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Apigenin inhibits African swine fever virus infection in vitro
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Abstract African swine fever virus (ASFV) is one of the

most devastating diseases of domestic pigs for which no

effective vaccines are available. Flavonoids, natural prod-

ucts isolated from plants, have been reported to have sig-

nificant in vitro and in vivo antiviral activity against

different viruses. Here, we tested the antiviral effect of five

flavonoids on the replication of ASFV in Vero cells. Our

results showed a potent, dose-dependent anti-ASFV effect

of apigenin in vitro. Time-of-addition experiments revealed

that apigenin was highly effective at the early stages of

infection. Apigenin reduced the ASFV yield by more than

99.99 % when it was added at 1 hpi. The antiviral activity

of apigenin was further investigated by evaluation of ASFV

protein synthesis and viral factories. This flavonoid inhib-

ited ASFV-specific protein synthesis and viral factory

formation. ASFV-infected cells continuously treated with

apigenin did not display a cytopathic effect. Further studies

addressing the use of apigenin in vivo are needed.

Introduction

African swine fever virus (ASFV), the only member of the

family Asfarviridae, is a large enveloped DNA virus with

an icosahedral morphology [31]. The virulent ASFV

isolates cause an acute hemorrhagic fever in domestic pigs.

Pigs usually die in less than 10 days after infection. Due to

the lack of effective vaccines, African swine fever (ASF) is

considered one of the most important and devastating viral

diseases of domestic pigs. Recent outbreaks reported in

Trans-Caucasus countries and Eastern Europe highlight the

urgent need to develop effective vaccines or antiviral drugs

against ASFV.

Plants and plant-derived compounds are regarded as an

important source for the discovery and development of new

antiviral agents because they produce few side effects and

are readily accessible in nature [22, 28]. Flavonoids are a

group of plant secondary metabolites found in vegetables,

fruits, herbs, seeds, and nuts, as well as in red wine and tea

[29]. They consist of two benzene rings linked via a

heterocyclic pyrene ring (Fig. 1a). Flavonoids are usually

divided into a variety of classes, such as flavones, flavonols

and flavanones. A great number of biological effects have

been reported for flavonoids. For example, apigenin exerts

anti-cancer activity by targeting the PI3K/Akt/mTOR sig-

naling pathways and inducing autophagic cell death

[30, 37]. Many flavonoids have been shown to have

antiviral activity against a wide range of viruses [4, 10].

Apigenin was shown to inhibit RNA viruses, including

enterovirus 71, hepatitis C virus and chikungunya virus

[21, 27, 38]. Some reports have shown that catechin was

able to reduce the infectivity of hepatitis C virus and

influenza A and B viruses [18, 34]. Antiviral activity

against Lassa virus and Ebola virus has been shown for

genistein [19, 32]. Luteolin and quercetin have antiviral

activity against enterovirus 71, Japanese encephalitis virus,

and dengue virus type 2 [16, 33, 36].

There are currently no data available on the antiviral

activity of flavonoids against ASFV. Here, we tested the

in vitro anti-ASFV effect of apigenin, catechin, genistein,
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luteolin and quercetin (Fig. 1a). For the most active fla-

vonoid, we identified the potential target stages of ASFV

infection.

Materials and methods

Cells, compounds and virus

Vero cells were maintained and propagated at 37 �C in

Eagle’s minimum essential medium (EMEM) (Lonza,

Belgium) supplemented with 10 % of fetal bovine serum

(FBS) (Sigma-Aldrich, Germany), 2 mM L-glutamine

(Lonza, Belgium), and100 IU of penicillin (Sigma-Aldrich,

Germany) and 100 lg of streptomycin (Sigma-Aldrich,

Germany) per ml.

Two flavonoids, apigenin and genistein, were purchased

from Molekula (UK). Three other flavonoids, catechin,

luteolin and quercetin, were purchased from Cayman

Chemical (USA). The purity of all flavonoids was C95 %.

The compounds were dissolved in dimethylsulfoxide

(DMSO) (Sigma-Aldrich, Germany) at a stock concentra-

tion of 20 mM and stored at 4 �C. At the time of experi-

ments, dilutions in cell culture medium were performed

with the final concentration of DMSO not exceeding 1 %

(v/v).

The Vero-adapted BA71V isolate was propagated and

titrated by cytopathic effect (CPE-based) assay on Vero

cells. The titer was calculated by Reed-Münch endpoint

calculation method, as described previously [3]. The viral

titer was expressed as log 50 % tissue culture infective

dose (TCID50).

Cytotoxicity assay

The cytotoxicity of flavonoids was evaluated by the crystal

violet staining method, as described previously [26].

Briefly, confluent Vero cells in 96-well cell culture plates

were treated with flavonoids at final concentrations ranging

from 31.25 to 500 mM. The treated cells were incubated

for 96 hours at 37 �C in 5 % CO2. After incubation, the

medium was removed and cells were stained with 0.4 %

Fig. 1 Chemical structure of flavonoids and cytotoxicity to Vero

cells. (a) The basic flavonoid structure (1) and different distribution of

hydroxyl groups located on the flavonoid rings of apigenin (2),

catechin (3), genistein (4), luteolin (5), and quercetin (6). (b) Graphs

showing cell viability determined after 96 h treatment with different

concentrations of flavonoids. (c) Graphs showing the CC50 value for

each compound determined by a linear regression analysis. Values

represent mean and standard deviation results from three independent

experiments
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crystal violet solution in ethanol for 30 minutes and care-

fully washed with distilled water. Colorimetric measure-

ments were done by a microplate reader at 590 nm. The

percentage of viable cells was calculated for each con-

centration as [(ODT/ODC) 9 100], where ODT and ODC

are the absorbance of treated and control cells, respec-

tively. The 50 % cell cytotoxicity (CC50) was determined

as the concentration of a compound that causes 50 % cell

death and calculated by a linear regression analysis of

dose-response curves generated from the data. The cyto-

toxicity of the final concentration of DMSO (1 %) was also

measured.

Antiviral assays

For primary screening, Vero cells were grown in a

96-well plate (5 9 103 cell/well) in EMEM containing

10 % FBS for 24 h at 37 �C in 5 % CO2. The tested

compounds were added together with 5 9 103 TCID50/

well of ASFV per well. The infection was allowed to

proceed for 96 h, and virus was then collected and titrated

by CPE-based assay.

For time-of-addition assays, Vero cells were seeded in

96-well plate (5 9 103 cells/well) in EMEM containing

10 % FBS and incubated for 24 h at 37 �C in 5 % CO2.

The wells were designated as -1, 0, 1, 4, 8, 12 h, according

to the time of ASFV infection. For -1 h before infection,

Vero cells were treated with the tested compound for 1 h

(pre-treatment assay). After 1 h (at 0 h), each well was

infected with 5 9 103 TCID50 of ASFV. The tested com-

pound was then added to the 0-, 1-, 4-, 8- and 12-h wells.

The plate was then incubated at 37 �C in 5 % CO2 for 96 h.

The supernatant was collected and used in the CPE-based

assay.

Anti-entry assays

For the binding assay, Vero cells in a 96-well plate were

incubated with 5 9103 TCID50 of ASFV per well and

tested compound at 4 �C for 1 h to permit binding but

prevent viral internalization. Unbound virus and flavonoid

were then removed by washing with cold PBS, and EMEM

containing 10 % FBS was added. The plate was then

switched to 37 �C and incubated in 5 % CO2 for 96 h.

For the internalization assay, Vero cells in 96-well plate

were incubated with 5 9103 TCID50 of ASFV per well at

4 �C for 1 h. Unbound virus was then discarded, and

EMEM containing 10 % FBS was added. The temperature

was shifted to 37 �C to allow virus entry to proceed. The

tested compound was added at 0 h and removed at 1 h

following the temperature shift. The time point when cells

were shifted to 37 �C was considered 0 h. After 96 h, the

virus titer was determined.

Continuous treatment assay

Vero cells were grown in 6-well plate to about 2 9 105

cells/well and infected with 105 TCID50 of ASFV per well.

At 1 h postinfection (hpi), cells were washed with PBS and

incubated in EMEM supplemented with the tested flavo-

noid at different concentrations and 2 % FBS. The medium

was replaced by fresh medium with flavonoid every 24 h

during 144 h of infection. After six days of treatment,

supernatants were used for titration and reinfection of fresh

cells. The presence of ASFV in continuously treated cells

was investigated by conventional PCR and ELISA.

Detection of ASFV by PCR and ELISA

Total DNA was extracted from treated and mock-treated

cells at 144 h of infection using a commercial kit (Archi-

vePure DNA Cell/Tissue Kit, 5 Prime, Germany). The

conventional PCR of the viral p72 gene was performed by

adding 2 ll of extracted DNA to a PCR mix containing

16.3 ll of distilled water, 2.5 ll of PCR buffer (10X), 2.5

ll of MgCl2 (25 mM), 0.5 of ll dNTPs (10 mM), 0.125 ll
of Taq polymerase, and 0.5 ll of each primer (20 lM),

forward p72U (5’-GGCACAAGTTCGGACATGT-3’) and

reverse p72D (5’-GTACTGTAACGCAGCACAG-3’) [1].

Thermal cycling conditions were as follows: 95 �C for 10

min, 40 cycles of denaturation at 95 �C for 30 s, annealing

at 55 �C for 1 min, and elongation at 72 �C for 1 min,

followed by an extra elongation step at 72 �C for 10 min

[1]. The amplification product (478 bp) was analyzed by

2 % agarose gel electrophoresis.

For ELISA experiment, the cell culture supernatant was

collected at 144 h of infection. Then, the product of the

viral p72 gene (VP72 protein) was detected using com-

mercially available ELISA kit (Ingenasa, Spain) and a

colorimetric reader. The optical density (OD) was mea-

sured at 405 nm (OD405). Samples with an OD higher than

0.3 were considered positive for ASFV according to the

manufacturer’s protocol.

Western blotting

To analyze the effect of apigenin on viral protein synthesis,

ASFV-infected cells (5 9 105 TCID50/flask) were incu-

bated for 48 h in the absence or presence of tested flavo-

noid. The infected cells were lysed in TNT buffer (20 mM

Tris-HCl, 200 mM NaCl, 1 % Triton X-100) supplemented

with protease inhibitor cocktail (Sigma-Aldrich, Germany).

Proteins (40 lg) were subjected to 12 % SDS-PAGE

electrophoresis and then transferred onto a nitrocellulose

membrane (Sigma-Aldrich, Germany). The blot mem-

branes were incubated with primary polyclonal antibodies

(a kind gift from Dr. Y. Revilla) against ASFV BA71V
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proteins [5] and treated with horseradish-peroxidase-con-

jugated secondary antibodies (goat anti-rabbit; Santa Cruz

Biotechnology, USA) followed by autoradiography.

Detection of viral factories

Cells were grown on coverslips and infected with 105

TCID50 of virus. After 1 hpi, cells were washed with PBS

and incubated in EMEM supplemented with the most

effective flavonoid at different concentrations and 10 %

FBS. At 16 hpi, cells were fixed in 96 % ethanol for 30 min

and stained with Schiff’s reagent (DNA hydrolysis in 5 N

hydrochloric acid for 60 min at 22 �C) by the method of

Feulgen [17]. Then, the number of viral factories were

counted in treated and untreated cells in a total of 103 cells

per sample. The DNA content of viral factories was mea-

sured by computer-equipped microscope-cytometer SMP

05 (Carl Zeiss, Germany) at 575 nm and expressed as

integrated optical density (IOD), the cytometric equivalent

of DNA content. The measurement was carried out for 100

viral factories per sample.

Statistics

All experiments were performed in triplicate. Data are

expressed as mean ± SD and were analyzed for signifi-

cance using Student’s t-test. P\ 0.05 was considered to be

statistically significant.

Results

Cytotoxicity of flavonoids

Different concentrations at which flavonoids may exhibit

cytotoxic activity on Vero cells were tested. After treat-

ment for 96 h- which was the same duration used for

antiviral assays, the percent of viable cells was determined

using the crystal violet staining method. All flavonoids had

a cytotoxic effect at 250 and 500 lM concentrations

(Fig. 1b). In contrast, flavonoids at 31.25 and 62.5 lM had

little or no effect on Vero cells. The calculation of CC50

showed that luteolin with a CC50 of 212.1 ± 11.5 lM is the

most cytotoxic flavonoid for Vero cells (Fig. 1c). Mean-

while, catechin with a CC50 of 450.2 ± 6.9 lM, had the

least cytotoxic effect. Cells treated with 1 % DMSO did

not display cytotoxic changes (data not shown).

Antiviral activity of tested compounds against ASFV

For primary screening, Vero cells were treated with fla-

vonoids at the following non-cytotoxic concentrations: 25

lM for luteolin, 50 lM for apigenin and 100 lM for

genistein, quercetin and catechin. To test the antiviral

activity of flavonoids, the collected virus was titrated using

a CPE-based assay. It was shown that, of the analyzed

compounds, only apigenin was able to significantly reduce

(P\ 0.02) the viral titer in AFSV-infected cells (Fig. 2a).

This reduction occurred in a dose-dependent manner

(Fig. 2b).

Apigenin was selected for a time-of-addition assay

conducted with aim of determining which stage of ASFV

infection this flavonoid affected. As shown in Fig. 2c, the

inhibition was most efficient when apigenin was added at 1

hpi. Apigenin decreased the viral titer from 5.5 log

TCID50/ml (control) to 2.2 log TCID50/ml (P\ 0.01),

reducing the ASFV yield by more than 99.99 %. Similar

results were observed when apigenin was added at -1, 0 and

4 hpi. In contrast, apigenin showed slight or no significant

inhibitory effect on ASFV replication when it was added at

8 and 12 hpi. The solvent DMSO has no effect on ASFV at

non-toxic concentrations [15].

To determine whether apigenin can inhibit ASFV

binding to Vero cells, apigenin was added in a binding

assay at 4 �C, conditions under which ASFV binds to but

does not enter cells. Apigenin had no effect on virus

replication when added during the period of virus attach-

ment (Fig. 2d). Furthermore, as previous studies have

reported that ASFV is internalized within 1 h [15], apigenin

was added after virus attachment and removed 1 h later to

determine whether it acts at the internalization stage of

infection. This experiment did not reveal any significant

activity against internalization of attached ASFV to Vero

cells (Fig. 2d).

Effect of continuous treatment

To determine whether the prolonged treatment of ASFV-

infected cells with apigenin may eliminate the virus from

cell culture, different concentrations of apigenin were

added continuously to Vero cells from 1 h after infection

up to 144 hpi. After continuous treatment, ASFV-infected

cells were observed microscopically. As shown in Fig. 3a,

no ASFV-associated CPE was observed in cells treated

with apigenin at 25 lM and 50 lM concentrations. In

contrast, the complete CPE was seen in cells treated with

12.5 lM apigenin. The viral titer in supernatants collected

from cells exposed to 25 lM and 50 lM apigenin was less

than the detection limit of the CPE-based assay (Fig. 3b).

Therefore, these supernatants were also tested by ELISA to

detect VP72 antigen. ELISA analysis showed that both

supernatants were negative to ASFV because their OD

values were less than 0.3 (Table 1). Then, PCR amplifi-

cation of the p72 gene was performed to detect the pres-

ence of viral DNA in apigenin-treated cells. As shown in

Fig. 3c, the amount of p72 gene PCR product (478 bp)
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decreased when apigenin was added at 25 lM and 50 lM
concentrations. However, Vero cells cultivated with

supernatants collected from 25 lM and 50 lM treatments

did not demonstrate CPE after a 7-day cultivation (data not

shown).

Effect of apigenin on viral protein synthesis

Infection was allowed to proceed for 48 h, a time point at

which most of the cells became infected with ASFV. Then,

western blot analysis was used to compare the synthesis of

viral proteins between ASFV-infected Vero cells that were

exposed or not exposed to apigenin. As shown in Fig. 4a,

both early (p32) and late (p72) ASFV-specific proteins

were detected in control ASFV-infected cells. In contrast,

the presence of apigenin at a concentration of 50 lM
resulted in the inhibition of early and late virus-specific

proteins. Apigenin-treated cells also did not display

expression of the 25-kDa viral protein.

Effect of apigenin on viral factories

As viral factories contain newly synthesized viral DNA, the

Feulgen method allowed the identification of ASFV fac-

tories by light microscopy. ASFV-infected Vero cells

showed a compact accumulation of viral DNA close to the

nucleus (Fig. 4b). This result coincided with those of pre-

vious studies demonstrating the perinuclear localization of

ASFV factories [7, 13]. Apigenin at 12.5 lM, 25 lM and

50 lM concentrations decreased the number of viral fac-

tories by 44 %, 60 % and 74 %, respectively (Fig. 4c).

These factories contained significantly less DNA

(P\ 0.05) than ASFV factories in mock-treated cells

(Fig. 4d).

Discussion

Since its re-introduction onto the European continent in

2007, ASFV has caused significant problems for both

affected countries and neighboring ones, including coun-

tries of the European Union [25]. Considering the negative

effects on porcine production and the absence of vaccines,

the search for effective antiviral compounds is an urgent

need [35]. Several agents that affected ASFV infection

have been reported previously. For example, sulfated

polysaccharides were shown to inhibit ASFV attachment to

the host cell [8]. Plant extracts from marine microalgae

such as Pophyridium cruentum and Ellipsoidon sp. were

shown to produce a significant inhibition of the in vitro

replication of ASFV in dose-dependent manner, possibly

due to sulfated polysaccharides [6]. Polyphenolic phy-

toalexins, such as resveratrol and oxyresveratrol were

shown to reduce ASFV production by inhibiting viral DNA

replication, late viral protein synthesis, and viral factory

formation [7].

Flavonoids constitute a large family of plant-derived

compounds with various biological properties. Some of

Fig. 2 Effect of flavonoids on ASFV yield in different antiviral effect

assays. Virus yield in (a) primary screening, (b) dose-dependence,

(c) time-of-addition, and (d) entry assays. In the primary screening

assay, cells were treated with luteolin (25 lM), apigenin (50 lM),

genistein (100 lM), quercetin (100 lM) and catechin (100 lM). In the

remaining assays, cells were treated with apigenin (50 lM). Values

represent mean and standard deviation results from three independent

experiments
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them demonstrate antiviral activity by interfering with the

viral replication cycle. During productive infection, the

viral replication cycle consists of virion attachment and

internalization, viral protein synthesis and genome repli-

cation, assembly and shedding. The inhibition of any of

these stages can be considered a potential target for fla-

vonoids. For example, (-)-epigallocatechin-3-gallate acts as

the inhibitor of viral attachment and entry [2, 11]. Apigenin

inhibits foot-and-mouth disease virus at the post-treatment

stage by interfering with the translation activity of viral

genes [23]. Catechin and naringenin have the ability to

inhibit hepatitis C virus assembly [18].

This study represents the first report on the antiviral

activity of flavonoids against ASFV. Initially, we tested

five flavonoids belonging to different structural families.

The primary screening of flavonoids demonstrated that

apigenin was the most active antiviral flavonoid among

the tested compounds. This flavonoid did not exert

Fig. 3 Effect of continuous

treatment on ASFV infection.

(a) Inhibition of ASFV-

associated CPE in Vero cells

after 144 h of treatment.

Uninfected Vero cells were used

as a control (1), whereas ASFV-

infected but untreated cells were

used as a negative control (2).

Vero cells treated with apigenin

at 25 lm and 50 lm
concentrations (3 and 5,

respectively) showed no CPE, in

contrast to 12.5 lm treatment,

where complete CPE was seen

(4). (b) The viral titer of

supernatants collected from

continuous treatment

experiments. (c) PCR

amplification of the viral p72

gene isolated from ASFV-

infected cells exposed to

apigenin treatment

Table 1 Results of ELISA test for ASFV VP72 antigen in the cell culture supernatants collected from the continuous treatment assay

Absorbance at 405 nm Control Apigenin

- ? 12.5 lM 25 lM 50 lM

OD 0.055 ± 0.01 2.501 ± 0.08 2.569 ± 0.28 0.026 ± 0.01 0.021 ± 0.01

3450 A. Hakobyan et al.

123



antiviral effect on ASFV attachment and internalization

into the host cells. However, the results of the time-of-

addition assay suggested that the addition of apigenin was

highly effective at early stages of infection but less

effective at 8 hpi and ineffective at 12 hpi. Western

blotting detected a significant reduction of early (p32) and

late (p72) protein expression in cells treated with 50 lM
apigenin. We also studied the formation of viral factories

in cells treated with different concentrations of apigenin.

All concentrations reduced the number of ASFV factories.

When apigenin was continuously added to ASFV-infected

cells, the virus became undetectable by CPE-based assay

and ELISA.

Although it is difficult to be definitive regarding how

apigenin inhibits ASFV infection, our results suggest that it

interferes with the early stages of the viral life cycle. After

entry by endocytosis or macropinocytosis, ASFV early

genes such as C204L encoding p32 are expressed as early as

1 hpi [20, 24]. It is possible that some of the early proteins of

ASFV represent a direct target for apigenin. Previous studies

have demonstrated the importance of p32 in early stages of

ASFV infection [9]. Furthermore, p32 interacts with cellular

hnRNP-K, thereby reducing cellular transcriptional activity

[14]. Therefore, the downregulation of p32 synthesis by

apigenin may have effects on ASFV replication. On the

other hand, apigenin can inhibit ASFV infection indirectly

Fig. 4 ASFV-specific protein synthesis and formation of viral

factories in apigenin-treated cells. (a) Early and late protein expres-

sion (indicated by arrows) in cells with and without apigenin

treatment. (b) An ASFV factory (indicated by an arrow) stained by

the Feulgen method. (c) Graphs showing the percentage of viral

factories at different concentrations of apigenin. (d) Graphs showing

the DNA content of viral factories at different concentrations of

apigenin
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through activation of cellular factors such as autophago-

somes. Since autophagy has been shown to reduce the

number of ASFV-infected cells, and since apigenin has

autophagy-inducing effects, its induction may account for

the antiviral activity of apigenin against ASFV [12, 37].

In conclusion, this study represents an important first

report on the anti-ASFV properties of flavonoids. Our

findings suggest that apigenin has an inhibitory effect on

ASFV replication, interfering with early steps of infection.

These results indicate that apigenin may be a potential

candidate as an antiviral drug for ASFV infection. There-

fore, further studies addressing the use of apigenin in vivo

are required.
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