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Dihydromyricetin inhibits African swine fever =

virus replication by downregulating toll-like
receptor 4-dependent pyroptosis in vitro
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Abstract

African swine fever (ASF), caused by ASF virus (ASFV) infection, poses a huge threat to the pork industry owing to inef-
fective preventive and control measures. Hence, there is an urgent need to develop strategies, including antiviral
drugs targeting ASFV, for preventing ASFV spread. This study aimed to identify novel compounds with anti-ASFV
activity. To this end, we screened a small chemical library of 102 compounds, among which the natural flavonoid
dihydromyricetin (DHM) exhibited the most potent anti-ASFV activity. DHM treatment inhibited ASFV replication

in a dose- and time-dependent manner. Furthermore, it inhibited porcine reproductive and respiratory syndrome
virus and swine influenza virus replication, which suggested that DHM exerts broad-spectrum antiviral effects. Mecha-
nistically, DHM treatment inhibited ASFV replication in various ways in the time-to-addition assay, including pre-, co-,
and post-treatment. Moreover, DHM treatment reduced the levels of ASFV-induced inflammatory mediators by regu-
lating the TLR4/MyD88/MAPK/NF-kB signaling pathway. Meanwhile, DHM treatment reduced the ASFV-induced
accumulation of reactive oxygen species, further minimizing pyroptosis by inhibiting the ASFV-induced NLRP3 inflam-
masome activation. Interestingly, the effects of DHM on ASFV were partly reversed by treatment with polyphyllin VI (a
pyroptosis agonist) and RS 09 TFA (a TLR4 agonist), suggesting that DHM inhibits pyroptosis by regulating TLR4 signal-
ing. Furthermore, targeting TLR4 with resatorvid (a specific inhibitor of TLR4) and small interfering RNA against TLR4
impaired ASFV replication. Taken together, these results reveal the anti-ASFV activity of DHM and the underlying
mechanism of action, providing a potential compound for developing antiviral drugs targeting ASFV.
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Introduction

African swine fever (ASF) is a highly contagious disease
of swine that results in serious economic losses in global
pig production. It is caused by the ASF virus (ASFV), the
sole member of the Asfarviridae family. ASFV is a large,
double-stranded DNA virus with a 170-190 kb long
genome [1]. ASF is clinically characterized by hemor-
rhagic fever and nearly a 100% mortality rate in pigs of
all ages [2]. It originated in Kenya in 1921 and remains
endemic in Africa [3]. In 2018, the first case of ASF was
identified in China and spread rapidly to neighboring
countries owing to the lack of effective control measures.
To date, over 37 countries have reported ASF outbreaks,
and although scientists have worked to develop a vaccine
against ASFV, and ASFV-G-AI177L/ALVR, BA71ACD2,
and the naturally attenuated Lv17/WB/Riel are reported
to be very promising vaccines, no anti-ASFV drugs or
vaccines have been approved to control their spread [4,
5]. Hence, developing new effective measures to reduce
the economic losses caused by ASFV and recover pig
production is urgently required.

During viral infection, virus-host interactions deter-
mine the efficiency of virus propagation, and viruses
enhance their own replication by activating cellular sign-
aling pathways. For example, ASFV infection has been
reported to activate an ATR-mediated (ataxia telangi-
ectasia mutated rad-3 related) DNA damage response,
leading to morphological and functional alterations in
subnuclear structural domains, thereby promoting viral
replication [6—8]. Therefore, blocking the cellular signal-
ing cascades required for viral replication is an alterna-
tive approach to inhibit viral growth. The advantage of
targeting the signaling cascades required for viral rep-
lication is that resistance is unlikely to develop [9]. The
toll-like receptor (TLR) family is a major pattern recogni-
tion receptor (PRR) family that recognizes a wide range
of bacteria and viruses, and the protein TLR4 is involved
in the induction of host immune responses to bacterial,
fungal, and viral infections. The TLR4 signaling pathway
is divided into two parts, MyD88-dependent and TRIF-
dependent signaling. The TLR4-MyD88 signaling axis
activates NF-kB and MAPKs and induces the secretion
of pro-inflammatory cytokine. The TLR4-TRIF axis pro-
motes the production of interferons and increases the
expression of chemokines [10]. However, dysregulated
TLR4 signaling has been shown to play roles in the ini-
tiation and progression of various diseases, such as sep-
sis, endotoxemia, acute lung injury, rheumatoid arthritis,
and cardiovascular diseases [11]. Viral infection report-
edly induces the expression of TLR4; Zhao et al. found
that TLR4 interacts with the SARS-CoV-2 spike protein
and is activated and that resatorvid, an inhibitor of TLR4,
completely blocks the induction of IL-1p by SARS-CoV-2
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[12]. In addition, influenza A virus (IAV) can activate
TLR4/NEF-kB signaling pathway expression in vivo and
in vitro, whereas the traditional Chinese medicine Liu
Shen Wan inhibits IAV replication by suppressing the
expression of TLR4 and phosphorylated NF-«B in vivo
and in vitro [13]. Similarly, oxymatrine inhibits IAV repli-
cation by suppressing the TLR4, P38 MAPK, and NF-xB
pathways and inhibits the inflammation induced by IAV
in vivo [14]. These observations indicate that TLR4 may
be a target for treating viral infections.

Infection with virulent ASFV isolates induces an
increase in serum pro-inflammatory cytokines, resulting
in an exacerbated immune response and high mortality;
infection with moderately virulent ASFV isolates results
in low mortality, which may be associated with the induc-
tion of low serum pro-inflammatory cytokines [15].
ASFV infection has been reported to induce upregula-
tion of pro-inflammatory cytokines, including IL-6, TNF-
a, CCL4, CXCLS, etc. In addition, TLR3 and TLR7 were
upregulated after ASFV infection, whereas TLR4 and
TLR6 were downregulated [16]. Another study reported
that ASFV I329L inhibits the activation of TLR3, TLR4,
TLR5, TLRS8, and TLR9 [17]. Moreover, Li et al. showed
that the ASFV-induced IL-1B production is dependent
on TLR4 [18]; however, the role of TLR4 signaling in
ASFV infection has not been reported.

Owing to the complex viral structure and limited cell
tropism of ASFV, vaccines against the ASFV are yet to be
developed [19]; nevertheless, it is necessary to develop
anti-ASFV drugs before an anti-ASFV vaccine can be
approved for use. Currently, compounds with anti-
ASFV properties include nucleoside analogs, interfer-
ons, HDACI (histone deacetylases inhibitors), antibiotics,
microtubule-stabilizing agent, and natural compounds
[20-23]. Increasing research has proved that natural
compounds are widely used in antiviral research because
of their broad bioactivity and sources. Toosendanin,
genistein, and kaempferol have been reported to inhibit
ASFV replication in vitro [24—26]. The natural flavonoid
dihydromyricetin (DHM) is derived from Ampelopsis
grossedentata, exerts anti-inflammatory, anti-bacterial,
and anti-tumor activities, and has great potential for clin-
ical application [27, 28]. For example, DHM treatment
reduces the activation of NLRP3 inflammasome and
lipopolysaccharide (LPS)-induced TLR4/NF-«B signaling
pathway [29]. Additionally, DHM exerts antiviral effects
and was recently reported as an inhibitor of SARS-CoV-2
MP*®; thus, it may be a candidate for SARS-CoV-2 infec-
tion treatment [30]. However, there are no reports on the
use of DHM for ASF treatment.

This study aimed to screen for compounds with anti-
ASFV activity and examine their underlying action
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mechanisms. Our findings would be helpful in develop-
ing strategies for preventing ASF spread.

Materials and methods

Cells, viruses, and test compounds

Four-week-old specific pathogen-free healthy piglets
were euthanized, and porcine alveolar macrophages
(PAMs) were collected and cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum,
penicillin, streptomycin (100 IU/mL), and L-glutamine
(2 mM). Next, ASFV (GZ201801), swine influenza virus
(SIV, HIN1, A/Swine/Guangdong/SS1/2012 (Eurasian
avian-like swine HIN1 viruses, GISAID accession num-
bers EPI_ISL_166533)), and porcine reproductive and
respiratory syndrome virus (PRRSV, NADC-30) were
inoculated in PAMs, titrated using the hemadsorption
(HAD,;) or TCIDx, assay, and stored at —80 °C. Most test
compounds were obtained from Chengdu Chroma Bio-
technology Co., Ltd. (Chengdu, China), and genistein was
used as a positive control because of its anti-ASFV activ-
ity [25]. Resatorvid, EUK-134, RS 09 TFA, polyphyllin VI,
and disulfiram were purchased from MedChemExpress
(South Brunswick Township, NJ, USA).

Cell-counting kit (CCK)-8 analysis

The viability of treated PAMs was assessed with the
CCK-8 assay. The PAMs were plated into 96-well cell
culture plates, incubated for 6 h for adherence, and then
treated with serial dilutions of the compounds. After
48 h, PAMs were incubated with 10 uL. CCK-8 at 37 °C.
After 1 h, the optical density of the plate was determined
by measuring the absorbance at 450 nm using a micro-
plate reader (Thermo Fisher Scientific, Waltham, MA,
USA). GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA, USA) was used to calculate the compounds’
50% cytotoxic concentration (CCyg).

Indirect immunofluorescence assay (IFA)

Cells grown in 48-well plates were fixed with 4% para-
formaldehyde at 25 °C for 10 min and washed thrice with
phosphate-buffered saline (PBS). Next, cells were incu-
bated with 0.25% Triton X-100 for 10 min at 25 °C and
washed thrice with PBS. Cells were then blocked with 3%
bovine serum albumin (BSA) at 37 °C for 1 h and washed
thrice with PBS. Treated cells were incubated with an
ASFV p30 antibody (1:500) at 4 °C overnight, washed
thrice with PBS, and then incubated with Alexa Fluor
568 (1:1000) at 37 °C for 1 h. PAMs were incubated with
DAPI for 10 min to stain cell nuclei. Leica DMI 4000 B
fluorescence microscope (Leica, Wetzlar, Germany) was
used to capture images.
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Antiviral activity assay

To investigate the inhibitory effect of DHM on ASFV,
cells were infected with 1 MOI (multiplicity of infec-
tion) ASFV solution at 37 °C. After incubating for 2 h, the
unabsorbed virus was removed, and the culture medium
containing the DHM was added at a two-fold serial dilu-
tion. Finally, the viruses were collected and analyzed with
the HAD,,, quantitative reverse transcription polymerase
chain reaction (RT-qPCR), and Western blotting assays.

Time-of-addition assay

The PAMs were grown in culture plates for 6 h and then
infected with 1 MOI ASFV at 37 C. The DHM was added
before (pre-treatment), during (co-treatment), or after
(post-treatment) ASFV infection. For pre-treatment,
DHM was added to the cells and discarded after 2 h, and
the cells were then infected with 1 MOI ASFV after being
thoroughly washed with PBS. The supernatant was dis-
carded after 2 h, and fresh culture medium was added to
the cells after washing with PBS. For co-treatment, the
ASFV solution and DHM were contemporarily added
to the cells. The supernatant was discarded after 2 h,
and fresh culture medium was added after washing with
PBS. For post-treatment, the cells were incubated with
ASFV, the supernatant was discarded after 2 h, and the
cells were washed with PBS before adding a fresh cul-
ture medium containing the DHM. After 48 h, the plates
were collected and analyzed via RT-qPCR and Western
blotting.

Virucidal assay

The ASFV (1 MOI) was mixed with DHM and incu-
bated for 1 h at 37 °C; the mixture was then separated
using ultrafiltration tubes. To avoid loss of ASFV parti-
cles, 100 nm pore size ultrafiltration centrifuge tubes
(Sigma-Aldrich, MA, USA) were used to separate DHM
and ASFV. Resuspension of the ASFV in ultrafiltration
tubes was followed by incubation with PAMs for 48 h,
and samples were then analyzed via Western blotting and
RT-qPCR.

Western blotting

Cells cultured in 12-well plates were lysed using RIPA
lysis buffer (Beyotime Biotechnology, Shanghai, China),
and a bicinchoninic acid kit (Beyotime Biotechnology)
was used to standardize the protein content. SDS-PAGE
at 10% or 12.5% was used to separate protein samples.
Then, 5% BSA was used to block the nitrocellulose mem-
branes for 1.5 h after sample transfer. Next, the follow-
ing primary antibodies were added: anti-p30 protein
(prepared in our laboratory), anti-Actin (AF0003; Beyo-
time Biotechnology), anti-TLR4 (293,072; Santa Cruz
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Biotechnology, Inc., Dallas, TX, USA), anti-MyD88
(TA5195S; Abmart, Berkeley Heights, NJ, USA), anti-
p-p65 (3033T; Cell Signaling Technology, Boston, MA,
USA), anti-p-P38 (4511T; Cell Signaling Technology
[CST], Danvers, MA, USA), anti-p-ERK (4370T; CST),
anti-NLRP3 (M035175S; Abmart), anti-ASC (bs-6741R;
Bioss, Woburn, MA, USA), anti-caspase-1 (22915-1-AP;
Proteintech, Rosemont, IL, USA), anti-GSDMD (20770-
1-AP; Proteintech), and anti-GSDMD-N (DF12275;
Affinity Biosciences, Cincinnati, OH, USA). After wash-
ing thrice with TBST, the membranes were incubated
with goat anti-mouse or anti-rabbit second antibodies
(LI-COR Biosciences, Lincoln, NE, USA), then imaged
with the Tanon-5200 multi-infrared imaging system
(Shanghai Tianneng Technology Co., Ltd., Shanghai,
China).

Determination of expression of target gene expression
using RT-qPCR

The total RNA from ASFV-infected and uninfected
PAMs was extracted using a total RNA rapid extraction
kit (Fastagen, Shanghai, China); a reverse transcription
kit (TaKaRa, Shiga, Japan) was then used to reverse tran-
scribe all samples into first-strand cDNA. RT-qPCR was
conducted using the SYBR qPCR Master Mix (Vazyme,
Nanjing, China) and Bio-Rad CFX96 system (Bio-Rad
Laboratories, Hercules, CA, USA). The amplification
conditions used were an initial denaturation step of 95 °C
for 30 s followed by 40 cycles of 95 °C for 10 s and 60 °C
for 30 s. The primer sequences used in this study are
listed in Table 1.

Determination of reactive oxygen species (ROS) levels

The PAMs were cultured in 24-well plates for 6 h and
inoculated with ASFV (1 MOI) for 2 h. Subsequently, the
ASFV solution was discarded, and different concentra-
tions of DHM (25-100 uM) were added for 24 h. After
washing thrice with PBS, dichloro-dihydro-fluorescein
diacetate (DCFH-DA, 10 uM) solution was added; after
30 min, the cells were washed thrice and imaged using a
Leica DMI 4000 B fluorescence microscope.

Small interfering RNA treatment

The PAMs were grown in 12-well cell culture plates for
6 h. Following the manufacturer’s instructions, the cells
were transfected with 50 nM siTLR4 (Table 2) using ribo-
FECT" CP (RiboBio, Guangzhou, China). After 36 h of
incubation, the cells were inoculated with an ASFV solu-
tion (1 MOI). The samples were collected after 24 h and
analyzed with Western blotting.
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Table 1 Primer sequences of the target genes.

Target Sequence (5'-3) Orientation
Bo46L ATAGAGATACAGCTCTTCCG Forward
Bo46L GTATGTAAGAGCTGCAGAC Reverse
GADPH CCTTCCGTGTCCCTACTGCCAAC Forward
GADPH GACGCCTGCTTCACCACCTTCT Reverse
TLR4 TGTGCGTGTGAACACCAGAC Forward
TLR4 AGGTGGCGTTCCTGAAACTC Reverse
MyD88 GGCAGCTGGAACAGACCAA Forward
MyD88 GGTGCCAGGCAGGACATC Reverse
IL-18 CGATGAAGACCTGGAATCGG Forward
IL-18 CATCATGTCCAGGAACACTTCTCTG Reverse
=18 AAGAGGGACATGGAGAAGCGATTTG Forward
I-18 TTGTTCTGCTTGAGAGGTGCTGATG Reverse
I-6 TGCCGGCCTGCTGGATAAGC Forward
IL-6 TGGCCCTCAGGCTGAACTGC Reverse
TNF-a CCAATGGCAGAGTGGGTATG Forward
TNF-a TGAAGAGGACCTGGGAGTAG Reverse
NLRP3 CCTTCAGGCTGATTCAGGAG Forward
NLRP3 GACTCTTGCCGCTATCCATC Reverse
ASC GACAACAAACCAGCACTGCACTTCG Forward
ASC ACTGCCTGGTACTGCTCTTCCGT Reverse
caspase-1 ATCTCACCGCTTCGGACATGGCTAT Forward
caspase-1 GTATTTCTTCCCACAAATGCCAGCC Reverse
GSDMD ATGGCATCAGCCTTTG Forward
GSDMD CTAGCAGAGCTGGCTG Reverse

Table 2 Target TLR4 sequences of small interfering RNA.

siRNA name Sequences (5" to 3")
siTLR4-a GCAAATGCCTCTGTGATTT
SiTLR4-b GCGTGTGAACACCAGACTT
Statistical analysis

All data are presented as the mean +standard deviation
of values from three independent experiments. Results
were analyzed using Student’s ¢-test or a one-way analysis
of variance (ANOVA) with the GraphPad Prism 8.0 soft-
ware. Statistical significance was set at P<0.05.

Results

Screening for compounds with anti-ASFV activity

To identify novel ASFV inhibitors, we screened a small
chemical library of 102 compounds, most of which were
not reported to possess anti-ASFV activity. Their cyto-
toxicity was tested with the CCK-8 assay. The design of
the anti-ASFV activity assay and results are shown in
Figure 1; Table 3, respectively. We identified 17 com-
pounds with anti-ASFV activity, including the positive
control genistein. The selectivity index (SI) of kaempferol,
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PAMs

inoculationl

37°C
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ASFV

4h

captured images

37°C|48 h

1. fixed with paraformaldehyde

2. permeabilized with Triton X-100
3. blocked with BSA

4. incubated with antibodies

Figure 1 Diagram of the anti-ASFV compound screening assay design.

Table 3 Anti-ASFV activity of the test compounds and their
effects on PAM viability.

Compounds CCsp (M) 1Cs5o (UM) S
Genistein 40.69 7.29 5.59
Kaempferol 115.87 9.55 1213
Quercetin 336.42 19.38 17.40
Naringenin 5954 46.98 12.67
Formononetin 600.89 97.77 6.14
Resveratrol 6241 6.01 10.38
Luteolin 79.11 448 17.66
Cinnamaldehyde 5315 1506 35
Ginsenoside Rb1 229.09 1203 1.90
Sinensetin 40043 68.50 5.85
Isofraxidin 692.38 540.29 1.28
Mycophenolic acid 5394 380.63 142
11-Keto-B-boswellic acid 356.7 241.77 148
Paeonol 965.87 720.12 1.34
Matrine 106.67 80.63 1.32
Licochalcone A 1029 1041 9.88
Dihydromyricetin 532.1 20.06 26.53

CCsy, 50% cytotoxic concentration; ICs,, half maximal inhibitory concentration;
S|, selectivity index

quercetin, naringenin, formononetin, resveratrol, luteo-
lin, sinensetin, licochalcone A, and DHM was higher
than that of genistein (5.59). Moreover, the SI values of

kaempferol, quercetin, naringenin, resveratrol, luteo-
lin, and DHM were >10. Notably, the SI values of DHM
(SI=26.53) were the highest among all tested com-
pounds; therefore, we selected DHM for subsequent
experiments.

DHM treatment suppressed ASFV replication in PAMs

To systematically evaluate the anti-ASFV effects of
DHM (Figure 2A), we evaluated the antiviral activ-
ity of DHM using various assays. First, we evaluated
the effects of DHM on PAM viability using the CCK-8
assay and found that 100 pM DHM was non-cytotoxic
(Figure 2B). Moreover, IFA and Western blotting assays
revealed that at concentrations between 25 and 100 pM,
DHM reduced ASFV p30 protein expression levels com-
pared to that in the ASFV control (Figures 2 C and D).
We further assessed the effects of DHM on ASFV prog-
eny virus titers and ASFV B646L transcription. The virus
titers were reduced in a dose-dependent manner after
DHM (25 to 100 pM) treatment, and this reduction was
more pronounced at 100 pM, reducing the viral yields
from 7.58 to 2.69 log;, HADg,/mL compared to those
in the ASFV control (Figures 2E and F). Similarly, DHM
reduced ASFV-B646L transcription in a dose-dependent
manner, and 100 pM DHM reduced the expression of
ASFV-B646L by approximately 90% compared to that of
the ASFV control. Moreover, DHM treatment reduced
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Figure 2 Anti-ASFV effects of DHM. A Chemical structures of DHM. B The viability of DHM-treated PAMs. C—H The anti-ASFV activity of DHM
was evaluated using C indirect immunofluorescence assay, D Western blotting, E, G hemadsorption HAD;,, and F, H RT-gPCR. PAMs were
attached to the cell plates and incubated with ASFV solution (1 MOI) for 2 h. The supernatant was removed, and cells were replaced with various
concentrations of the DHM. The samples were further incubated and collected at 48 h or the indicated time. *P<0.05, **P <0.01, and ***P <0.001

compared to the respective viral control.

the ASFV-induced hemadsorption, which is an excep-
tional phenomenon of the ASFV (Additional file 1).

To investigate whether the reduction effect of DHM
on ASFV replication is sustained, we collected samples
24, 48, and 72 h after treatment with DHM and analyzed
them using the HAD,, and RT-qPCR assays. As shown

in Figures 2G, H, 100 uM DHM reduced ASFV prog-
eny virus titers and ASFV-B646L transcription at every
time point. Moreover, the inhibitory effect of DHM on
the ASFV was stronger than that of the positive control
genistein. These results indicate that DHM inhibited
ASFV replication in a dose- and time-dependent manner.
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Furthermore, DHM inhibited PRRSV (NADC-30) and
SIV (HIN1) replication in a dose-dependent manner,
which indicates that DHM exhibits broad-spectrum anti-
viral effects (Additional file 2).

DHM inhibited ASFV replication in the pre-, co-,

and post-treatment modes

We designed and performed time-of-addition assays
(Figure 3A) with different treatment modes to explore
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how DHM inhibits ASFV replication. DHM was found
to suppress ASFV infection in all modes (Figure 3B).
Although DHM seemed to eliminate the ASFV in the co-
treatment mode, we further designed and performed an
assay for examining the direct interaction between the
ASFV and DHM. The results demonstrated that DHM
had no virucidal activity against ASFV (Figures 3D and E)
and showed that DHM treatment inhibited ASFV repli-
cation by regulating cellular signaling pathways.
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Figure 3 DHM inhibited ASFV replication in various treatment modes in the time-to-addition assay. A The schematic diagram

of time-of-addition assays. B PAMs were treated with DHM before (pre-treatment), during (co-treatment), or after (post-treatment) infection

with ASFV (1 MOI). The samples were further incubated for 48 h after ASFV infection, collected, and evaluated via Western blotting and RT-qPCR
assay. C The schematic diagram of the direct interaction between ASFV and DHM. ASFV solution (1 MOI) was mixed with DHM for 1 h, and PAMs
was treated with the ASFV separated using ultrafiltration tubes. After 48 h, the samples were collected for D Western blotting and E RT-gPCR assay.
*P<0.05,**P<0.01, and ***P<0.001 compared to the respective viral control.
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DHM downregulated the ASFV-induced TLR4/MyD88
signaling

Since ASFV-induced IL-1p expression is TLR4-depend-
ent [18], we first investigated the expression levels of
ASFV-induced TLR4 and MyD88 (a TLR4 signal trans-
mitter) after DHM treatment. The results showed that
ASFV infection upregulated TLR4 and MyD88, which
were markedly downregulated upon treatment with
DHM in a dose-dependent manner. Moreover, DHM
treatment in uninfected cells also reduced TLR4 and
MyD88 expression levels in a dose- and time-depend-
ent manner (Figures 4A and B). Additionally, TLR4
and MyD88 expression levels increased with increas-
ing ASFV infection doses (Figure 4C), which were,
however, reduced by DHM treatment. Similarly, DHM
reduced the ASFV-induced increased TLR4 and MyD88
mRNA expression levels (Figures 4D and E). Interest-
ingly, we also found that the TLR4 inhibitor resatorvid
(Additional file 3) suppressed ASFV replication and
reduced ASFV-induced TLR4 expression (Figure 4F),
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suggesting that ASFV replication may be dependent on
the TLR4 signaling pathway.

To further confirm the effect of TLR4 inhibition on
ASFV, we designed siRNAs targeting TLR4. Treatment
with siTLR4-a and siTLR4-b significantly decreased
TLR4 expression compared to the control siRNA (NC)
group (Figure 4G). Moreover, treatment with siTLR4-a
and siTLR4-b before ASFV infection reduced p30 expres-
sion levels, indicating that TLR4 inhibition blocks ASFV
replication cycle (Figure 4H). These results indicate that
DHM exerts antiviral effects against ASFV by reducing
the expression of TLR4, which is dependent on ASFV
replication.

DHM inhibited ASFV-induced inflammation by regulating
MAPK/NF-kB signaling

TLR4 activates the MAPK/NF-«kB signaling pathway in a
MyD88-dependent manner, inducing the expression of
TNE-a, IL-1pB, IL-6, and IL-18, which are all end-effectors
of the TLR4/MyD88/MAPK/NF-«kB signaling pathway
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Figure 4 DHM inhibited ASFV replication by regulating the TLR4/MyD88 signaling pathway. A and B PAMs were incubated with ASFV
solution (1 MOI) for 2 h before treatment with DHM. The samples were further incubated and collected at 24 h or at the indicated time points,
and the samples were examined using Western blotting. C PAMs were infected with 0.1, 1, and 10 MOI ASFV solution for 2 h before treatment
with DHM. Samples were collected after 24 h for Western blotting. D and E RT-gPCR of PAMs infected with ASFV solution before treatment

with DHM; samples were collected 24 h after treatment. F Western blotting of ASFV-infected PAMs after a 24-h treatment with resatorvid. G
Western blotting of PAMs transfected for 36 h with control siRNA (NC), siTLR4-a, or siTLR4-b. H PAMs were transfected with 50 nM siRNA control
(NC), siTLR4-a, and siTLR4-b for 36 h. Next, the supernatants were removed, and PAMs were incubated with ASFV (1 MOI). After 24 h, the cells were
collected and tested for Western blotting. *P<0.05, **P <0.01, and ***P<0.001 compared to the respective virus control. ###P < 0.001 compared

to the respective mock control.
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[31, 32]. Moreover, ASFV infection induces a cytokine
storm in domestic pigs, leading to the overexpression of
inflammatory cytokines, including TNF-a, IL-1f, IL-6,
and IL-18 [33]. Therefore, we hypothesized that ASFV
induces an excessive expression of inflammatory factors
through the TLR4/MyD88/MAPK/NE-«B signaling path-
way. First, we explored the effect of ASFV infection on
the MAPK/NEF-«B signaling pathway. The MAPK signal-
ing pathway mainly comprises three subfamilies, includ-
ing P38, ERK, and JNK [34]. However, we did not find
suitable anti-JNK or anti-p-JNK antibodies for PAMs.
ASFV infection increased phosphorylated P38, ERK, and
p65 expression levels, which DHM then decreased in
dose- and time-dependent (Figures 5A and B). Moreo-
ver, phosphorylated P38, ERK, and p65 expression levels
increased with increasing ASFV doses but were reduced
by DHM (Figure 5C). Consistent with previous results,
ASFV infection promoted the expression of IL-1f, IL-6,
IL-18, and TNEF-a (Figures 5D-G), which DHM decreased
in a dose-dependent manner. These results demonstrate
that DHM reduces ASVF-induced inflammatory cytokine
levels via the TLR4/MyD88/MAPK/NF-«kB signaling
pathway, thereby inhibiting ASFV replication.
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DHM treatment inhibited NLRP3 inflammasome activation
IL-1p and IL-18 significantly affect inflammation and
immune responses [35]. NLRP3, ASC (apoptosis-asso-
ciated speck-like protein), and pro-caspase-1 form the
NLRP3 inflammasome when cells are infected with
microorganisms or under certain stimuli. ASC recruited
by NLRP3 interacts with pro-caspase-1 to form cas-
pase-1, which transforms pro-IL-1p and pro-IL-18 into
their active forms, IL-1p and IL-18, respectively [36].
Moreover, ROS are key in triggering NLRP3 inflamma-
some formation [37]. As ASFV infection stimulates IL-1
and IL-18 expression, we investigated the effect of ASFV
infection on ROS production. We found that ASFV infec-
tion induced ROS accumulation, whereas DHM treat-
ment reduced it (Figure 6A). Moreover, the antioxidant
EUK-134 (Additional file 3) exerted an inhibitory effect
on the ASFV (Figure 6B).

We then investigated the ASFV-induced changes in
inflammasome component expression levels, namely
NLRP3, ASC, and caspase-1. ASFV infection promoted
their expression, but treatment with DHM reversed this
increase in a dose- and time-dependent manner (Fig-
ures 6C and D) at different MOI (Figure 6E). Moreover,
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Figure 5 DHM treatment downregulated ASFV-induced inflammatory mediators via the MAPK/NF-kB signaling pathway. A and B
Western blotting of ASFV-infected PAMs treated with DHM; samples were collected at 24 h of treatment or at the indicated time points. C Western
blotting of PAMs infected with 0.1, 1, or 10 MOI ASFV solution before adding DHM; samples were collected after 24 h of treatment. D-G RT-qPCR
of ASFV-infected PAMs treated with DHM; samples were collected at 24 h of treatment or at the indicated time points. *P < 0.05, **P<0.01,

and ***P<0.001 compared to the respective viral control. ###P < 0.001 <0.001 compared to the respective mock control.
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DHM treatment inhibited the expression of these pro-
teins in uninfected PAMs. Similarly, DHM treatment also
inhibited the expression of NLRP3, ASC, and caspase-1

mRNA (Figures 6F and G). These results suggest that
DHM reduce ASFV-induced NLRP3 inflammasome
activation.
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DHM treatment inhibited ASFV-induced pyroptosis

Our results demonstrate that ASFV infection induces
the expression of caspase-1, IL-18, and IL-1p, which are
related to pyroptosis. Caspase-1 also cleaves gasdermin
D (GSDMD) to form GSDMD-C and GSDMD-N; sub-
sequently, GSDMD-N forms a transmembrane pore
and releases IL-18 and IL-1f, resulting in cell death and
inflammation [38]. Therefore, we evaluated whether
DHM treatment changes the expression of GSDMD and
GSDMD-N. Our results suggested that ASFV infection
induced the expression of GSDMD and GSDMD-N and
that this effect was reduced by DHM treatment (Fig-
ure 7A). Moreover, DHM treatment reduced GSDMD
mRNA expression levels (Figure 7B). Disulfiram, a pyrop-
tosis inhibitor, simultaneously inhibited ASFV replication
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and ASFV-induced pyroptosis (Figure 7C). Conversely,
the pyroptosis agonist polyphyllin VI (Additional file 3)
partially reversed the inhibition of GSDMD, GSDMD-
N, and ASFV p30 expression caused by DHM treatment
(Figure 7D). Intriguingly, we found that inhibition of
TLR4, GSDMD, GSDMD-N, and ASFV p30 expression
after DHM treatment was partially reversed by RS 09
TFA (Additional file 3), a TLR4 agonist (Figure 7E), sug-
gesting that DHM inhibits ASFV-induced pyroptosis by
regulating TLR4.

Discussion

Although ASF was discovered over 100 years ago, effec-
tive control measures have yet to be developed. There-
fore, novel strategies are necessary to control ASFV

Mock DHM-100 DMSO DHM-100 DHM-50 DHM-25(HM)

ASFV
D
ASFV - 5 .
DHM(100 pM) - . + + .
Polyphyllin VI(4 uM) - - - + +
GSDMD| o - -— -|
GSDMD-NI';‘" e —m|

Figure 7 DHM treatment inhibited ASFV-induced pyroptosis. PAMs were treated with A and B DHM or C disulfiram after ASFV infection;

the cells were then collected at 24 h for Western blotting or RT-gPCR. D and E Western blotting of ASFV-infected PAMs were treated with DHM

in the presence or absence of D polyphyllin VI or E RS 09 TFA; samples were collected after 24 h of treatment. *P<0.05, **P<0.01, and ***P<0.001
compared to the respective viral control. ##P < 0.001 compared to the respective mock control.
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transmission. In this study, we found that DHM exhib-
ited the most remarkable anti-ASFV activity among 102
compounds and that it acted in a dose- and time-depend-
ent manner. Moreover, DHM inhibited PRRSV and SIV
replication, exhibiting potential broad-spectrum antiviral
effects. Moreover, we found that DHM treatment inhib-
ited ASFV replication through various treatment modes
rather than by directly interacting with the virus.

The TLR family is crucial in regulating innate and adap-
tive immunities. TLR4 is a single transmembrane protein
that is normally activated by LPS. Moreover, TLR4 is acti-
vated by damage associated molecular patterns released
by virus-infected cells, such as S100A9, or is directly
activated by viral proteins [39, 40]. Persistent TLR acti-
vation promotes inflammation and supports the replica-
tion of multiple viruses [13, 41]. TLR4 signals trigger the
expression of MyD88 and TRIF, which induce the pro-
duction of inflammatory cytokines and the expression of
type I interferons, respectively [31]. Interestingly, ASFV-
induced IL-1p expression is TLR4-dependent, confirming
that TLR4 is important in ASFV infection [18]. Accord-
ingly, we first explored the effects of ASFV infection on
TLR4 and MyD88 and found that ASFV infection led to
the upregulation of TLR4 and MyD88. Moreover, DHM
can suppress LPS-induced TLR4 expression [42]. Simi-
larly, we found that DHM suppressed TLR4 and MyD88
expression in ASFV-infected cells. We also found that
DHM suppressed TLR4 and MyD88 expression in unin-
fected cells, which suggests that DHM may inhibit ASFV
infection by reducing TLR4 and MyD88 expression in the
pre-treatment mode. Furthermore, the TLR4 inhibitor
resatorvid inhibited the expression of TLR4 and p30, and
a TLR4-specific siRNA inhibited p30 expression, which
suggested that TLR4 inhibition causes impairment of
ASFV replication. However, further studies are needed to
determine whether the ASFV indirectly or directly acti-
vates TLR4 expression.

The crosstalk between the NF-kB and MAPK path-
ways is a key regulatory mechanism of inflammation
and immunity [43, 44]. Wohnke et al. analyzed the dif-
ferences in protein expression between the highly path-
ogenic ASFV strain Armenia 2008 and the moderately
pathogenic strain Estonia 2014 after infection with
PAMs, using proteomics, and found that both strains
upregulated phosphorylated p38 after 6 h of infection;
however, how ASFV regulates the MAPK signaling path-
way remains unknown [45]. Another study found that
ASFV induced IL-1p and IL-8 expression by activating
the NF-«B signaling pathway and that inhibition of the
NF-xB signaling pathway inhibited ASFV replication
[46]. The MAPK/NF-«kB pathway is downstream of the
TLR4/MyD88 pathway and regulates the inflammation
induced by LPS and viruses [47, 48]. In our study, ASFV
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infection activated the expression of phosphorylated p65,
P38, and ERK, an effect reversed by DHM. Moreover,
ASFV infection causes an inflammatory cytokine storm
that induces the overexpression of multiple inflammatory
cytokines [33]. Consistently, we found that ASFV upreg-
ulated IL-1f, IL-6, IL-18, and TNF-a, whereas DHM
treatment suppressed the expression of ASFV-induced
inflammatory factors. These results indicated that DHM
suppressed ASFV replication by regulating the TLR4/
MyD88/MAPK/NF-kB signaling axis and inhibiting the
production of inflammatory factors.

ROS, as cellular messengers, play a critical role in
regulating signaling pathways. Cells produce ROS
under normal physiological conditions; however, dur-
ing microbial infections or inflammation, cells produce
excessive ROS, leading to adverse effects [49]. Recently,
ASFV pl7 was reported to induce endoplasmic reticu-
lum stress and ROS expression, thereby inhibiting cell
proliferation [50]. Consistent with these reports, we
also found that ASFV infection induced ROS accumula-
tion. Evidence has shown that ROS promote pyroptosis
by inducing NLRP3 expression [51]. Reportedly, DHM
treatment inhibits ROS accumulation, thereby inhibiting
NLRP3 inflammasome activation [52, 53]. Herein, DHM
reduced the ASFV-induced ROS production and NLRP3,
ASC, and caspase-1 expression. Additionally, ASFV
infection upregulated GSDMD and GSDMD-N, which
was reduced upon DHM treatment. Moreover, disulfi-
ram, a pyroptosis inhibitor, reduced the ASFV-induced
GSDMD and GSDMD-N expression. The inhibition of
ASFV-induced pyroptosis through DHM treatment was
partially reversed by the pyroptosis agonist polyphyl-
lin VI Interestingly, polyphyllin VI also induces apop-
tosis and autophagy, and apoptosis and autophagy are
also associated with ASFV replication, whereas DHM
has an inhibitory effect on apoptosis and autophagy [54,
55]. Therefore, the question is, does polyphyllin VI also
reverse the inhibitory effect of DHM on ASFV-induced
apoptosis and autophagy, and thus inhibit ASFV replica-
tion? Notably, the inhibition of ASFV-induced pyroptosis
and TLR4 via DHM was partially reversed by the TLR4
agonist RS 09 TFA, suggesting that DHM inhibits ASFV-
induced pyroptosis by regulating TLR4.

Jo et al. reported that myricetin and myricitrin have
potent anti-African swine fever virus protease activity
[56]. Natural flavonoid compounds myricetin and DHM
have a similar chemical structure, suggesting that DHM
may inhibit ASFV replication by acting as an African
swine fever virus protease inhibitor [27]. This reveals that
DHM may act as inhibitor against ASFV through a vari-
ety of mechanisms, but further research is needed. DHM
has been extensively studied in vivo; it reduces thrombus
formation induced by FeCls;, and its effects on glycemic
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Figure 8 Schematic model of the mechanism underlying DHM-mediated inhibition of on ASFV replication. ASFV infection induces
the expression of pro-inflammatory cytokines by activating the TLR4/MyD88/MAPK/NF-kB signaling pathway. Concomitantly, ASFV infection
activates the ROS-NLRP3 inflammasome signaling cascade to induce pyroptosis. However, DHM treatment downregulates these signaling cascades

and inhibits ASFV replication.

control and insulin sensitivity in patients with type 2 dia-
betes are currently being evaluated in phase II clinical tri-
als (NCT03606694) [57]. The toxic effects of flavonoids
are an important issue in clinical applications. The maxi-
mum tolerated oral dose of DHM in rats was 5 g/kg and
no toxicity was observed [58]. In another study to assess
the toxicity of DHM, no hepatotoxicity, nephrotoxicity
or blood cell damage was observed [59]. These findings
confirm that DHM is relatively safe, and DHM capsules
are sold as a nutritional supplement in the USA [60].
However, the main drawbacks of DHM are its chemical
instability and poor bioavailability, which are the main
factors limiting its clinical use. At present, DHM may
not be used clinically for anti-ASFV treatment, but DHM
can be used as a nutritional supplement. If the bioavail-
ability of DHM is improved, DHM may be considered as

a candidate for the treatment of ASFV. Taken together,
we have provided a scientific basis for further studies on
their use as anti-ASFV drugs in vivo.

In summary, DHM inhibited ASFV replication in a
dose- and time-dependent manner. Moreover, DHM
treatment inhibited PRRSV and SIV replication, con-
firming that DHM possesses broad-spectrum antivi-
ral activity. Mechanistic studies showed that DHM
inhibited ASFV replication by reducing the levels of
ASFV-induced inflammatory mediators via regulating
the TLR4/MyD88/MAPK/NF-kB signaling pathway
and suppressing pyroptosis. A schematic model of the
inhibitory mechanism on ASFV replication of DHM is
shown in Figure 8. Our results provide an experimental
basis for studying novel candidate compounds for anti-
ASFV drug development.
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Additional file 1. DHM treatment reduced ASFV-induced hemad-
sorption. PAMs were attached to the plates and infected with 1 MOI
ASFV solution. After 2 h, the supernatants were removed, and PAMs were
treated with a fresh medium containing DHM. After 24 h, 1% red blood
cells of pig were added into per well. After 24 h of incubation, the samples
were examined using a Leica DMI 4000 B fluorescence microscope (Leica,
Wetzlar, Germany). (Black arrow indicates PAMs, red arrow indicates

red blood cells of pig, and blue arrow indicates hemadsorption).

Additional file 2. Antiviral activity of DHM againstPRRSV and SIV.
PAMs were attached to the plates and infected with 1 MOI (A) PRRSV or
(B) SIV solution. After 2 h, the supernatants were removed, and PAMs were
treated with fresh medium containing DHM. After 48 h, samples were
collected for Western blotting.

Additional file 3. Cytotoxicity of resatorvid, EUK-134, disulfiram,
polyphyllin,and RS 09 TFA toward PAMs. The effects of resatorvid, EUK-
134, disulfiram, polyphyllin, and RS 09 TFA on the cellular viability of PAMs
were examined using the cell-counting kit (CCK)-8 kit after incubation for
48 h.**p < 0.01 and ***p < 0.001 compared to the respective virus control.
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