses to tissue damage 
by identifying pathogen molecules and the signaling molecules 
released from damaged cells. IL-1α activation by NF-κB signaling 
regulates the release of inflammatory cytokines, including IL-1α, 
IL-1β, and IL-6 (March et  al., 1985; Kelly-Welch et  al., 2005; 
Dinarello, 2009; Lawrence, 2009). PRV infection was found to 
cause a systemic lethal inflammatory response, increasing the 
contents of major pro-inflammatory cytokines such as IL-β and 
IL-6 (Laval et al., 2018; Ren et al., 2021). In previous experiments, 
we  found that PRV infection could continuously activate the 
NF-κB pathway, and that the activation of this pathway would 
promote the expressions of related cytokines, such as IL-1α, 
IL-1β, and IL-6, which was consistent with the results of cytokine 
expressions as we examined. Thus, it is shown that myricetin 
modulates pro-inflammatory cytokine production to inhibit the 
inflammatory responses by inhibiting the PRV-induced NF-κB 
signaling. Activation of the MAPK pathway facilitates viral 
replication and is involved in the cellular immune response and 
apoptosis caused by viral infection. The c-Jun, STAT1, c-Fos and 
c-Myc are transcription factors in the MAPK signaling pathway 
and transcription of pro-apoptotic and anti-apoptotic factors 
including Bax is also regulated by JNK and P38 in MAPK (Green 

and Llambi, 2015; Kumar et al., 2018). In our study, PRV infection 
significantly upregulated expression levels of c-Jun, c-Fos, c-Myc, 
as well as STAT1, while expression levels of these transcription 
factors were significantly reduced upon myricetin treatment 
(Figure 6). PRV infection activated MAPK signaling and changed 
the expression level of c-Jun, c-Fos, c-Myc, and STAT1 which are 
the downstream target genes in the pathway. Moreover, c-Jun and 
c-Fos can form a AP-1 heterodimeric complex, implying that 
AP-1 is also involved in PRV infection and regulates cell apoptosis 
(Glover and Harrison, 1995). In our study, PRV infection would 
continuously activate the MAPK pathway, while the activation of 
the MAPK pathway modulates the expressions of related 
cytokines, which was consistent with the results of cytokine 
expressions. These results suggest that myricetin inhibits PRV 
infection and controls cell apoptosis by regulating the expression 
levels of relevant transcription factors in the MAPK pathway.

Pseudorabies virus hosts a wide range, and can infect a 
variety of other mammals in addition to primates (Woźniakowski 
and Samoreksalamonowicz, 2015). In vivo study, PRV-infected 
animal models (often mice and rabbits) through artificial 
infection were used. The routes for PRV infection based on the 
research purpose is different, mainly including nasal drip, 
abdominal injection, intramuscular injection, foot injection, and 
subcutaneous injection. No matter the infection route, PRV will 
lead to unnatural host severe itching (Laval and Enquist, 2020). 
In order to explore whether myricetin could inhibit PRV infection 
in vivo, we  established a mouse model by intraperitoneal 
injection. The clinical symptoms included manifested as 
scratching the injection site, decreased diet and mental 
depression. The mice were orally treated with 100 mg/kg 
myricetin twice a day because the oral elimination half-life in rats 
was only 3.53 h (Li et al., 2021). After myricetin treatment, the 
survival time of the mice was prolonged; the pathological 
damages caused by infection were also relieved; the proliferation 
of PRV was also inhibited in each organ (Figures 7A–D). In vitro 
study, myricetin mainly acted on the direct killing of virus and 
inhibiting the adsorption or penetration, so it is more suitable for 
the prevention of virus infection or combination with other drugs 
which acting in the virus replication stage. Studies have found 
that PRV infection will lead to a series of host histopathological 
damage. In PRV-infected pigs, the brain appeared congestion 
mainly non-suppurative encephalitis and the formation of 
“satellitosis,” “neuronophagy” phenomenon, and the lung mainly 
appeared pathological changes of congestion and edema (Yang 
et al., 2016a). After mice infected with PRV, similar pathological 
changes were exhibited, such as encephalitis and pulmonary 
hemorrhage edema, even die in a short period of time, which 
were consistent with to our results (Ren et al., 2021). The rapid 
death in mice may attribute to pyroptosis and dysregulation of 
pro-inflammatory factors which induced unbalance of anti-
inflammatory and pro-inflammatory cytokines, leading to a 
“cytokine storm” (Sun et al., 2021). Viral infection usually causes 
cell apoptosis and necrosis and an inflammatory response (Knipe 
and Howley, 2013). PRV can mediate cell apoptosis in vitro and 
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in vivo by regulating a range of signaling pathways as well as the 
expression of caspase-3 (Marcaccini et al., 2006; Chang et al., 
2013; Sun et al., 2017). Herpes simplex virus can also mediate the 
apoptosis of infected cells by regulating the expression of Bcl-2 
family members (Mettenleiter, 2000). In the present study, ocular 
purulence in infected mice was observed which may be due to 
conjunctivitis caused by PRV infection, and the increased index 
of brain and lung organs may be due to edema and congestion. 
At the same time, through histopathological observation, 
different degrees of inflammatory responses in the test organs 
(Figure 7D). The expression levels of the inflammation-related 
cytokines, MCP-1, G-CSF, IL-1, IL-1, and IL-6, as well as the 
apoptosis-related cytokines, Bcl-2, Bcl-x, and Bax were altered in 
organs of the infected mice (Figure 7E). The congenital immune 
system, the first line of defense against foreign invasion, often acts 
by initiating the inflammatory response, but the uncontrolled 
inflammatory response usually leads to organ failure and 
dysfunction of the body and even death (Tisoncik et al., 2012). In 
influenza, excessive expressions of pro-inflammatory cytokines 
also known as “cytokine storm” is the cause of various 
complications and death (Liu et al., 2016). And the expression 
levels of interferons, tumor necrosis factors, interleukins or 
chemotactic factors would significantly increase (Beigel et al., 
2005). Similarly, Sindbis virus infection can cause elevated 
expression levels of interferons, TNF-α, and IL-6 in the serum of 
newborn mice, thus causing a systemic inflammatory response 
(Klimstra et al., 1999). Myricetin has a variety of pharmacological 
activities, including anti-inflammatory effects. It was shown that 
myricetin can exert a protective effect on LPS-induced early 
inflammation in cardiomyocytes by inhibiting IL-6 and IL-1β 
expression through NF-B signaling pathway (Chen and Fan, 
2018). Similarly, myricetin also inhibited the apoptosis and 
inflammatory response of human umbilical vein endothelial cells 
HUVECs by upregulating the expression of miR-29a-3p (Bai 
et al., 2021). In general, myricetin can enhance body immunity 
and inhibit cytokine storms by regulating multiple signaling 
pathways (Cheung et al., 2000). Based on the above studies, the 
protective effect of myricetin on PRV-infected mice may be due 
to its mitigation of cytokine storms by regulating cytokine 
expressions through related signaling pathways.

Conclusion

Myricetin can effectively inhibit the infection of herpes virus 
and prevent viral entry into cells at the early stage of infection. It 
can regulate the NF-κB and MAPK pathways to inhibit viral 
replication and control the inflammatory response and apoptosis 
caused by viral infection. Myricetin also inhibits PRV proliferation 
in mice and alleviates the inflammatory response induced by 
infection to prolong the survival of infected mice. The study 
provided a new strategy for the treatment of herpes virus infection 
with dietary flavonoids.

Data availability statement

The original contributions presented in the study are included 
in the article/supplementary material, further inquiries can 
be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by National 
Institute of Ethics Committee at Sichuan Agricultural University 
[approval number SYXK (Sichuan) 2018-012].

Author contributions

HH, ZH, and YZh carried out laboratory work, wrote the 
manuscript, and performed the data analyses. HH and XS 
designed the experiment. HW, XL, LL, XZ, LY, GY, YZo, YC, and 
HT carried out laboratory work. ZY, RJ, HZ, and XS conceived 
and supervised this work. All authors contributed to the article 
and approved the submitted version.

Funding

This research was financially supported by the Natural Science 
Foundation of Sichuan Province (2022NSFSC1681) and the 
Program Sichuan Veterinary Medicine and Drug Innovation 
Group of China Agricultural Research System 
(SCCXTD-2020-18).

Acknowledgments

We sincerely thank Xufan Zhao, Yilong Hu, Fengyu Yang, 
Wenrui Zhang, and Hui Zhang of Sichuan Agriculture University 
for performing animal feeding and sample collection.

Conflict of interest

ZH was employed by Shandong New Hope Liuhe Agriculture 
and Animal Husbandry Technology Co., Ltd. (Dezhou, China).

The remaining authors declare that the research was conducted 
in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

https://doi.org/10.3389/fmicb.2022.985108
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Hu et al. 10.3389/fmicb.2022.985108

Frontiers in Microbiology 15 frontiersin.org

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 

claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Ai, J. W., Weng, S. S., Cheng, Q., Cui, P., Li, Y. J., Wu, H. L., et al. (2018). Human 

Endophthalmitis caused by Pseudorabies virus infection, China, 2017. Emerg. Infect. 
Dis. 24, 1087–1090. doi: 10.3201/eid2406.171612

Aminzadeh, A., and Bashiri, H. (2020). Myricetin ameliorates high glucose-
induced endothelial dysfunction in human umbilical vein endothelial cells. Cell 
Biochem. Funct. 38, 12–20. doi: 10.1002/cbf.3442

Arndt, K. A. (1988). Adverse reactions to acyclovir: topical, oral, and intravenous. 
J. Am. Acad. Dermatol. 18, 188–190. doi: 10.1016/s0190-9622(88)70025-0

Bai, Y., Chen, Q., Jiang, N., Liu, X., Chen, T., and Guo, Z. (2021). Myricetin 
ameliorates ox-LDL-induced HUVECs apoptosis and Inammation via lncRNA 
GAS5 Upregulating the expression of miR-29a-3p. Sci. Rep. 11:19637. doi: 10.1038/
s41598-021-98916-7

Banks, T. A., and Rouse, B. T. (1992). Herpesviruses--Immune Escape Artists? 
Clin. Infect. Dis. 14, 933–941. doi: 10.1093/clinids/14.4.933

Beigel, J. H., Farrar, J., Han, A. M., Hayden, F. G., Hyer, R., and Jong, M. D. (2005). 
Lochindarat S, Nguyen T K T, Nguyen T H, Tran T H, Nicoll a, touch S and Yuen K 
Y. avian influenza a (H5N1) infection in humans. N. Engl. J. Med. 353, 1374–1385. 
doi: 10.1056/NEJMra052211

Boštíková, V., Salav, E. M., Smetana, J., Sleha, R., Coufalová, M., Spliňo, M., et al. 
(2014). Infections caused by human alpha herpes viruses. Epidemiol. Mikrobiol. 
Imunol. 63, 205–212.

Burrows, R. (1977). Herpes virus infections of animals--a brief review. J. 
Antimicrob. Chemother. 3, 9–14. doi: 10.1093/jac/3.suppl_a.9

Cai, L., and Wu, C. D. (1996). Compounds from Syzygium aromaticum possessing 
growth inhibitory activity against oral pathogens. J. Nat. Prod. 59, 987–990. doi: 
10.1021/np960451q

Chang, C. D., Lin, P. Y., Liao, M. H., Chang, C., Hsu, J. L., Yu, F. L., et al. (2013). Suppression 
of apoptosis by pseudorabies virus Us3 protein kinase through the activation of PI3-K/Akt 
and NF-κB pathways. Res. Vet. Sci. 95, 764–774. doi: 10.1016/j.rvsc.2013.06.003

Chen, X., Chen, Y. Q., Yin, Z. Q., Wang, R., Hu, H. Y., Liang, X. X., et al. (2021). 
Kaempferol inhibits Pseudorabies virus replication in vitro through regulation of 
MAPKs and NF-κB signaling pathways. J. Integr. Agric. 20, 2227–2239. doi: 10.1016/
S2095-3119(20)63477-3

Chen, S., and Fan, B. (2018). Myricetin protects cardiomyocytes from LPS-
induced injury. Herz 43, 265–274. doi: 10.1007/s00059-017-4556-3

Chen, T., Gao, W., and Tang, M. (2015). Content determination of 
Dihydromyricetin and Myricetin in leaves of ampelopsis Grossedentata by HPLC. 
Asia-Pac. Tradition. Med. 11, 28–30. doi: 10.11954/ytctyy.201501014

Cheng, Y., Sun, F., Wang, L., Gao, M., Xie, Y., Sun, Y., et al. (2020). Virus-induced 
p38 MAPK activation facilitates viral infection. Theranostics 10, 12223–12240. doi: 
10.7150/thno.50992

Cheshenko, N., and Herold, B. C. (2002). Glycoprotein B plays a predominant role 
in mediating herpes simplex virus type 2 attachment and is required for entry and 
cell-to-cell spread. J. Gen. Virol. 83, 2247–2255. doi: 10.1099/0022-1317-83-9-2247

Cheung, A. K., Chen, Z., Sun, Z., and McCullough, D. (2000). Pseudorabies virus 
induces apoptosis in tissue culture cells. Arch. Virol. 145, 2193–2200. doi: 10.1007/
s007050070049

Chobot, V., and Hadacek, F. (2011). Exploration of pro-oxidant and antioxidant 
activities of the flavonoid myricetin. Redox Rep. 16, 242–247. doi: 
10.1179/1351000211Y.0000000015

Chong, H., Vikis, H. G., and Guan, K. L. (2003). Mechanisms of regulating the Raf 
kinase family. Cell. Signal. 15, 463–469. doi: 10.1016/s0898-6568(02)00139-0

Ci, Y., Zhang, Y., Liu, Y., Lu, S., and Cao, J. (2018). Myricetin suppresses breast 
cancer metastasis through down-regulating the activity of matrix metalloproteinase 
(MMP)-2/9. Phytother. Res. 32, 1373–1381. doi: 10.1002/ptr.6071

Cohen, J. I. (2020). Herpesvirus latency. J. Clin. Invest. 130, 3361–3369. doi: 
10.1172/JCI136225

Cuadrado, A., and Nebreda, A. (2010). Mechanisms and functions of p38 MAPK 
signalling. Biochem. J. 429, 403–417. doi: 10.1042/BJ20100323

Deepak, S., Ruchi, S., Sandra, C., and Alvaro, V. (2016). Myricetin: a dietary 
molecule with diverse biological activities. Nutrients 8:90. doi: 10.3390/nu8020090

Deruelle, M. J., Corte, N. D., Englebienne, J., Nauwynck, H. J., and Favoreel, H. W. 
(2010). Pseudorabies virus US3-mediated inhibition of apoptosis does not affect 
infectious virus production. J. Gen. Virol. 91, 1127–1132. doi: 10.1099/vir.0.015297-0

Di, Z., Xie, L., Jia, G., Cai, S., and Gao, F. Y. (2011). Comparative study on 
antioxidant capacity of flavonoids and their inhibitory effects on oleic acid-induced 
hepatic steatosis in  vitro. Eur. J. Med. Chem. 46, 4548–4558. doi: 10.1016/j.
ejmech.2011.07.031

Dinarello, C. A. (2009). Immunological and inflammatory functions of the 
Interleukin-1 family. Annu. Rev. Immunol. 27, 519–550. doi: 10.1146/annurev.
immunol.021908.132612

Duthie, G., and Morrice, P. (2012). Antioxidant capacity of flavonoids in hepatic 
Microsomes is not reflected by antioxidant effects in vivo. Oxid. Med. Cell. Longev. 
2012:165127. doi: 10.1155/2012/165127

Gema, F., and Maria, R. (2016). Cancer-related constituents of strawberry jam as 
compared with fresh fruit. Cancer 8:16. doi: 10.3390/cancers8010016

Gill, D., Glidden, M., and Dean, R. (2017). Unusual side effect of acyclovir: 
bradycardia. Am. J. Emerg. Med. 35, 525.e3–525.e4. doi: 10.1016/j.ajem.2016.10.032

Glover, J. N., and Harrison, S. C. (1995). Crystal structure of the heterodimeric 
bZIP transcription factor c-Fos-c-Jun bound to DNA. Nature 373, 257–261. doi: 
10.1038/373257a0

Green, D. R., and Llambi, F. (2015). Cell death signaling. Cold Spring Harb. 
Perspect. Biol. 7:a006080. doi: 10.1101/cshperspect.a006080

Haefeli, W. E., Schoenenberger, R. A., Weiss, P., and Ritz, R. F. (1993). Acyclovir-
induced neurotoxicity: concentration-side effect relationship in acyclovir overdose. 
Am. J. Med. 94, 212–215. doi: 10.1016/0002-9343(93)90186-s

Herold, B. C., Wudunn, D., Soltys, N., and Spear, P. G. (1991). Glycoprotein C of 
herpes simplex virus type 1 plays a principal role in the adsorption of virus to cells 
and in infectivity. J. Virol. 65, 1090–1098. doi: 10.1128/JVI.65.3.1090-1098.1991

Hou, W., Hu, S., Su, Z., Wang, Q., Meng, G., Guo, T., et al. (2018). Myricetin 
attenuates LPS-induced inflammation in RAW 264.7 macrophages and mouse 
models. Future Med. Chem. 10, 2253–2264. doi: 10.4155/fmc-2018-0172

Hu, H., Guo, N., Chen, S., Guo, X., Liu, X., Ye, S., et al. (2019). Antiviral activity 
of Piscidin 1 against pseudorabies virus both in vitro and in vivo. Virol. J. 16:95. doi: 
10.1186/s12985-019-1199-4

Izzedine, H., Launay-Vacher, V., and Deray, G. (2005). Antiviral drug-induced 
nephrotoxicity. Am. J. Kidney Dis. 45, 804–817. doi: 10.1053/j.ajkd.2005.02.010

Jin, C. K., Lee, S. Y., Sang, Y. K., Kim, J. K., Kim, H. J., Lee, H. M., et al. (2008). 
HSV-1 ICP27 suppresses NF-kappaB activity by stabilizing IkappaBalpha. FEBS 
Lett. 582, 2371–2376. doi: 10.1016/j.febslet.2008.05.044

Jones, S. T., Cagno, V., Janeek, M., Ortiz, D., Gasilova, N., Piret, J., et al. (2020). 
Modified cyclodextrins as broad-spectrum antivirals. Sci. Adv. 6:eaax9318. doi: 
10.1126/sciadv.aax9318

Kan, X., Liu, B., Guo, W., Wei, L., and Lin, Y. (2019). Myricetin relieves LPS-
induced mastitis by inhibiting inflammatory response and repairing the blood–milk 
barrier. J. Cell. Physiol. 234, 16252–16262. doi: 10.1002/jcp.28288

Kang, K. A., Wang, Z. H., Zhang, R., Piao, M. J., Kim, K. C., Kang, S. S., et al. 
(2010). Myricetin protects cells against oxidative stress-induced apoptosis via 
regulation of PI3K/Akt and MAPK signaling pathways. Int. J. Mol. Sci. 11, 
4348–4360. doi: 10.3390/ijms11114348

Karlin, S., Mocarski, E. S., and Schachtel, G. A. (1994). Molecular evolution of 
herpesviruses: genomic and protein sequence comparisons. J. Virol. 68, 1886–1902. 
doi: 10.1128/JVI.68.3.1886-1902.1994

Karunakaran, U., Elumalai, S., Moon, J. S., Jeon, J. H., Kim, N. D., Park, K. G., et al. 
(2019). Myricetin protects against high glucose-induced β-cell apoptosis by 
attenuating endoplasmic reticulum stress via inactivation of Cyclin-dependent 
kinase 5. Diabetes Metab. J. 43, 192–205. doi: 10.4093/dmj.2018.0052

Kelly-Welch, A., Hanson, E. M., and Keegan, A. D. (2005). Interleukin-4 (IL-4) 
pathway. Sci. STKE 2005:cm9. doi: 10.1007/978-3-642-71316-3_2

Klimstra, W. B., Ryman, K. D., Bernard, K. A., Nguyen, K. B., Biron, C. A., and 
Johnston, R. E. (1999). Infection of neonatal mice with sindbis virus results in a 
systemic inflammatory response syndrome. J. Virol. 73, 10387–10398. doi: 10.1128/
JVI.73.12.10387-10398.1999

Knipe, D. M., and Howley, P. M., (2013). Fields Virology. 6th ed. Philadelphia, PA: 
Wolters Kluwer/Lippincott Williams & Wilkins Health.

Kukhanova, M. K., Korovina, A. N., and Kochetkov, S. N. (2014). Human herpes 
simplex virus: life cycle and development of inhibitors. Biochemistry 79, 1635–1652. 
doi: 10.1134/S0006297914130124

https://doi.org/10.3389/fmicb.2022.985108
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3201/eid2406.171612
https://doi.org/10.1002/cbf.3442
https://doi.org/10.1016/s0190-9622(88)70025-0
https://doi.org/10.1038/s41598-021-98916-7
https://doi.org/10.1038/s41598-021-98916-7
https://doi.org/10.1093/clinids/14.4.933
https://doi.org/10.1056/NEJMra052211
https://doi.org/10.1093/jac/3.suppl_a.9
https://doi.org/10.1021/np960451q
https://doi.org/10.1016/j.rvsc.2013.06.003
https://doi.org/10.1016/S2095-3119(20)63477-3
https://doi.org/10.1016/S2095-3119(20)63477-3
https://doi.org/10.1007/s00059-017-4556-3
https://doi.org/10.11954/ytctyy.201501014
https://doi.org/10.7150/thno.50992
https://doi.org/10.1099/0022-1317-83-9-2247
https://doi.org/10.1007/s007050070049
https://doi.org/10.1007/s007050070049
https://doi.org/10.1179/1351000211Y.0000000015
https://doi.org/10.1016/s0898-6568(02)00139-0
https://doi.org/10.1002/ptr.6071
https://doi.org/10.1172/JCI136225
https://doi.org/10.1042/BJ20100323
https://doi.org/10.3390/nu8020090
https://doi.org/10.1099/vir.0.015297-0
https://doi.org/10.1016/j.ejmech.2011.07.031
https://doi.org/10.1016/j.ejmech.2011.07.031
https://doi.org/10.1146/annurev.immunol.021908.132612
https://doi.org/10.1146/annurev.immunol.021908.132612
https://doi.org/10.1155/2012/165127
https://doi.org/10.3390/cancers8010016
https://doi.org/10.1016/j.ajem.2016.10.032
https://doi.org/10.1038/373257a0
https://doi.org/10.1101/cshperspect.a006080
https://doi.org/10.1016/0002-9343(93)90186-s
https://doi.org/10.1128/JVI.65.3.1090-1098.1991
https://doi.org/10.4155/fmc-2018-0172
https://doi.org/10.1186/s12985-019-1199-4
https://doi.org/10.1053/j.ajkd.2005.02.010
https://doi.org/10.1016/j.febslet.2008.05.044
https://doi.org/10.1126/sciadv.aax9318
https://doi.org/10.1002/jcp.28288
https://doi.org/10.3390/ijms11114348
https://doi.org/10.1128/JVI.68.3.1886-1902.1994
https://doi.org/10.4093/dmj.2018.0052
https://doi.org/10.1007/978-3-642-71316-3_2
https://doi.org/10.1128/JVI.73.12.10387-10398.1999
https://doi.org/10.1128/JVI.73.12.10387-10398.1999
https://doi.org/10.1134/S0006297914130124


Hu et al. 10.3389/fmicb.2022.985108

Frontiers in Microbiology 16 frontiersin.org

Kumar, R., Khandelwal, N., Thachamvally, R., Tripathi, B. N., Barua, S., 
Kashyap, S. K., et al. (2018). Role of MAPK/MNK1 signaling in virus replication. 
Virus Res. 253, 48–61. doi: 10.1016/j.virusres.2018.05.028

Laval, K., and Enquist, L. W. (2020). The neuropathic itch caused by Pseudorabies 
virus. Pathogens 9:254. doi: 10.3390/pathogens9040254

Laval, K., Vernejoul, J. B., Cleemput, J. V., Koyuncu, O. O., and Enquist, L. W. 
(2018). Virulent PRV infection induces a specific and lethal systemic inflammatory 
response in mice. J. Virol. 92, e01614–e01618. doi: 10.1128/JVI.01614-18

Lawrence, T. (2009). The nuclear factor NF-kappaB pathway in inflammation. 
Cold Spring Harb. Perspect. Biol. 1:a001651. doi: 10.1101/cshperspect.a001651

Li, M., Chen, J., Yu, X., Xu, S., Li, D., Zheng, Q., et al. (2019). Myricetin suppresses 
the propagation of hepatocellular carcinoma via Down-regulating expression of 
YAP. Cells 8:358. doi: 10.3390/cells8040358

Li, X., Chen, S., Zhang, L., Niu, G., Zhang, X., Yang, L., et al. (2022). Coinfection 
of porcine Circovirus 2 and Pseudorabies virus enhances immunosuppression and 
inflammation through NF-κB, JAK/STAT, MAPK, and NLRP3 pathways. Int. J. Mol. 
Sci. 23:4469. doi: 10.3390/ijms23084469

Li, H., Li, H., Jiang, S., Xu, J., Cui, Y., Wang, H., et al. (2021). Study of the 
metabolism of myricetin in rat urine, plasma and feces by ultra-high-performance 
liquid chromatography. Biomed. Chromatogr. 36:e5281. doi: 10.1002/bmc.5281

Li, W., Xu, C., Hao, C., Zhang, Y., Wang, Z., Wang, S., et al. (2020). Inhibition of 
herpes simplex virus by myricetin through targeting viral gD protein and cellular 
EGFR/PI3K/Akt pathway. Antiviral Res. 177:104714. doi: 10.1016/j.
antiviral.2020.104714

Liu, T. F., and Yu, H. Z. (2014). Research Progress on plant origins and extraction 
methods of Myricetin. J. Anhui Agric. Sci. 42, 4781–4783. doi: 10.13989/j.
cnki.0517-6611.2014.15.122

Liu, Q., Zhou, Y. H., and Yang, Z. Q. (2016). The cytokine storm of severe 
influenza and development of immunomodulatory therapy. Cell. Mol. Immunol. 13, 
3–10. doi: 10.1038/cmi.2015.74

Marcaccini, A., Alema, N., Quiroga, M. I., López, M., Guerrero, F., and Nieto, J. M. 
(2006). Temporary inhibition of neuronal apoptosis in Aujeszky's disease virus-
infected swine. Vet. Microbiol. 113, 237–242. doi: 10.1016/j.vetmic.2005.11.039

March, C. J., Mosley, B., Larsen, A., Cerretti, D. P., Braedt, G., Price, V., et al. 
(1985). Cloning, sequence and expression of two distinct human interleukin-1 
complementary DNAs. Nature 315, 641–647. doi: 10.1038/315641a0

Mettenleiter, T. C. (1996). Immunobiology of pseudorabies (Aujeszky's disease). 
Vet. Immunol. Immunopathol. 54, 221–229. doi: 10.1016/s0165-2427(96)05695-4

Mettenleiter, T. C. (2000). Aujeszky's disease (pseudorabies) virus: the virus and 
molecular pathogenesis  - state of the art, June 1999. Vet. Res. 31, 99–115. doi: 
10.1051/vetres:2000110

Mravak, S., Bienzle, U., Feldmeier, H., Hampl, H., and Habermehl, K. O. (1987). 
Pseudorabies In Man. Lancet 329, 501–502. doi: 10.1016/s0140-6736(87)92105-2

Naz, S., Siddiqi, R., Ahmad, S., Rasool, S. A., and Sayeed, S. A. (2007). 
Antibacterial activity directed isolation of compounds from Punica granatum. J. 
Food Sci. 72, M341–M345. doi: 10.1111/j.1750-3841.2007.00533.x

Ninfali, P., Antonelli, A., Magnani, M., and Scarpa, E. S. (2020). Antiviral 
properties of flavonoids and delivery strategies. Nutrients 12:2534. doi: 10.3390/
nu12092534

Ogg, P. D., Mcdonell, P. J., Ryckman, B. J., Knudson, C. M., and Roller, R. J. (2004). 
The HSV-1 Us3 protein kinase is sufficient to block apoptosis induced by 
overexpression of a variety of Bcl-2 family members. Virology 319, 212–224. doi: 
10.1016/j.virol.2003.10.019

O'Neill, E., and Kolch, W. (2004). Conferring specificity on the ubiquitous Raf/
MEK signalling pathway. Br. J. Cancer 90, 283–288. doi: 10.1038/sj.bjc.6601488

Ono, K., and Han, J. (2000). The p38 signal transduction pathway: activation and 
function. Cell. Signal. 12, 1–13. doi: 10.1016/s0898-6568(99)00071-6

Ono, K., Nakane, H., Fukushima, M., Chermann, J. C., and Barré-Sinoussi, F. 
(2010). Differential inhibitory effects of various flavonoids on the activities of 
reverse transcriptase and cellular DNA and RNA polymerases. Eur. J. Biochem. 190, 
469–476. doi: 10.1111/j.1432-1033.1990.tb15597.x

Pasetto, S., Pardi, V., and Murata, R. M. (2014). Anti-HIV-1 activity of flavonoid 
Myricetin on HIV-1 infection in a dual-chamber in  vitro model. PLoS One 
9:e115323. doi: 10.1371/journal.pone.0115323

Perkin, A. G., and Hummel, J. J. (1896). LXXVI.—the colouring principle 
contained in the bark of Myrica nagi, Part I. J. Chem. Soc. Trans. 69, 1287–1294. doi: 
10.1039/CT8966901287

Pomeranz, L. E., Reynolds, A. E., and Hengartner, C. J. (2005). Molecular biology 
of pseudorabies virus: impact on neurovirology and veterinary medicine. Microbiol. 
Mol. Biol. Rev. 69, 462–500. doi: 10.1128/MMBR.69.3.462-500.2005

Pontes, M. S., Devriendt, B., and Favoreel, H. W. (2014). Pseudorabies virus 
triggers glycoprotein gE-mediated ERK1/2 activation and ERK1/2-dependent 
migratory behavior in T cells. J. Virol. 89, 2149–2156. doi: 10.1128/JVI.02549-14

Rafferty, K., and Keen, A. (1973). Herpes viruses and cancer. Sci. Am. 229, 26–33. 
doi: 10.1038/scientificamerican1073-26

Rajčáni, J., Bánáti, F., Szenthe, K., and Szathmary, S. (2018). The potential of 
currently unavailable herpes virus vaccines. Expert Rev. Vaccines 17, 239–248. doi: 
10.1080/14760584.2018.1425620

Ren, C. Z., Hu, W. Y., Li, J. C., Xie, Y. H., Jia, N. N., Shi, J., et al. (2020). Ethyl 
acetate fraction of flavonoids from Polygonum hydropiper L. modulates 
pseudorabies virus-induced inflammation in RAW264.7 cells via the nuclear factor-
kappa B and mitogen-activated protein kinase pathways. J. Vet. Med. Sci. 82, 
1781–1792. doi: 10.1292/jvms.20-0263

Ren, C. Z., Hu, W. Y., Zhang, J. W., Wei, Y. Y., Yu, M. L., and Hu, T. J. (2021). 
Establishment of inflammatory model induced by Pseudorabies virus infection in 
mice. J. Vet. Sci. 22:e20. doi: 10.4142/jvs.2021.22.e20

Ren, R., Yin, S., Lai, B., Ma, L., Wen, J., Zhang, X., et al. (2018). Myricetin antagonizes 
semen-derived enhancer of viral infection (SEVI) formation and influences its infection-
enhancing activity. Retrovirology 15:49. doi: 10.1186/s12977-018-0432-3

Robbins, A. K., Dorney, D. J., Wathen, M. W., Whealy, M. E., Gold, C., 
Watson, R. J., et al. (1987). The pseudorabies virus gII gene is closely related to the 
gB glycoprotein gene of herpes simplex virus. J. Virol. 61, 2691–2701. doi: 10.1128/
JVI.61.9.2691-2701.1987

Romero, N., Waesberghe, C. V., and Favoreel, H. W. (2020). Pseudorabies virus 
infection of epithelial cells leads to persistent but aberrant activation of the NF-κB 
pathway, inhibiting Hallmark NF-κB-induced Proinflammatory gene expression. J. 
Virol. 94, e00196–e00120. doi: 10.1128/JVI.00196-20

Rostoka, E., Baumane, L., Isajevs, S., Line, A., Dzintare, M., Svirina, D., et al. 
(2010). Effects of Kaempferol and Myricetin on inducible nitric oxide synthase 
expression and nitric oxide production in rats. Basic Clin. Pharmacol. Toxicol. 106, 
461–466. doi: 10.1111/j.1742-7843.2009.00526.x

Roulston, A., Marcellus, R. C., and Branton, P. E. (1999). Viruses and apoptosis. 
Annu. Rev. Microbiol. 53, 577–628. doi: 10.1146/annurev.micro.53.1.577

Sawleshwarkar, S., and Dwyer, D. E. (2015). Antivirals for herpes simplex viruses. 
BMJ 351:h3350. doi: 10.1136/bmj.h3350

Schulz, K. S., Liu, X. Q., Klupp, B. G., Granzow, H., Cohen, J. I., and 
Mettenleiter, T. C. (2014). Pseudorabies virus pUL46 induces activation of ERK1/2 
and regulates herpesvirus-induced nuclear envelope breakdown. J. Virol. 88, 
6003–6011. doi: 10.1128/JVI.00501-14

Skinner, G., Ahmad, A., and Davies, J. A. (2001). The infrequency of transmission 
of herpesviruses between humans and animals; postulation of an unrecognised 
protective host mechanism. Comp. Immunol. Microbiol. Infect. Dis. 24, 255–269. doi: 
10.1016/s0147-9571(01)00014-5

Sun, M., Hou, L., Tang, Y. D., Liu, Y., Wang, S., Wang, J., et al. (2017). Pseudorabies 
virus infection inhibits autophagy in permissive cells. Sci. Rep. 7:39964. doi: 10.1038/
srep39964

Sun, W., Liu, S., Huang, X., Yuan, R., and Yu, J. (2021). Cytokine storms and 
pyroptosis are primarily responsible for the rapid death of mice infected with 
pseudorabies virus. R. Soc. Open Sci. 8:210296. doi: 10.1098/rsos.210296

Sun, L., Tang, Y., Yan, K., Yu, J., Zou, Y., Xu, W., et al. (2019). Differences in 
neurotropism and neurotoxicity among retrograde viral tracers. Mol. Neurodegener. 
14:8. doi: 10.1186/s13024-019-0308-6

Teodoro, J. G., and Branton, P. E. (1997). Regulation of apoptosis by viral gene 
products. J. Virol. 71, 1739–1746. doi: 10.1128/JVI.71.3.1739-1746.1997

Tisoncik, J. R., Korth, M. J., Simmons, C. P., Farrar, J., Martin, T. R., and 
Katze, M. G. (2012). Into the eye of the cytokine storm. Microbiol. Mol. Biol. Rev. 76, 
16–32. doi: 10.1128/MMBR.05015-11

Wang, T. Y., Yang, Y. L., Feng, C., Sun, M. X., Peng, J. M., Tian, Z. J., et al. (2020). 
Pseudorabies virus UL24 abrogates tumor necrosis factor alpha-induced NF-κB 
activation by degrading P65. Viruses 12:51. doi: 10.3390/v12010051

Wang, W., Yin, R., Zhang, M., Yu, R., Hao, C., Zhang, L., et al. (2017). Boronic acid 
modifications enhance the anti-influenza a virus activities of novel Quindoline 
derivatives. J. Med. Chem. 60, 2840–2852. doi: 10.1021/acs.jmedchem.6b00326

Wildy, P. (1985). Herpes Viruses: A Background. Br. Med. Bull. 41, 339–344. doi: 
10.1093/oxfordjournals.bmb.a072073

Wittmann, G., and Rziha, H. J., (1989). Aujeszky's Disease (Pseudorabies) in Pigs. 
Springer US.

Wong, G., Lu, J., Zhang, W., and Gao, G. F. (2019). Pseudorabies virus: a neglected 
zoonotic pathogen in humans? Emerg. Microbes Infect. 8, 150–154. doi: 
10.1080/22221751.2018.1563459

Woźniakowski, G., and Samoreksalamonowicz, E. (2015). Animal herpesviruses 
and their zoonotic potential for cross-species infection. Ann. Agric. Environ. Med. 
22, 191–194. doi: 10.5604/12321966.1152063

Wudunn, D. W., and Spear, P. G. (1989). Initial interaction of herpes simplex virus 
with cells is binding to heparan sulfate. J. Virol. 63, 52–58. doi: 10.1128/
JVI.63.1.52-58.1989

https://doi.org/10.3389/fmicb.2022.985108
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.virusres.2018.05.028
https://doi.org/10.3390/pathogens9040254
https://doi.org/10.1128/JVI.01614-18
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.3390/cells8040358
https://doi.org/10.3390/ijms23084469
https://doi.org/10.1002/bmc.5281
https://doi.org/10.1016/j.antiviral.2020.104714
https://doi.org/10.1016/j.antiviral.2020.104714
https://doi.org/10.13989/j.cnki.0517-6611.2014.15.122
https://doi.org/10.13989/j.cnki.0517-6611.2014.15.122
https://doi.org/10.1038/cmi.2015.74
https://doi.org/10.1016/j.vetmic.2005.11.039
https://doi.org/10.1038/315641a0
https://doi.org/10.1016/s0165-2427(96)05695-4
https://doi.org/10.1051/vetres:2000110
https://doi.org/10.1016/s0140-6736(87)92105-2
https://doi.org/10.1111/j.1750-3841.2007.00533.x
https://doi.org/10.3390/nu12092534
https://doi.org/10.3390/nu12092534
https://doi.org/10.1016/j.virol.2003.10.019
https://doi.org/10.1038/sj.bjc.6601488
https://doi.org/10.1016/s0898-6568(99)00071-6
https://doi.org/10.1111/j.1432-1033.1990.tb15597.x
https://doi.org/10.1371/journal.pone.0115323
https://doi.org/10.1039/CT8966901287
https://doi.org/10.1128/MMBR.69.3.462-500.2005
https://doi.org/10.1128/JVI.02549-14
https://doi.org/10.1038/scientificamerican1073-26
https://doi.org/10.1080/14760584.2018.1425620
https://doi.org/10.1292/jvms.20-0263
https://doi.org/10.4142/jvs.2021.22.e20
https://doi.org/10.1186/s12977-018-0432-3
https://doi.org/10.1128/JVI.61.9.2691-2701.1987
https://doi.org/10.1128/JVI.61.9.2691-2701.1987
https://doi.org/10.1128/JVI.00196-20
https://doi.org/10.1111/j.1742-7843.2009.00526.x
https://doi.org/10.1146/annurev.micro.53.1.577
https://doi.org/10.1136/bmj.h3350
https://doi.org/10.1128/JVI.00501-14
https://doi.org/10.1016/s0147-9571(01)00014-5
https://doi.org/10.1038/srep39964
https://doi.org/10.1038/srep39964
https://doi.org/10.1098/rsos.210296
https://doi.org/10.1186/s13024-019-0308-6
https://doi.org/10.1128/JVI.71.3.1739-1746.1997
https://doi.org/10.1128/MMBR.05015-11
https://doi.org/10.3390/v12010051
https://doi.org/10.1021/acs.jmedchem.6b00326
https://doi.org/10.1093/oxfordjournals.bmb.a072073
https://doi.org/10.1080/22221751.2018.1563459
https://doi.org/10.5604/12321966.1152063
https://doi.org/10.1128/JVI.63.1.52-58.1989
https://doi.org/10.1128/JVI.63.1.52-58.1989


Hu et al. 10.3389/fmicb.2022.985108

Frontiers in Microbiology 17 frontiersin.org

Xie, Y., Wang, Y., Xiang, W., Wang, Q., and Cao, Y. (2019). Molecular mechanisms 
of action of Myricetin in cancer. Mini Rev. Med. Chem. 20, 123–133. doi: 10.217
4/1389557519666191018112756

Xu, Y. P., Qiu, Y., Zhang, B., Chen, G., Chen, Q., Wang, M., et al. (2019). Zika virus 
infection induces RNAi-mediated antiviral immunity in human neural progenitors 
and brain organoids. Cell Res. 29, 265–273. doi: 10.1038/s41422-019-0152-9

Yang, Q., Li, S., and Yu, D. (2014). Content determination of Myricetin from 
Xanthoceras Sorbifolia Bunge. China Pharmaceut. 23, 8–9.

Yang, Q. Y., Sun, Z., Tan, F. F., Guo, L. H., Wang, Y. Z., Wang, J., et al. (2016a). 
Pathogenicity of a currently circulating Chinese variant pseudorabies virus in pigs. 
World J. Virol. 5, 23–30. doi: 10.5501/wjv.v5.i1.23

Yang, P. P., Wan, W. Y., Gao, D. S., Zheng, G. M., Chang, H. T., Yang, X., et al. 
(2016b). Inhibition effect of valacyclovir on replication of porcine pseudorabies 
virus. Chin. J. Vet. Sci. 36, 298–304. doi: 10.16303/j.cnki.1005-4545.2016. 
02.22

Yu, M. S., Lee, J., Jin, M. L., Kim, Y., Chin, Y. W., Jee, J. G., et al. (2012). 
Identification of myricetin and scutellarein as novel chemical inhibitors of the SARS 

coronavirus helicase, nsP13. Bioorg. Med. Chem. Lett. 22, 4049–4054. doi: 10.1016/j.
bmcl.2012.04.081

Yuan-Dan, M. A., Wang, X., Liu, Y. P., and Xin, D. I. (2015). Silmultanoeus 
determination of three flavonoid aglycones in the leaves of Myrica rubra by HPLC. 
J. Shenyang Pharmaceut. Univ. 32, 362–365. doi: 10.14066/j.cnki.
cn21-1349/r.2015.05.007

Zhang, J., Chen, S., Ren, X., Ma, C., Ma, B., and Wang, Z. (2021). Classification 
and comparative analysis of 22 Xinyang Maojian teas with various origins. Sci. 
Technol. Food Ind. 42, 34–40. doi: 10.13386/j.issn1002-0306.2021020071

Zhang, Q., Lenardo, M. J., and Baltimore, D. (2017). 30 years of NF-κB: a 
blossoming of relevance to human pathobiology. Cells 168, 37–57. doi: 10.1016/j.
cell.2016.12.012

Zhao, X., Cui, Q., Fu, Q., and Song, X. (2017). Antiviral properties of resveratrol 
against pseudorabies virus are associated with the inhibition of IκB kinase 
activation. Sci. Rep. 7:8782. doi: 10.1038/s41598-017-09365-0

Zou, Y. (1995). Study on the antioxidant ingredients for edible oils in the fruit 
kernel of myrica rubra. Chem. Industry Forest Products 15, 13–17.

https://doi.org/10.3389/fmicb.2022.985108
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.2174/1389557519666191018112756
https://doi.org/10.2174/1389557519666191018112756
https://doi.org/10.1038/s41422-019-0152-9
https://doi.org/10.5501/wjv.v5.i1.23
https://doi.org/10.16303/j.cnki.1005-4545.2016.02.22
https://doi.org/10.16303/j.cnki.1005-4545.2016.02.22
https://doi.org/10.1016/j.bmcl.2012.04.081
https://doi.org/10.1016/j.bmcl.2012.04.081
https://doi.org/10.14066/j.cnki.cn21-1349/r.2015.05.007
https://doi.org/10.14066/j.cnki.cn21-1349/r.2015.05.007
https://doi.org/10.13386/j.issn1002-0306.2021020071
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1038/s41598-017-09365-0

	Myricetin inhibits pseudorabies virus infection through direct inactivation and activating host antiviral defense
	Introduction
	Materials and methods
	Reagents cells and virus
	Half cytotoxic and half inhibition concentrations assays
	Indirect immunofluorescence assay
	Mode of action assay
	Virucidal activity
	Effect of myricetin on the PRV growth curve
	Apoptosis
	Western blot assay
	Cytokines assay
	Animals and experimental design
	Survival rate
	Organ coefficient
	Viral load assay
	Histopathological examination
	Statistical analysis

	Results
	Cytotoxicity and antiviral activity of myricetin
	Mode of action
	The inhibition of virus-induced apoptosis by myricetin
	The changes of NF-κB and P38 MAPK signaling pathways
	The changes of gene expressions
	The antiviral activity of myricetin in PRV-infected mice

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

