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Simple Summary: Pseudorabies virus (PRV) is a herpesvirus with zoonotic potential and has caused
significant economic losses to the global pig industry. With the emergence of new mutants, the
immune protection provided by vaccines has been greatly reduced, and it has become more difficulty
to control PRV by vaccination. Recently, human cases of PRV-induced encephalitis have been reported,
which suggest an urgent need for new control measures. In this study, we found that dihydromyricetin
(DMY) exerted potent antiviral activity against PRV in vitro. DMY could ameliorate the PRV-induced
abnormal activation of the NF-κB signaling pathway and excessive cellular inflammatory response.
DMY could also induce the apoptosis of PRV-infected cells, thereby limiting the production of progeny
virus. Based on the findings, DMY could be a candidate drug for the treatment of PRV infections.

Abstract: Pseudorabies virus (PRV) infections have caused huge economic losses to the breeding
industry worldwide, especially pig husbandry. PRV could threaten human health as an easily ignored
zoonotic pathogen. The emergence of new mutants significantly reduced the protective effect of
vaccination, indicating an urgent need to develop specific therapeutic drugs for PRV infection. In
this study, we found that dihydromyricetin (DMY) could dose-dependently restrain PRV infection
in vitro with an IC50 of 161.34 µM; the inhibition rate of DMY at a concentration of 500 µM was 92.16
%. Moreover, the mode of action showed that DMY directly inactivated PRV virion and inhibited
viral adsorption and cellular replication. DMY treatment could improve PRV-induced abnormal
changes of the NF-κB signaling pathway and excessive inflammatory response through regulation of
the contents of IκBα and p-P65/P65 and the transcriptional levels of cytokines (TNF-α, IL-1β and
IL-6). Furthermore, DMY promoted the apoptosis of PRV-infected cells through the regulation of
the expressions of Bax and Bcl-xl and the transcriptional levels of Caspase-3, Bax, Bcl-2 and Bcl-xl,
thereby limiting the production of progeny virus. These findings indicated that DMY could be a
candidate drug for the treatment of PRV infection.

Keywords: pseudorabies virus; dihydromyricetin; antiviral activity

1. Introduction

Herpesviruses, as a large class of dsDNA viruses that can be widely transmitted in
a variety of organisms, can produce severe viral diseases in both humans and animals [1].
Pseudorabies virus (PRV), commonly recognized as the suid herpesvirus 1 [2], is a porcine
alphaherpervirus [3]. PRV could also be a zoonotic pathogen that is easily overlooked [4]. Most
reports of PRV infections appear in animals, but the number of human cases has gradually
increased, and China has reported 25 cases of human infection with PRV in the last five
years [5], which warrants closer investigation, as it could be dangerous to human health.

PRV has a widely transmitted reservoir that causes disease in a variety of domestic
animals as well as wild animals [6,7], and the primary reservoir of the virus is pig [8]. The

Vet. Sci. 2023, 10, 111. https://doi.org/10.3390/vetsci10020111 https://www.mdpi.com/journal/vetsci

https://doi.org/10.3390/vetsci10020111
https://doi.org/10.3390/vetsci10020111
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com
https://orcid.org/0000-0003-1128-7951
https://orcid.org/0000-0003-4102-0836
https://doi.org/10.3390/vetsci10020111
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com/article/10.3390/vetsci10020111?type=check_update&version=2


Vet. Sci. 2023, 10, 111 2 of 14

infection of susceptible animals is usually fatal, and the symptoms after infection are more
obvious, primarily including fever, itching (except pigs) and central nervous system symp-
toms [9]. As a highly contagious and lethal pathogen, it has contributed to tremendous
economic losses to the global breeding industry, especially the pig industry [10]. PRV has
neurotropic properties similar to its subfamily members, leading to latent infection in the
central and peripheral nervous systems [11], and the latently infected host can carry the
virus for life, and which can be activated under favorable conditions [12]. With neuroinfec-
tive characteristics, PRV is also serving as an ideal mode virus to test the antivirals against
viral encephalitis [13]. With the emergence of virus variants, the cases of human infected
with PRV and even transmission between humans have also increased [14]. Human in-
fection mainly causes central nervous system symptoms, viral encephalitis, optic nerve
symptoms and necrotizing retinitis, which is life-threatening [15,16]. Currently, there is no
specific treatment drug for PRV, and prevention is mainly through vaccination. However,
PRV has a high level of genomic variation, leading to the emergence of new mutants, which
greatly reduces the preventive efficacy of classical vaccines [17,18]. At present, the most
classic drugs for the treatment of herpesvirus infection are nucleoside drugs, including
acyclovir, ganciclovir and adefovir dipivoxil [19]. However, these medications can only
affect the virus during its replication and lysis phase and have no effect on the latent
virus. Additionally, the prolonged use of these medications will lead to the emergence of
drug-resistant strains, which makes them unsuitable for long-term clinical use [20].

Flavonoids, polyphenolic compounds that are widely found in nature, are widely
investigated due to their diverse biological functions [21], such as anti-inflammatory, an-
tioxidant, antibacterial, antiviral, anticancer and neuroprotective activities [22]. Flavonoids
can affect specific steps in the life cycle of different viruses [23] and inhibit herpesvirus
infection [24]. Therefore, flavonoids are a considerable source of potential anti-herpesvirus
drugs [25,26]. Dihydromyricetin (DMY, Figure 1A) belongs to the class of flavonols, and
was first extracted from Ampelopsis meliaefolia [27] and widely exists in a variety of plants,
such as Hovenia dulcis, bayberry and ginkgo [28]. Studies have found that DMY has various
biological activities, such as the induction of melanoma cell apoptosis by regulation of the
ROS and NF-κB pathway [29] and protection of HUVECs from damage by the Nrf2/HO-1
pathway [30]. DMY can effectively inhibit HSV-1 replication by reducing expressions of
HSV-1-related genes and reducing the production of TNF-α through the TLR9 pathway [31].
In this study, we tested the anti-PRV activity of DMY in vitro and evaluated the regulating
effects on abnormal inflammation and apoptosis caused by PRV, which provided ideas for
the development of new anti-herpesvirus drugs.

2. Materials and Methods
2.1. Compounds

Dihydromyricetin (98% HPLC purity; Meilunbio, Dalian, China) was stored at 4 ◦C in
the dark. For antiviral tests, the DMY was dissolved in DMSO (Solarbio, Beijing, China),
followed by dilution of at least 100-fold in DMEM (Gibco, CA, USA).

2.2. Cells and Virus

The PK-15 cells, purchased from the China Center for Type Culture Collection (Wuhan,
China), were grown in DMEM containing 10% (v/v) fetal bovine serum (PAN, Germany),
penicillin (100 U/mL), and streptomycin (100 µg/mL). For cell maintenance, the content of
fetal bovine serum was reduced to 2%. The Ra strain of PRV was purchased from the China
Veterinary Culture Collection (Beijing, China). The virus was proliferated in PK-15 cells.
The 50% tissue culture infectious dose (TCID50) was determined to be 10−7.1 mL−1 [32].

2.3. Cytotoxicity and Inhibitory Activity Assays

The cytotoxicity of DMY and the inhibitory activity against PRV were reflected by cell
viability, which was measured by a Cell Counting Kit-8 (CCK-8; Meilunbio, Dalian, China).
Cytotoxicity was determined by the co-incubation of monolayers with two-fold dilutions
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of DMY ranging from 1000 to 15.63 µM in 96-well plates. After incubation for 48 h, CCK-8
solution (10 µL) was added, followed by incubation for 30 min. The absorbance of the
plates at 450 nm was detected using a microplate reader (BioRad, Hercules, CA, USA).
For determining the antiviral effect of DMY, the virus suspension (100 TCID50) was added
into PK-15 monolayer in the presence or absence of DMY. The mixed culture medium was
then removed after incubation for 1 h. After washing, DMY was added again, followed by
re-incubation for 48 h. The absorbance of the plate at 450 nm was determined by the CCK-8
kit. Finally, the median toxic concentration (CC50) of DMY on PK-15 cells and the median
inhibitory concentration (IC50) against PRV were calculated by the Reed-Muench method.

2.4. Inhibitory Action Assay

Cell pretreatment assay: DMY was added into the cell monolayer, followed by incu-
bation at 37 ◦C for 1 h. After removal of the medium, the virus suspension (100 TCID50)
was added at 37 ◦C for 1 h. After washing, cells were incubated for 48 h, and then the virus
titer was detected by the fluorescent quantitative PCR (FQ-PCR) method based on the gB
gene [33]. The total viral DNA of infected cells was extracted with a virus genome extraction
kit (Biomed, Beijing, China). The primers were 5′-ACAAGTTCAAGGCCCACATCTAC-
3′ (Forward) and 5′-GTCYGTGAAGCGGTTCGTGAT-3′ (Reverse), and the probe was
5′-ACGTCATCGTCACGACC-3′. The FQ-PCR reaction conditions were 95 ◦C for 120 s,
95 ◦C for 5 s, and 56.5 ◦C for 30 s (40 cycles), which was performed on a Bio-Rad CFX96
ConnectTM Real-Time PCR Detection System (CA, USA).

Inactivation assay: DMY were co-incubated with 10000 TCID50 PRV. After incubation
at 37 ◦C for 1 h, the mixture was diluted by 100-fold and added into cells for 1 h incubation.
After washing, maintenance medium was added for 48 h. Finally, the total DNA of each
group was extracted and FQ-PCR was performed.

Adsorption assay: Virus suspension (100 TCID50) was added into cells in the presence
of DMY at 4 ◦C for 1 h. Then, the virus-containing mixture was discarded and mainte-
nance medium was added for 48 h at 37 ◦C. The total DNA was extracted and FQ-PCR
was conducted.

Penetration assay: The cell monolayer was pre-cooled at 4 ◦C for 30 min, followed
by infection with 100 TCID50 PRV at 4 ◦C for 1 h. After washing with pre-cooled PBS,
maintenance medium containing DMY was added and the cells were incubated at 37 ◦C
for 1 h. The cells were then washed with a citric acid-sodium citrate buffer (pH = 3.0) for
the inactivation of unpenetrated virus. The maintenance medium was added at 37 ◦C for
48 h. The total DNA was extracted and FQ-PCR was performed.

Replication assay: The cells were infected with 100 TCID50 PRV at 37 ◦C for 1 h, and
then the medium was removed. DMY-containing maintenance medium was added, and
after culturing at 37 ◦C for 48 h, total DNA was extracted and FQ-PCR was conducted.

Growth curve assay: Virus suspension (0.1 MOI) was added into the PK-15 monolayer
at 37 ◦C for 1 h. After washing, DMY-containing maintenance medium was added, and the
cells were collected at 2 h, 4 h, 6 h, 8 h, 12 h, 18 h, and 24 h, respectively. The total DNA
was extracted and FQ-PCR was conducted.

2.5. Transcriptional Levels of Target Genes Assay

The cells and virus were treated as described in the growth curve assay. The total RNA
was extracted by TRzol reagent (Biomed, Beijing, China), followed by reverse transcription
(M-MLV 4 First-Strand cDNA Synthesis Kit; Biomed, Beijing, China). The RT-PCR was
conducted with primers of the tested genes (Table 1) by a Hieff UNICON® qPCR SYBR
Green Master Mix (Yeasen, Shanghai, China). The PCR cycles were 95 ◦C for 3 min; 95 ◦C
for 10 s, 59.8◦C for 30 s, and 55◦C for 5 s (40 cycles). Finally, a melting curve analysis was
performed. The expression level of β-actin was used to normalize the difference in the
expression of each target gene, and 2ˆ-44Ct was used to calculate the relative expression
level of each gene.
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2.6. Western Blotting

PK-15 cells were incubated with virus suspension (MOI = 1) for 1 h, and, after washing,
maintenance medium with or without DMY was added. Total intracellular protein was
extracted at 4 h, 8 h, 12 h, 18 h, and 24 h, respectively. The proteins were isolated through
SDS-PAGE, and then transferred onto a PVDF membrane (Millipore, USA). The membrane
was blocked in 5% (w/v) skim milk for 90 min at RT, and then different antibodies were
added, including P65 (CST, USA, 1:1000), p-P65 (Bioss, Beijing, 1:2000), IκBα (CST, USA,
1:2000), Bax (Proteintech, Wuhan, China, 1:1000), Bcl-xl (Proteintech, Wuhan, China, 1:1000),
and β-actin (Bioss, Beijing, China, 1:2000). The membranes were incubated overnight at
4◦C. After washing, horseradish peroxidase-conjugated secondary antibody was added for
1 h at RT. Finally, proteins were visualized through enzymatic chemiluminescence reagents
(ECL, Biosharp, Anhui, China). The expression of total protein was normalized by β-actin.

2.7. Statistical Analysis

The data are presented as the mean ± standard deviation. Statistical significance was
determined by one-way analysis of variance using SPSS 21.0 Statistical Software (IBM, NY,
USA), and p < 0.05 was considered statistically significant.

3. Results
3.1. Results
3.1.1. Cytotoxicity and Antiviral Activity of Dihydromyricetin

In the present study, DMY was diluted with DMEM in order to reduce the final con-
centration of DMSO to no more than 0.5%, which had no effects on the cells or the virus.
The cytotoxicity of DMY in PK-15 cells was detected by CCK-8, and the cell viability was
not significantly changed when the concentration of DMY ranged from 500 to 15.63 µM
(Figure 1B). The CC50 was calculated as 914.32 ± 1.19 µM (Table 2). DMY ranging from 500 to
15.63 µM exhibited a dose-dependent antiviral activity against PRV (Figure 1C). The inhibition
rate was 92.16 % when the concentration of DMY was 500 µM (Figure 1D). The IC50 of DMY
was calculated to be 161.34 ± 0.86 µM, and its selectivity index (SI) was 5.68 (Table 2).

3.1.2. Effect of Dihydromyricetin on Specific Steps of Viral Life Cycle

In order to further determine the antiviral mechanism of DMY in PK-15 cells, five
independent experiments were set up to detect the viral replication characteristics. In the
cytoprotective assay (pretreatment), DMY was added to the cells first and then infected
with PRV, but no anti-PRV effect was detected (Figure 2A). In the inactivation assay, DMY
was co-incubated with PRV and then added to the cells. It was found that DMY treatment
could significantly reduce the virus copy number (Figure 2B). In the adsorption assay, DMY
and PRV were simultaneously added to the cells at 4◦C, and DMY significantly inhibited
the adsorption process of PRV (Figure 2C). After virus attaches to the cell surface, the
penetration process occurs, but DMY does not show inhibitory activity against PRV during
this process (Figure 2D). After the virus penetrated into the cell, it began to replicate itself
using the raw materials and energy system provided by the host cell. We found that DMY
could significantly inhibit the replication of PRV (Figure 2E). In addition, we detected the
virus growth curve during the intracellular replication process within 24h after the addition
of DMY. DMY treatment did not inhibit the early stage of infection within 4 h post infection
(hpi), but could significantly inhibit viral proliferation from 6 to 24 hpi (Figure 2F).

3.1.3. Effect of Dihydromyricetin on PRV-Activated NF-κB Signaling Pathway

For facilitating viral proliferation after infection, related signaling pathways are usually
changed by the virus, such as the classical NF-κB signaling pathway. At 4 hpi, the expression
of IκBα was significantly increased after PRV-infection, and PRV also significantly decreased
the levels of P65, p-P65 and p-P65/P65 in comparison with blank control. DMY-treatment
significantly increased the expressions of P65 and p-P65, and the levels of IκBα and p-
P65/P65 were significantly decreased (Figure 3A). At 8 hpi, PRV-infection significantly
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increased the expressions of P65 and p-P65, and the levels of IκBα and p-P65/P65 was
significantly decreased in comparison with the blank control group. DMY-treatment
significantly increased the levels of IκBα and p-P65/P65; the levels of P65 and p-P65 were
significantly decreased (Figure 3B). At 12 hpi, the levels of IκBα, P65 and p-P65 were
significantly decreased in the PRV-infected group. The levels of IκBα, p-P65 and p-P65/P65
were significantly enhanced in the DMY-treated group, while the p65 level was significantly
decreased (Figure 3C).

3.1.4. Effect of Dihydromyricetin on PRV-Changed Cell Apoptotic Process

PRV infection can cause a variety of host responses, including interference with the
normal apoptosis process of host cells, so we also tested the expressions of key apoptosis
proteins, Bax and Bcl-xl (Figure 4). In comparison with the normal group, the PRV-infected
group showed a significantly higher Bcl-xl level and lower Bax level at 12 hpi. After
treatment with DMY, the levels of Bax and Bcl-xl in PRV-infected cells were significantly
down-regulated (Figure 4A). At 18 hpi, PRV infection significantly up-regulated the Bcl-xl
level and down-regulated the Bax level; the levels of Bax and Bcl-xl in the DMY-treated
group were significantly down-regulated (Figure 4B). At 24 hpi, the PRV-infected group
exhibited significantly lower levels of Bax and Bcl-xl; while DMY treatment significantly
up-regulated the Bax level and significantly decreased the Bcl-xl level (Figure 4C).

3.1.5. Effect of Dihydromyricetin on Gene Expressions of Cytokines and Apoptotic Factors

DMY could regulate the PRV-induced changes of the NF-κB pathway, and thus the
expressions of downstream target genes (TNF-α, IL-1β and IL-6) were detected to further
determine the activation of the signaling pathway (Figure 5). We found that PRV-infection
induced significantly higher transcriptional levels of TNF-α, IL-1β and IL-6, and that DMY-
treatment exhibited significantly lower mRNA levels of these cytokines. It was found that
PRV infection significantly inhibited the levels of Caspase-3, Bax and Bcl-xl within 24 hpi,
but the Bcl-2 level was significantly enhanced at 18 and 24 hpi. After treatment with DMY,
the higher expressions of Caspase-3 and Bcl-xl were detected, but lower levels of Bax and
Bcl-2 were found.

3.2. Figures and Tables
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cubation for 48 h. (C) Cell viability after infection with PRV. The PK-15 monolayer was subjected to 
100 TCID50 PRV in conjunction with DMY for 1 h before being switched to a maintenance medium 
containing DMY. Once more, the CCK-8 kit was used to conduct the test after 48 h. (D) DMY’s 
resistance to PRV inhibition rate. Inhibition rate = (OD 450 nm value of DMY-treated infected cells—
OD 450 nm value of untreated infected cells) ÷ (OD 450 nm value of untreated uninfected cells—OD 
450 nm value of untreated infected cells). Mock, normal cell groups; PRV, virus-inoculated group; 
PRV + DMY, virus-inoculated and treated group. ### indicates p < 0.001 compared to PRV group; 
*** indicates p < 0.001 compared to MOCK group. 
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β-actin GGACTTCGAGCAGGAGATGG AGGAAGGAGGGCTGGAAGAG 
TNF-α GAGATCAACCTGCCCGACT TCACAGGGCAATGATCCCAA 
IL-1α AGAATCTCAGAAACCCGACTGTTT TTCAGCAACACGGGTTCGT 
IL-1β GCCCTGTACCCCAACTGGTA CCAGGAAGACGGGCTTTTG 
IL-6 ATTAAGTACATCCTCGGCAAA GTTTTCTGCCAGTACCTCC 
Bax GTTTCATCCAGGATCGAGCA TGCAGCTCCATGTTACTGTCC 

Caspase-3 AAGACCATAGCAAAAGGAGCA GTTCACAGCAGTCCCCTC 
Bcl-2 CTGCACCTGACTCCCTTCACC TCCCGGTTGACGCTCTCCACA 
Bcl-xl GCCACTTACCTGAATGACCA ATTGTTTCCGTAGAGTTCCAC 

Figure 1. Antiviral activity of dihydromyricetin against PRV. (A) The constructive formula of dihy-
dromyricetin (DMY). (B) Toxicity of DMY on PK-15 cells. Two-fold dilutions of DMY (1000–15.63 µM)
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were incubated with PK-15 cells, and a CCK-8 kit was utilized to assess cell viability after incubation
for 48 h. (C) Cell viability after infection with PRV. The PK-15 monolayer was subjected to 100 TCID50

PRV in conjunction with DMY for 1 h before being switched to a maintenance medium containing
DMY. Once more, the CCK-8 kit was used to conduct the test after 48 h. (D) DMY’s resistance to PRV
inhibition rate. Inhibition rate = (OD 450 nm value of DMY-treated infected cells—OD 450 nm value
of untreated infected cells) ÷ (OD 450 nm value of untreated uninfected cells—OD 450 nm value
of untreated infected cells). Mock, normal cell groups; PRV, virus-inoculated group; PRV + DMY,
virus-inoculated and treated group. ### indicates p < 0.001 compared to PRV group; *** indicates
p < 0.001 compared to MOCK group.

Table 1. Primer sequences for real-time PCR.

Primer Forward (5′→3′) Reverse (5′→3′)

β-actin GGACTTCGAGCAGGAGATGG AGGAAGGAGGGCTGGAAGAG

TNF-α GAGATCAACCTGCCCGACT TCACAGGGCAATGATCCCAA

IL-1α AGAATCTCAGAAACCCGACTGTTT TTCAGCAACACGGGTTCGT

IL-1β GCCCTGTACCCCAACTGGTA CCAGGAAGACGGGCTTTTG

IL-6 ATTAAGTACATCCTCGGCAAA GTTTTCTGCCAGTACCTCC

Bax GTTTCATCCAGGATCGAGCA TGCAGCTCCATGTTACTGTCC

Caspase-3 AAGACCATAGCAAAAGGAGCA GTTCACAGCAGTCCCCTC

Bcl-2 CTGCACCTGACTCCCTTCACC TCCCGGTTGACGCTCTCCACA

Bcl-xl GCCACTTACCTGAATGACCA ATTGTTTCCGTAGAGTTCCAC
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Dihydromyricetin 914.32 ± 1.19 161.34 ± 0.86 5.68 

 

Figure 2. DMY’s mechanism of action against PRV. (A) The pretreatment effect of DMY against PRV.
(B) The viral inactivation effect of DMY. (C) The inhibitory effect of DMY on the viral adsorption
process. (D) Inhibition of PRV penetration by DMY. (E) Inhibition of DMY against PRV intracellular
replication. (F) PRV growth curve. Viral DNA copy number at each stage was detected by FQ-PCR.
PRV, virus-inoculated group; PRV + DMY, virus-inoculated and treated group, the concentration of
DMY was 500 µM. Compared with the PRV group, symbols *, ** and *** denote p < 0.05, p < 0.01 and
p < 0.001, respectively.
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Table 2. Anti-PRV activity of dihydromyricetin.

Compound CC50 (µM) IC50 (µM) SI

Dihydromyricetin 914.32 ± 1.19 161.34 ± 0.86 5.68
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Figure 3. The effects of dihydromyricetin on the NF-κB signaling pathway during 4 hpi (A), 8 hpi (B),
and 12 hpi (C). PK-15 cells treated or untreated with DMY (500 µM) were infected with PRV (MOI
= 1), and the expressions of pathway-related proteins, including Iκ-Bα, P65 and p-P65, were ex-
amined by western blotting. Mock, normal cell groups; PRV, virus-inoculated group; PRV + DMY,
virus-inoculated and treated group. Compared with the mock group, symbols *, ** and *** denote
p < 0.05, p < 0.01 and p < 0.001, respectively. Compared with the PRV group, symbols ## and ### de-
note p < 0.01 and p < 0.001, respectively. The uncropped western blot in Supplementary Materials
Figure S1.
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Figure 4. The impact of dihydromyricetin on the expression of the apoptosis-inducing protein at
12 (A), 18 (B), and 24 (C) hpi after infection. In the presence or absence of 500 µM DMY, PRV (MOI = 1)
was added to PK-15 cells. Western blotting was used to identify the expressions of Bax and Bcl-xl.
Mock, normal cell groups; PRV, virus-inoculated group; PRV + DMY, virus-inoculated and treated
group. Compared with mock group, Symbol *** denotes p < 0.001. Compared with PRV group,
symbol ### denotes p < 0.001. The uncropped western blot in Supplementary Materials Figure S2.
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4. Discussion

PRV infection caused significant damages to animal health, and emerging virus vari-
ants can escape the immune protection induced by the classic vaccine, Bartha-K61 [34].
Moreover, the possibility of PRV becoming a threat to human health is gradually increasing
due to the constant mutation of this virus [35]. Therefore, development of anti-PRV drugs
is of great importance for the prevention and control of PRV infection [36]. It has been
shown that myricetin, luteolin and kaempferol exhibited an inhibitory effect on herpesvirus
infection. Myricetin blocks HSV infection by directly interacting with gD while down-
regulating the EGFR/PI3K/Akt signaling pathway [37,38]. To prevent EBV reactivation,
luteolin reduces the expressions of the promoters of Zta and Rta [39]. Kaempferol can
inhibit PRV proliferation by regulation of the NF-κB and MAPK pathways [40,41]. Al-
though several compounds with therapeutic effects against PRV have been identified, the
underlying mechanisms are unknown, and therefore new specific drugs and strategies
for the treatment of PRV infection are needed [42]. In this study, the selection index was
used to measure the anti-PRV potency of DMY [33]. DMY had a selection index of 5.68
and dose-dependently inhibited PRV replication, indicating that DMY could be a potent
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inhibitor of PRV. As a typical herpesvirus [43], this study also indicated the potential of
DMY to control the infections of other herpesviruses.

To further study the antiviral mechanism, the assays based on different stages of
viral infection were tested. The results showed that DMY could significantly reduce
virus titer during the stages of inactivation, adsorption and intracellular replication, and
DMY inhibited virus proliferation in the medium and late stages of infection according
to the growth curve. The proliferation of PRV in cells relies mainly on various viral
proteins [44,45]. First, the membrane glycoprotein gC binds to the cell membrane heparan
sulfate proteoglycan, and then the gD protein acts to bind to the cell membrane receptor
to make the virus particles firmly adsorb on the cell membrane [46]. Under the combined
action of gB, gH and gL, membrane fusion is promoted, viral proteins are released into
the cytoplasm, and then the nucleocapsid enters the nucleus through microtubules [47].
Gene transcription and expression are initiated under the activation of the only immediate
early gene (IE180) of the virus, thereby entering the replication cycle [48,49], and after two
envelope coats, self-assembly is completed and transferred to the cell surface to be released
by exocytosis [50]. Therefore, it is speculated that DMY can inhibit the protein function of
gC or gD, leading to the prevention of the adsorption process between PRV and the cell
membrane, thereby reducing the number of infected virus particles.

As an important part of the body’s innate immunity, the NF-κB signaling pathway is
involved in a variety of biological processes [51,52]. In the process of virus infection, for the
needs of self-proliferation, virions affect the NF-κB pathway through various mechanisms,
thereby evading the host’s immune response [53]. The PRV-induced activation of the NF-κB
pathway has some similarities with the activation of typical signaling pathways, but it also
has its own characteristics [54]. The NF-κB signaling pathway mediated by TNF-α can
be inhibited by the ICP0 protein of PRV [55], and the activation of this pathway can be
substantially independent of the classical IκB kinase IKK while reducing the production
of genes involved in negative feedback loops [56]. The expressions of essential proteins
IκBα, P65 and p-P65 were measured, and we found that PRV boosted the production of
the upstream protein IκBα at 4 hpi and then decreased at 8 and 12 hpi, implying that PRV
blocked IκBα phosphorylation at the early stage of infection and then promoted it later
on. The level of p-P65/P65 was always decreased, indicating that PRV inhibits the NF-κB
signaling pathway independently of IκBα, which is consistent with a previous report that
PRV can trigger the abnormal activation of the NF-κB pathway [57]. The p-P65/P65 level
was declined at 4 hpi and increased at 8 and 12 hpi after DMY treatment, indicating that
DMY could reverse the inhibitory state of the NF-κB pathway caused by PRV infection.

The NF-κB pathway, a representative pro-inflammatory pathway, is involved in in-
flammatory response mainly through expressions of pro-inflammatory genes, including
cytokines, chemokines and adhesion molecules [58]. The infection of mice by PRV resulted
in increased levels of key proinflammatory cytokines in the pathway [59]. In this study, the
expressions of inflammatory factors (TNF-α, IL-1α and IL-6) showed a gradually increasing
trend. The results are consistent with the phenomenon of a “cytokine storm” in mice
infected with PRV, which is an excessive inflammatory response caused by the unbalanced
secretion of pro-inflammatory cytokines and the imbalance of pro- and anti-inflammatory
responses [60]. It has been reported that DMY showed an anti-inflammatory effect and
could downregulate the level of inflammatory genes through the NF-κB pathway [61]. It
was revealed that DMY significantly inhibited the gene expression levels of TNF-α, IL-1α
and IL-6, which supported the view that DMY can enhance cellular immunity without
causing excessive inflammatory responses in PRV-infected cells.

Viral infection can activate extracellular pathways mediated by TNF-α [62] and further
activate Caspase-3, which causes cell apoptosis [63]. However, many viruses can inhibit
the premature death of infected cells through anti-apoptotic mechanisms, thereby ensuring
the process of virus proliferation and increasing the production of progeny virus [64].
PRV also shares this mechanism of action in apoptosis. The viral US3 protein kinase
can inhibit the apoptosis of the infected cell by regulation of the PI3-K/Akt and NF-κB
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pathways without affecting the production of progeny viruses [65,66]. In addition, viral
glycoprotein gE mediates ERK 1/2 activation in T lymphocytes after infection, thereby
triggering an anti-apoptotic response [67]. Previous studies have found that DMY extracted
from Ampelopsis grossedentata exerts in vitro anti-PRV effects through anti-pyroptosis
effects, but the apoptosis response was not detected [68]. Therefore, the effects of DMY on
host cell apoptosis after PRV infection was studied. The pro-apoptotic effector Bax, a critical
effector of the mitochondrial apoptotic pathway, plays a core role in the apoptotic process
by regulating the permeability of the outer mitochondrial membrane through the formation
of apoptotic pores embedded in the membrane [69]. Members of the lymphoma apoptosis
regulatory family are considered to be regulators of cell death, including Bcl-2, Bcl-xl, and
MCL-1, acting as chemical inhibitors of the pro-apoptotic protein Bax, which inhibits the
release of Bax and cytochrome c and exerts an anti-apoptotic effect [70–72]. In the present
study, PRV infection increased the levels of anti-apoptotic factors Bcl-2 and Bcl-xl, and
induced lower levels of pro-apoptotic factors Caspase-3 and Bax; DMY treatment facilitated
the apoptosis of PRV-infected cells. These results demonstrated that DMY could suppress
viral proliferation by promoting the apoptosis of infected cells, leading to the limitation of
the production of progeny viruses [73].

5. Conclusions

Dihydromyricetin possesses potent anti-PRV activity. It can inhibit the proliferation of
PRV by regulating the NF-κB signaling pathway and the expressions of apoptotic factors.
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Table S2: Intensity ratio of the Western blot bands in Figure 4.

Author Contributions: Conceptualization, X.Z., Y.C. and W.Z.; methodology, H.Z.; software, Y.H.;
validation, F.Y. and Y.C.; formal analysis, Y.Z.; investigation, W.Z.; data curation, H.Z.; writing—original
draft preparation, X.Z.; writing—review and editing, X.S.; visualization, W.Z. and F.Y.; supervision, X.S.;
project administration, X.S. All authors have read and agreed to the published version of the manuscript.

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).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Raw data are available upon request.

Acknowledgments: We would like to express our gratitude to Sichuan Agricultural University for
supplying the necessary materials for the experiment.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. Connolly, S.A.; Jardetzky, T.S.; Longnecker, R. The structural basis of herpesvirus entry. Nat. Rev. Genet. 2020, 19, 110–121. [CrossRef]
2. Wong, G.; Lu, J.; Zhang, W.; Gao, G.F. Pseudorabies virus: A neglected zoonotic pathogen in humans? Emerg. Microbes Infect.

2019, 8, 150–154. [CrossRef]
3. Liu, Q.; Kuang, Y.; Li, Y.; Guo, H.; Zhou, C.; Guo, S.; Tan, C.; Wu, B.; Chen, H.; Wang, X. The Epidemiology and Variation in

Pseudorabies Virus: A Continuing Challenge to Pigs and Humans. Viruses 2022, 14, 1463. [CrossRef]
4. Pomeranz, L.E.; Reynolds, A.E.; Hengartner, C.J. Molecular Biology of Pseudorabies Virus: Impact on Neurovirology and

Veterinary Medicine. Microbiol. Mol. Biol. Rev. MMBR 2005, 69, 462–500. [CrossRef] [PubMed]
5. Huang, H.; Koyuncu, O.O.; Enquist, L.W. Pseudorabies Virus Infection Accelerates Degradation of the Kinesin-3 Motor KIF1A. J.

Virol. 2020, 94, e01934-19. [CrossRef] [PubMed]
6. Cheng, Z.; Kong, Z.; Liu, P.; Fu, Z.; Zhang, J.; Liu, M.; Shang, Y. Natural infection of a variant pseudorabies virus leads to bovine

death in China. Transbound. Emerg. Dis. 2019, 67, 518–522. [CrossRef]
7. Wang, G.-S.; Du, Y.; Wu, J.-Q.; Tian, F.-L.; Yu, X.-J.; Wang, J.-B. Vaccine resistant pseudorabies virus causes mink infection in China.

BMC Veter. Res. 2018, 14, 20. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/vetsci10020111/s1
https://www.mdpi.com/article/10.3390/vetsci10020111/s1
http://doi.org/10.1038/s41579-020-00448-w
http://doi.org/10.1080/22221751.2018.1563459
http://doi.org/10.3390/v14071463
http://doi.org/10.1128/MMBR.69.3.462-500.2005
http://www.ncbi.nlm.nih.gov/pubmed/16148307
http://doi.org/10.1128/JVI.01934-19
http://www.ncbi.nlm.nih.gov/pubmed/32075931
http://doi.org/10.1111/tbed.13427
http://doi.org/10.1186/s12917-018-1334-2
http://www.ncbi.nlm.nih.gov/pubmed/29351775


Vet. Sci. 2023, 10, 111 12 of 14

8. Mettenleiter, T.C. Aujeszky’s disease (pseudorabies) virus: The virus and molecular pathogenesis—State of the art, June 1999.
Veter.- Res. 2000, 31, 99–115. [CrossRef]

9. Yang, B.; Luo, G.; Zhang, C.; Feng, L.; Luo, X.; Gan, L. Curcumin protects rat hippocampal neurons against pseudorabies virus by
regulating the BDNF/TrkB pathway. Sci. Rep. 2020, 10, 22204. [CrossRef]

10. Xia, L.; Sun, Q.; Wang, J.; Chen, Q.; Liu, P.; Shen, C.; Sun, J.; Tu, Y.; Shen, S.; Zhu, J.; et al. Epidemiology of pseudorabies in intensive
pig farms in Shanghai, China: Herd-level prevalence and risk factors. Prev. Veter.- Med. 2018, 159, 51–56. [CrossRef] [PubMed]

11. Szpara, M.; Kobiler, O.; Enquist, L.W. A Common Neuronal Response to Alphaherpesvirus Infection. J. Neuroimmune Pharmacol.
2010, 5, 418–427. [CrossRef] [PubMed]

12. Lu, J.; Yuan, W.; Zhu, Y.; Hou, S.; Wang, X. Latent pseudorabies virus infection in medulla oblongata from quarantined pigs.
Transbound. Emerg. Dis. 2020, 68, 543–551. [CrossRef] [PubMed]

13. Ekstrand, M.I.; Enquist, L.; Pomeranz, L.E. The alpha-herpesviruses: Molecular pathfinders in nervous system circuits. Trends
Mol. Med. 2008, 14, 134–140. [CrossRef] [PubMed]

14. Bo, Z.; Li, X. A Review of Pseudorabies Virus Variants: Genomics, Vaccination, Transmission, and Zoonotic Potential. Viruses
2022, 14, 1003. [CrossRef]

15. Li, H.; Liang, R.; Pang, Y.; Shi, L.; Cui, S.; Lin, W. Evidence for interspecies transmission route of pseudorabies virus via virally
contaminated fomites. Veter.- Microbiol. 2020, 251, 108912. [CrossRef]

16. Hu, F.; Wang, J.; Peng, X.-Y. Bilateral Necrotizing Retinitis following Encephalitis Caused by the Pseudorabies Virus Confirmed
by Next-Generation Sequencing. Ocul. Immunol. Inflamm. 2020, 29, 922–925. [CrossRef]

17. An, T.-Q.; Peng, J.-M.; Tian, Z.-J.; Zhao, H.-Y.; Li, N.; Liu, Y.-M.; Chen, J.-Z.; Leng, C.-L.; Sun, Y.; Chang, D.; et al. Pseudorabies
Virus Variant in Bartha-K61–Vaccinated Pigs, China, 2012. Emerg. Infect. Dis. 2013, 19, 1749–1755. [CrossRef]

18. Liu, J.; Chen, C.; Li, X. Novel Chinese pseudorabies virus variants undergo extensive recombination and rapid interspecies
transmission. Transbound. Emerg. Dis. 2020, 67, 2274–2276. [CrossRef]

19. Li, R.; Hayward, S.D. Potential of protein kinase inhibitors for treating herpesvirus-associated disease. Trends Microbiol. 2013, 21,
286–295. [CrossRef]
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