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Abstract

Porcine reproductive and respiratory syndrome virus (PRRSV) is a pathogen of great economic significance that impacts the
swine industry globally. Since the first report of a porcine reproductive and respiratory syndrome (PRRS) outbreak, tremen-
dous efforts to control this disease, including various national policies and plans incorporating the use of multiple modified
live-virus vaccines, have been made. However, PRRSV is still a significant threat to the swine industry, and new variants
continually emerge as a result of PRRSV evolution. Several studies have shown that pandemic PRRSV strains have enormous
genetic diversity and that commercial vaccines can only provide partial protection against these strains. Therefore, effective
anti-PRRSV drugs may be more suitable and reliable for PRRSV control. In this study, we observed that isobavachalcone
(IBC), which was first isolated from Psoralea corylifolia, had potent anti-PRRSV activity in vitro. Although many biologi-
cal activities of IBC have been reported, this is the first report describing the antiviral activity of IBC. Furthermore, after a
systematic investigation, we demonstrated that IBC inhibits PRRSV replication at the post-entry stage of PRRSV infection.

Thus, IBC may be a candidate for further evaluation as a therapeutic agent against PRRSV infection of swine in vivo.

Introduction

Porcine reproductive and respiratory syndrome virus
(PRRSV) is a positive-strand RNA virus that is approxi-
mately 15 kb in length and belongs to the family Arteri-
viridae [5]. PRRSV is one of the most important viruses
hindering the development of the swine industry globally,
especially with the emergence of highly pathogenic PRRSV
(HP-PRRSV) [5, 38]. Recently, new PRRSV mutant strains
have become pandemic in China [1, 16, 17, 35, 37, 39] and
are named NADC30-like PRRSV strains for their genomic
similarity to the NADC30 strain isolated in the US in 2008
[3]. NADC30-like PRRSYV strains feature different recombi-
nations and have produced many mosaic isolates, enhancing
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their genetic diversity. Currently, the most effective methods
to control viral diseases are vaccines and antiviral agents.
However, vaccination against PRRSV infection has achieved
limited success, primarily due to the high genetic diversity
of the virus [9, 10, 22, 29]. In addition to genetic mutation,
PRRSV genetic diversity is also generated by recombina-
tion among different strains, including vaccine strains [7,
18, 23, 30, 33, 37]. Importantly, commercial vaccines cannot
provide complete protection against heterologous PRRSV
infection [1, 21]. The problems outlined above indicate that
the use of vaccines may not be an ideal strategy for PRRSV
control; however, exploring effective anti-PRRSV drugs may
overcome these issues.

Isobavachalcone (IBC) is a prenylated chalcone of the
flavonoid subclass that was first isolated from Psoralea
corylifolia in 1968 [14]. IBC possesses a wide spectrum of
biological activities, including antibacterial, antifungal, anti-
cancer, anti-reverse-transcriptase, antitubercular and anti-
oxidant functions [14]. However, whether IBC has potential
antiviral activity remains unclear. In the current study, for
the first time, we observed that IBC has anti-PRRSV activ-
ity. Furthermore, after a systematic investigation, we demon-
strated that IBC inhibits PRRSV replication at the post-entry
stage of PRRSV infection.
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Materials and methods
Cell, viruses and inhibitors

Porcine alveolar macrophages (PAMs) were obtained from the
lungs of 4-week-old specific-pathogen-free (SPF) piglets, and
monkey kidney cells (Marc145) were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum (FBS). The highly pathogenic PRRSV strain HuN4 [25,
26] and the NADC30-like PRRSYV strain HeN-L1 (isolated
in our lab) were propagated and titrated in Marc145 cells.
IBC was purchased from Shanghai Tauto Biotech Company
and was dissolved in ethanol and used at the concentrations
indicated.

Determination of isobavachalcone cytotoxicity

The cytotoxicity of IBC was evaluated for PAMs and Marc145
cells. Briefly, twofold dilutions of IBC from a starting concen-
tration of 25.6 uM were applied to 80% confluent cells in a
96-well plate. After incubation for 24 h at 37 °C, the cytotoxic-
ity of IBC was evaluated using a Cell Counting Kit-8 (CCKS,
Dojindo Laboratories, Japan) according to manufacturer’s
protocol. The CC, was defined as the concentration of IBC
that reduced the absorbance of treated cells by 50% relative to
that of the cell control.

Antiviral activity of IBC against PRRSV infection

A total of 3 X 10° Marc145 cells were plated in a 6-well plate,
and 18 h later, the cells were infected with HuN4 (multiplic-
ity of infection [MOI] = 1) for 2 h at 37 °C. Next, the culture
medium was replaced with different concentrations of IBC
diluted in DMEM containing 2% FBS. Cells were harvested
at the indicated times for further Western blot or immunofluo-
rescence analysis.

RNA extraction and absolute quantitative real-time
PCR (RT-PCR) analysis

The total RNA of all samples was extracted using an RNeasy
Plus Mini Kit (QIAGEN, Germany), and 1 pg of total RNA
was reverse transcribed into cDNA according to the manufac-
turer’s protocol (PrimeScript™ RT Reagent Kit with gDNA
Eraser, TaKaRa). The real-time PCR procedure was performed
using an Agilent Mx3005P Real-Time PCR System. The prim-
ers and probes were described in a previous report [28].

Immunofluorescence

Cells were infected with HuN4 for 2 h and were then treated
with various concentrations of IBC. After incubating for the
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indicated time, cells were fixed in 95% ethanol, permeabi-
lized with 0.5% saponin in PBS, and then blocked with 5%
bovine serum albumin (BSA) for 1 h at room temperature
(RT). After blocking, the cells were incubated with a mouse
anti-PRRSV N protein monoclonal antibody (IgG2b, made
in our lab) at a dilution of 1:500 for 1 h at RT, and dsRNA
was stained with the mouse monoclonal antibody J2 (Sci-
cons, Hungary) at a dilution of 1:200 for 1 h at RT. After
washing, an aliquot of 1:100-diluted FITC-labeled anti-
mouse IgG (Sigma) was used as the secondary antibody. For
nuclear visualization, cells were treated with DAPI (Sigma).
Immunofluorescence was observed using a Leica TCS SP5
confocal microscope.

Western blotting analysis

Cells were washed twice with PBS and then prepared with
RIPA lysis buffer (Solarbio). The cell lysates were centri-
fuged at 12,000 rpm for 5 min at 4 °C. The supernatants
were collected, and protein concentrations were determined
by BCA assay. Next, proteins from each sample were sepa-
rated via 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), after which the protein bands
were transferred onto a polypropylene fluoride (PVDF)
membrane. The membrane was blocked with 5% nonfat milk
for 2 h at RT and then incubated with mouse anti-PRRSV
N protein monoclonal antibody (1:3000, made in our labo-
ratory) or anti-f-actin antibody (1:4000, Sigma) for 1.5 h
at RT. After being washed three times with PBST (0.05%
Tween 20 in PBS), the membrane was incubated for 1 h with
HRP-conjugated anti-mouse IgG antibody (Sigma). Protein
bands were visualized with ECL chemiluminescence reagent
(Thermo Scientific). Western blot bands were quantified and
analyzed using ImageJ. The relative intensity ratio of pro-
tein bands (N protein/p-actin) was calculated as an indicator
of PRRSYV replication ability, with the value of the control
group set as 1; other IBC treated groups were normalized
correspondingly.

Determination of the IC,, of IBC against PRRSV
infection

To further investigate the anti-PRRSV activity of IBC, the
drug concentration that could inhibit PRRSV infections by
approximately 50% (50% inhibitory concentration, ICs)
was determined. Marc145 cells were infected with PRRSV
(MOI = 1) for 2 h at 37 °C and then treated with twofold
dilutions of IBC. Total RNA was isolated from cells at
24 h postinfection (p.i.), and intracellular PRRSV RNA
copy numbers were determined by RT-PCR. The percent-
age inhibition was calculated as [(RNA copies in control
cells - (RNA copies in cells treated with IBC)] + (RNA cop-
ies of the control) X 100 at the indicated IBC concentration,
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and the value for the control group was set as 1. The other
IBC-treated groups were normalized correspondingly.

Attachment and entry assay

A virus attachment and entry assay was performed by pre-
incubating Marc145 cells at 4 °C for 30 min, after which
PRRSV HuN4 (MOI = 1) and 5 pM IBC were added, and
the cells were incubated for an additional 2 h at 4 °C to
allow attachment of the virus to the cells. Next, the cells
were washed three times with cold PBS to remove unbound
virus. The cells were then collected and either used to detect
PRRSV RNA levels via real-time PCR (to assess viral
attachment) or provided fresh medium containing 5 pM IBC
and incubated at 37 °C for 2 h. A temperature shift from 4 to
37 °C was performed to promote entry of the virus into the
cells, and after a 2-h incubation, total RNA was collected
and analyzed by real-time PCR (to assess viral entry).

Time-of-addition assay with isobavachalcone

Marc145 cells were infected with PRRSV HuN4 (MOI = 1)
at 37 °C. After a 2-h incubation, cells were washed three
times with PBS to remove unbound viruses and were replen-
ished with 2% FBS. For the postinfection inhibition study,
HuN4-infected cells were replenished with 2% FBS sup-
plemented with 5 or 10 pM IBC at specific time points (2,
6, 12, or 24 h). Cells were harvested at 24 h after IBC treat-
ment, and the levels of PRRSV replication were estimated
by Western blot analysis.

Statistical analysis

Origin 8.0 software was used for all graphical representa-
tions. The ICy, was calculated using non-linear regression.
Statistical significance was established using an independ-
ent f-test, and P-values less than 0.05 were considered
significant.

Results
Isobavachalcone inhibits PRRSV replication in vitro

The structure of IBC is shown in Figure 1A. To assess the
anti-PRRSV activity of IBC, we first evaluated the cyto-
toxicity of IBC on Marc145 cells (Fig. 1B) and PAM cells
(Fig. 1C), and the results indicated that cell viability was not
significantly affected by IBC at concentrations up to 25.6 pM
and that the CCy, of IBC for Marc145 cells was 63.09 pM
(data not show). The cytotoxic effect of the IBC solvent
(alcohol) was also evaluated, the results of which indicated
that the alcohol had no effect on Marc145 cells (Fig. 1B) and

PAM cells (Fig. 1C). Next, we evaluated the anti-PRRSV
capabilities of IBC in Marc145 cells that were infected with
PRRSV HuN4 (MOI = 1) and then treated with different
concentrations of IBC. We first determined progeny virus
titers and found that IBC significantly inhibited PRRSV rep-
lication in a dose-dependent manner (Fig. 1D). To confirm
this finding, we also performed an indirect immunofluores-
cence assay by staining cells with a PRRSV N protein anti-
body and then observed PRRSV replication by fluorescence
microscopy. As shown in Figure 1E, PRRSV replication was
significantly blocked by IBC. Western blot analysis revealed
that PRRSV N protein levels decreased markedly, indicating
that increasing concentrations of IBC significantly inhib-
ited PRRSV replication (Fig. 1F). To determine whether
this inhibition was strain specific, we additionally assayed
a currently pandemic NADC30-like strain (HeN-L1) that
was isolated in our lab and observed it also to be inhibited
by IBC (Fig. 1G). Thus, these data indicate that IBC inhibi-
tion of PRRSV is not strain specific. Furthermore, the anti-
viral activity of IBC against PRRSV HuN4 was both dose
dependent and successful, with an ICy, of 3.12 pM (Fig. 2)
and a selectivity index (SI; the ratio of the CCj, to the ICs)
of 22.02.

IBC inhibits PRRSV at an early stage

Despite the evidence that IBC inhibits PRRSV replication,
the viral stage influenced by IBC remained unknown. To
determine which step(s) in the viral life cycle are affected
by IBC, we first performed time-of-drug-addition assays.
The results indicated that IBC markedly inhibited PRRSV
when added early after infection and remained inhibitory
when added up to 6 h p.i., whereas PRRSV inhibition was
limited when IBC was added late, at 12 h p.i. (Fig. 3). These
data suggest that IBC targets the early phase of the viral life
cycle, as it was not able to prevent viral infection after the
virus entered the post-replicative stages of infection.

IBC does not influence PRRSV attachment and entry

Next, we tested whether IBC inhibited PRRSV by disturbing
PRRSV attachment or entry. The results demonstrated that
PRRSV attachment was not influenced by IBC (Fig. 4A).
Interestingly, the PRRSV entry assay results were the same
as those of the attachment assay, demonstrating that nei-
ther PRRSV attachment nor entry was influenced by IBC
(Fig. 4B).

Viral RNA synthesis is considerably disrupted
by isobavachalcone

The addition of IBC was inhibitory from 2 to 6 h p.i.,
whereas it had no effect on PRRSV attachment or entry
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Fig. 1 Isobavachalcone inhibits PRRSV replication. (A) Chemical
structure of IBC. Cytotoxicity of IBC in (B) Marc145 cells and (C)
PAM cells. (D) Virus titers of PRRSV at different IBC concentra-
tions. (E) Inhibition of PRRSV infection by IBC as shown by IFA.

(Fig. 4A and B). This inhibition at post-entry stages led
us to speculate that IBC inhibits PRRSV replication at
the stage of viral RNA synthesis. To test whether IBC
blocked viral RNA replication, we performed inhibition
experiments using PAM cells and stained for dsRNAs,
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Relative Intensity Ratio

(N protein/B-actin) 1 0.81 0.57 0.18 0.08

(F) PRRSV HuN4 and (G) HeN-L1 inhibition by IBC as detected by
Western blot analysis. Error bars represent the standard error of the
mean

which are intermediates in viral replication, with the J2
antibody, which recognizes dsRNA. The results indicated
that dsRNA levels were significantly decreased in IBC-
treated cells (Fig. 5A and B). These data clearly suggest
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Fig.2 Determination of the ICs, of the PRRSV inhibitor isobavacha-
Icone. Marc145 cells were infected with HuN4 and treated with two-
fold dilutions of IBC. Total RNA was isolated to determine the ICs,
of IBC. Error bars represent the standard error of the mean. The ICs,
of IBC was calculated

that IBC blocks the early stages of the viral life cycle, most
likely at the initiation of viral RNA replication.

Discussion

Currently, PRRSV is a significant problem for the swine
industry in China and was a veritable Pandora’s Box for
the Chinese pig industry during the first outbreak [17].
The current pandemic strains are highly diverse, and
commercial vaccines can provide only partial protection
against these strains [27, 40]. Thus, anti-PRRSV drugs
may be more suitable for PRRSV control in the future.
Traditional Chinese medicine (TCM) has been widely used
as a source of novel drugs, and many crude TCM herbal
extracts have been shown to inhibit PRRSV replication [6,
24, 36]. IBC is extracted from P. corylifolia, which itself
is used in TCM [14]. Cheng et al. systematically analyzed
seventeen compounds derived from TCMs and tested their
PRRSV antiviral activity in vitro [4]. Two compounds,
chlorogenic acid and scutellarin, were shown to have great
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Fig.3 Isobavachalcone blocks the early stages of the PRRSV life cycle in a time-of-drug-addition assay. Marc145 cells were infected with
PRRSV and treated with the indicated concentrations of IBC at different times. Cell lysates were prepared 24 h after the addition of the inhibitor
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Fig.4 Isobavachalcone inhibits PRRSV replication but not attachment and entry. (A) PRRSV attachment was not affected by IBC. (B) PRRSV

entry was not affected by IBC
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Fig.5 Isobavachalcone inhibits PRRSV RNA synthesis. (A) PRRSV
RNA synthesis was detected using a J2 antibody, which recognizes
dsRNA, and cell nuclei were stained with DAPI. (B) Four fields were

anti-PRRSV replication potential in their study, and the
inhibition ratios of chlorogenic acid and scutellarin can
reach 90.8 and 61.1%, respectively, at the maximum non-
cytotoxic concentrations [4]; in contrast, the IBC inhibi-
tion ratio exceeded 90% at 15 pM, an improvement over
the maximum non-cytotoxic concentrations for the other
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randomly selected for statistical analysis. The mean rates of posi-
tive cells among the total cells in each group were calculated using
Imagel

tested compounds. This result indicated that IBC is more
effective than chlorogenic acid and scutellarin.

IBC has multiple biological activities; it potently abrogates
Akt and Erk signaling pathways and exerts anti-proliferative
effects on several human cancer cell lines, and it also induces
apoptosis associated with the mitochondrial pathway [11, 12,
14]. Akt has been reported to play a positive role in PRRSV
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gene expression and entry, and PRRSV replication may be
dependent on the activation of PI3K/Akt [19, 31, 32, 34]. The
ERK signaling pathway has been demonstrated to play an
important role in the post-entry steps of the PRRSV replica-
tion cycle and to enhance PRRSV infection [15]. The ERK
pathway may also contribute to HP-PRRSV pathogenesis [2].
Apoptosis also influences PRRSV replication, since the induc-
tion of apoptosis in Marc145 cells increases virus replication
[8]. IBC inhibition of PRRSV replication may occur through
modulation of the above-mentioned pathway. IBC may be
applicable as an efficacious and safe drug for the treatment
of some cancers, such as neuroblastoma [20]. IBC has been
reported to inhibit SARS-CoV papain-like protease; how-
ever, whether IBC inhibits infectious virus was not tested in
that study [13]. This study is the first to report that IBC has
potent antiviral activity, and we demonstrate here that it blocks
PRRSV replication at the initiation of viral RNA replication
in vitro. However, there are some unanswered questions that
should be further explored in the future. First, whether IBC
also shows anti-PRRSV activity in vivo must be investigated.
Second, is the blockage of viral RNA formation a direct or
indirect effect? Third, are there other viruses that are also
inhibited by IBC?

In conclusion, we evaluated whether IBC has antiviral
potential as a PRRSV infection treatment. The in vitro study
established that IBC efficiently inhibited the replication of both
HP-PRRSV and the current Chinese epidemic NADC30-like
strains without significant drug toxicity. Thus, IBC may be a
candidate for further evaluation as a therapeutic agent against
PRRSYV infection of swine in vivo.
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