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ARTICLE INFO ABSTRACT

Keywords: The infection by porcine reproductive and respiratory syndrome virus (PRRSV) has a severe impact on the world
PRRSV swine industry. However, commercially available vaccines provide only incomplete protection against this
Xanthohumol

disease. Thus, novel approaches to control PRRSV infection are essential for the robust and sustainable swine
industry. In our previous study, Xanthohumol (Xn), a prenylated flavonoid extracted for hops (Humulus lupulus
L), was screened from 386 natural products to inhibit PRRSV proliferation and alleviate oxidative stress induced
by PRRSV via the Nrf2-HMOX1 axis in Marc-145 cells. In this study, we furtherly found that Xn could inhibit
PRRSV different sub-genotype strains infection with a low ICs, value in porcine primary alveolar macrophages
(PAMs). In addition, it caused decreased expression of interleukin (IL)-1p, IL-6, IL-8, and tumor necrosis factor-a
in PAMs infected with PRRSV or treated with lipopolysaccharide. Animal challenge experiments showed that Xn
effectively alleviated clinical signs, lung pathology, and inflammatory responses in lung tissues of pigs induced
by highly pathogenic PRRSV infection. The results demonstrate that Xn is a promising therapeutic agent to

Antiviral activity

combat PRRSV infections.

1. Introduction

Porcine reproductive and respiratory syndrome (PRRS) is an en-
demic infectious disease of pigs and one of the most economically
significant contagious diseases affecting the swine industry worldwide.
A “mystery swine disease” was first observed simultaneously in North
America and Europe in the late 1980s (Albina, 1997; Elazhary et al.,
1991; Russell et al., 1980). The causative agent of this disease was
identified as the PRRS Virus, a single-stranded, positive-sense RNA
virus. Although infected pigs of different ages may present various
symptoms, PRRSV primarily causes late-term abortions and stillbirths
in sows and respiratory disease in piglets (Pejsak et al., 1997). PRRSV is
divided into two genotypes: the European genotype (type I) and the
North American genotype (type II). Although the overall disease phe-
notype and gross clinical symptoms are similar, the nucleotide identi-
fies of these two genotype virus share is only about 60% (Collins et al.,
1992; Mardassi et al., 1994). This degree of genetic heterogeneity
suggests there was a protracted period of independent evolution

between the two continents (Nelsen et al., 1999). PRRSV has the in-
trinsic ability to adapt and evolve, due to its mutation rate of
3.29 x 10~ 2 substitutions per nucleotide site per year (Kappes and
Faaberg, 2015; Tian et al., 2007; Zhang et al., 2017). Thus, the high
variability and rapid recombination of the virus increases the com-
plexity and difficulty of its control. A representative example is the
epidemic of the highly pathogenic PRRSV (HP-PRRSV) in China in
2006, which presented as high fever, high morbidity, and high mor-
tality among pig farms, resulting in substantial economic losses. Re-
cently, NADC30-like PRRSV has also emerged in China (Zhang et al.,
2016).

At present, vaccination remains the most common strategy for the
control of PRRSV infections. However, commercially inactivated vac-
cines provide only incomplete protection. The modified live virus
vaccines protect only against homologous strains and have the potential
risk of reverting to a more virulent form (Murtaugh and Genzow, 2011;
Renukaradhya et al., 2015). Therefore, more effective and safe methods
to control PRRSV are urgently needed.

* Corresponding author at: Key Laboratory of Animal Disease Diagnostics and Immunology, Ministry of Agriculture, MOE International Joint Collaborative
Research Laboratory for Animal Health & Food Safety, College of Veterinary Medicine, Nanjing Agricultural University, Nanjing, 210095, China.

E-mail address: jiangp@njau.edu.cn (P. Jiang).

https://doi.org/10.1016/j.vetmic.2019.108431

Received 30 August 2019; Received in revised form 25 September 2019; Accepted 25 September 2019

0378-1135/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03781135
https://www.elsevier.com/locate/vetmic
https://doi.org/10.1016/j.vetmic.2019.108431
https://doi.org/10.1016/j.vetmic.2019.108431
mailto:jiangp@njau.edu.cn
https://doi.org/10.1016/j.vetmic.2019.108431
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vetmic.2019.108431&domain=pdf

X. Liu, et al.

Many host antiviral factors have been reported, including inter-
feron-stimulated genes, such as viperin (Fang et al., 2016), myxovirus
resistance 2 (Wang et al., 2016), 2’,5-oligoadenylate synthetase 1
(Zhao et al., 2016), interferon-induced protein with tetratricopeptide
repeat 3 (Zhang et al., 2013), and cholesterol-25-hydroxylase (Song
et al., 2019, 2017), and some microRNA, small interfering RNAs, and
small hairpin RNAs (Li et al., 2014; Xie et al., 2014). Each of these
factors has been shown to inhibit PRRSV replication, at least to some
extent. However, there is no effective, commercially available antiviral
factor. Natural compounds and compositions provide valuable sources
of promising antiviral drugs, many of which have been exhibited anti-
PRRSV activities in vitro, such as sodium tanshinone IIA sulfonate (Sun
et al., 2012), proanthocyanidin A2 (Zhang et al., 2018), and griffithsin
(Li et al., 2018).

Xanthohumol (Xn), a constituent of beer, is the major dietary source
of prenylated flavonoids and a natural product with multiple biofunc-
tions that is purified from the hop plant Humulus lupulus L (Pinto et al.,
2012). Xn has been reported to convey anti-inflammatory effects
against lipopolysaccharide (LPS)-induced acute lung injury and
ischemia reperfusion-induced liver injury in mice (Ge et al., 2017; Lv
et al.,, 2017), as well as anti-proliferative activities towards breast,
colon, and ovarian cancer cell lines (Miranda et al., 1999). Xn also
reportedly conveys antiviral activities against human im-
munodeficiency virus, bovine viral diarrhea virus, and herpes simplex
viruses 1 and 2 (Buckwold et al., 2004; Cos et al., 2008). In our previous
study, Xn was screened from 386 natural products to inhibit PRRSV
proliferation and alleviate oxidative stress induced by PRRSV via the
Nrf2-HMOX1 axis in Marc-145 cells (Liu et al., 2019). In this study, we
furtherly found that Xn could inhibit PRRSV different sub-genotype
strains infection with low ICsy value, and significantly decreased the
inflammatory responses in porcine primary alveolar macrophages
(PAMs). And it could significantly inhibit PRRSV replication and alle-
viate lung injury in pigs already infected with HP-PRRSV.

2. Materials and methods
2.1. Cells, viruses, and reagents

Marc-145 cells (an African green monkey embryonic kidney epi-
thelial cell line; American Type Culture Collection, Manassas, VA, USA)
and PAMs were cultured in Roswell Park Memorial Institute-1640
supplemented with 10% fetal bovine serum (FBS; Gibco, Grand Island,
NY, USA) at 37 °C. The HP-PRRSV strain BB0907 (GenBank accession
number: HQ315835), which is maintained in our laboratory, was used
for all experiments and is represented as “PRRSV” in this article. PRRSV
strains S1 and FJ1402 were also used, but are specifically mentioned by
name (S1, a classical strain; FJ1402, a NADC30-like strain). All of the
strains used in these experiments were belong to type II PRRSV.

Xn, purity > 99%, was used for the in vitro and in vivo experiments
(Selleck Chemicals, Houston TX, USA and Chengdu Herbpurify Co.,
Ltd., Chengdu, China, respectively).

2.2. The 50% cytotoxic concentration (CCsp) assay

Xn with different concentration were added into the cultures of
PAMs and incubated for 24 h at 37°C. Cell viability was tested using the
Cell Counting Kit-8 (Beyotime Institute of Biotechnology, Haimen,
China) following the manufacturer’s instructions. The CC50 was cal-
culated using GraphPad Prism 7.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA). Dimethyl sulfoxide (DMSO) was used as a negative
control.

2.3. The 50% inhibition concentration (ICsg) assay

Different concentrations of Xn were added to the PAM culture
medium (1-30 pM). DMSO was used as a negative control. HP-PRRSV,
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Table 1
Primer sequences probes used for qRT-PCR analysis.

Primer Sequence (5'—3%)

mGAPDH-Fwd 5' CCTTCCGTGTCCCTACTGCCAA 3'
mGAPDH-Rev 5' GACGCCTGCTTCACCACCTTCT 3'
mIL-13-Fwd 5' TCCCACGAGCACTACAACGA 3'
mIL-13-Rev 5' CTTAGCTTCTCCATGGCTACA 3'
mIL-6-Fwd 5' GCTGCAGGCACAGAACCA 3'
mIL-6-Rev 5' AAAGCTGCGCAGGATGAG 3'
mIL-8-Fwd 5' CTGGCGGTGGCTCTCTTG 3'
mIL-8-Rev 5' CCTTGGCAAAACTGCACC 3'
mTNF-a-Fwd 5' TCCTCAGCCTCTTCTCCTTCC 3'
mTNF-a-Rev 5' ACTCCAAAGTGCAGCAGACA 3'
pIL-1f -Fwd 5' GACCCCAAAAGATACCCAAA 3'
pIL-1B -Rev 5' TCTGCTTGAGAGGTGCTGATG 3'
pIL-6-Fwd 5' ATGAGAAGTGTGAAAACAG 3'
pIL-6-Rev 5' CATTTGTGGTGGGGTTAGGG 3'
pIL-8-Fwd 5' GGGTCTCTGCTGGAGGACT 3'
pIL-8-Rev 5' CCCCATCACTCTCTGCCTTC 3'
pTNF-a-Fwd 5' AGAGCATGATCCGAGACGTG 3'
pTNF-a-Rev 5' CAGTAGGCAGAAGAGCGTGG 3'
pB-actin-Fwd 5' CTCCATCATGAAGTGCGACGT 3'
pp-actin-Rev 5' GTGATCTCCTTCTGCATCCTGT 3'

PRRSV-ORF7-Fwd
PRRSV-ORF7-Rev

5' AAACCAGTCCAGAGGCAAG 3'
5' TCAGTCGCAAGAGGGAAAT 3'

p means Pigs and m means Monky.

as 0.01 multiplicity of infection (MOI) was then added to the cell cul-
tures, which were then incubated for 30 h at 37°C. Afterward, the cells
were fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS) and permeabilized with 0.1% Triton X-100. After washing three
times with PBS, the cells were incubated with a monoclonal antibody
against the PRRSV N protein (made in our laboratory) for 1 h at 37°C
(Chen et al., 2018). Then, the cells were washed three times with PBS
and incubated with Alexa Fluor 594-conjugated goat anti-mouse im-
munoglobulin G (H-L) (1:200; Proteintech, Wuhan, China) for 1h at
37°C in the dark. Nuclei were stained with 4’,6-diamidino-2-pheny-
lindole (Invitrogen Corporation, Carlsbad, CA, USA) for 10 min at room
temperature. Immunofluorescence was observed using a Nikon Al
confocal microscope (Nikon Corporation, Tokyo, Japan) and three
images of each well were recorded. The degree of fluorescence was
determined using ImageJ software (https://imagej.nih.gov/ij/), and the
ICso of Xn in PAMs was estimated by GraphPad Prism 7.0 software.

2.4. Western blot assay

Cells were lysed on ice for 15 min in lysis buffer (Beyotime Institute
of Biotechnology), and the lysates were collected and then centrifuged
at 12,000 x g. The protein pellet was collected and then resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane, which was blocked with 5% low-
fat milk for 2h at room temperature, then probed with antibodies
against the PRRSV N protein (dilution, 1:1000) and f-actin (1:1000;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 2h at room tem-
perature. Afterward, the membranes were incubated with horseradish
peroxidase-conjugated goat anti-mouse immunoglobulin G (H-L)
(1:1000; Beyotime Institute of Biotechnology). Bound proteins were
visualized with the Tanon 5200 chemiluminescence imaging system
(Tanon Science & Technology Co., Ltd., Shanghai, China).

2.5. RNA extraction and quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from cells using the E.Z.N.A.® Total RNA
Kit (Omega Bio-Tek, Inc., Norcross, GA, USA) and then reverse-tran-
scribed using the HiScript II 1°* Strand ¢cDNA Synthesis Kit (Vazyme
Biotech Co., Ltd., Nanjing, China) in accordance with the manu-
facturers’ instructions. qRT-PCR was performed using AceQ® qPCR
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Fig. 1. Effect of Xn on PRRSV infection in PAMs. (A) Determination of the CCs, of Xn in PAMs. PAMs were incubated with DMSO or various concentrations of Xn for
24 h prior to the CCK8 assay. The viability curve and CCs, values were generated using GraphPad Prism 7.0 software. (B) The ICso of Xn in PAMs for PRRSV strain
BB0907. PAMs were pre-treated with different concentrations of Xn for 1 h, then infected with PRRSV (0.1 MOI) for 1 h at 37°C. The cells were washed with PBS and
then incubated in fresh medium containing different concentrations of Xn. At 30 hpi, an indirect immunofluorescence assay was performed and the ICso of Xn in
PAMs was determined with the use of ImageJ software and GraphPad Prism 7.0 software. (C-D) PAMs were pre-treated with DMSO or the indicated concentrations of
Xn for 1 h, then infected with PRRSV (0.1 MOI) for 1 h at 37°C. Afterward, the cells were washed and incubated in fresh medium containing DMSO or Xn. At 24 hpi,
the cells were harvested for western blot (C) and qRT-PCR (D) analyses. (E-H) PAMs were pre-treated with DMSO or Xn (15 uM) for 1 h, then infected with 0.1 MOI of
PRRSV of different genotypes for 1 h at 37°C. Afterward, the cells were washed and incubated in fresh medium containing DMSO or Xn. The cells and supernatants
were collected for western blot, QRT-PCR, and TCIDs, analysis at 24 hpi. The results were confirmed by three independent experiments. Error bars represent the SDs

of triplicate experiments. ***p < 0.001; **p < 0.01; *p < 0.05.

SYBR® Green Master Mix (Vazyme Biotech Co., Ltd.) according to the
manufacturer’s instructions. Each reaction was performed in triplicate,
and the data are presented as the mean # standard deviation (SD). The
primer sequences for qRT-PCR are listed in Table 1.

For RNA extraction from tissues, approximately 1 g of lung tissue

was homogenized in 3 mL of PBS. After three freeze-thaw cycles, the
homogenized tissue samples were centrifuged, and the supernatants
were used for RNA extraction. A 150-pL aliquot of the supernatant of
each tissue sample and serum sample without dilution was used for
RNA extraction. Then, 8 uL. of RNA was used to determine the copy
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Fig. 2. Anti-PRRSV activity of Xn after PRRSV infection in PAMs. (A) Time-of-addition schematic. PAMs were infected with PRRSV (0.01 MOI) for 1 h (-1 to 0 h), and
then treated with Xn at different times of infection, designated as pre-treatment (pre), co-treatment (co), or post-treatment (post). (B) The effect of different
concentrations of Xn was detected by western blot analysis and the intensity band ratio of the PRRSV N protein/B-actin was determined using ImageJ software. (C
and D) The effect of 10 pM Xn was determined by qRT-PCR and TCIDs, analyses. The results were confirmed by three independent experiments. Error bars represent

the SDs of triplicate experiments. ***p < 0.001; **p < 0.01; *p < 0.05.

number of PRRSV genomic cDNAs by qRT-PCR. A recombinant plasmid
containing the PRRSV ORF7 gene was used to construct a standard
curve (Zhang et al., 2016).

2.6. Virus titration

Marc-145 cells, grown in the wells of 96-well plates, were infected
with 10-fold serial dilutions of PRRSV. After 1h inoculation at 37 °C,
removing the supernatant and washing cells with PBS for 3 times, then
adding fresh DMEM supplemented with 2% FBS. The plates were in-
cubated for an additional 120 h. Cytopathic effect were observed at an
inverted microscope and the virus titers were calculated through Reed-
Muench methods.

2.7. Time-of-addition experiment

To identify the stage of the PRRSV life cycle that is most affected by
Xn, a time-of-addition experiment was performed as shown in the
timeline schematic presented in Fig. 2A. PAMs, seeded in the wells of
24-well plates, were either pre-treated, co-treated, or post-treated with
Xn relative to PRRSV inoculation. The experiment began when cells
completely settled at the bottom of the cell plate (noted as -1 h). AtOh,
the culture supernatants of the pre-treated cells were replaced with
DMEM/2% FBS and then the culture was inoculated with PRRSV (0.01
MOI), the co-treated group was treated with 10 uM Xn and PRRSV, and
the post-treated group was inoculated with PRRSV. At +1 h, the culture
supernatants in the co- and post-treated groups were replaced with
DMEM/2% FBS, and the post-treated group was treated with 10 uM Xn.
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Incubation of all groups was then continued for an additional 24 h.

2.8. Animal challenge

Twenty-five 5-weeks-old piglets (free of PRRSV, porcine circovirus
type 2, classical swine fever virus, pseudorabies virus, swine influenza
virus, and Mycoplasma hyopneumoniae) were randomly allocated to one
of five groups (5 piglets per group): i) PRRSV-infected and vehicle
(saline + 0.5% DMSO)-treated group; ii) PRRSV-infected and Xn
(10 mg/kg)-treated group; iii) PRRSV-infected and Xn (20 mg/kg)-
treated group; iv) PRRSV-infected and Xn (25 mg/kg)-treated group; or
v) an uninfected and untreated mock group. As shown in Fig. 4A,
piglets were challenged intranasally (1 mL) and intramuscularly (1 mL,
in the right neck) with PRRSV strain BB0907 (3 x 10° TCIDs,). Then,
the piglets were intramuscularly injected in the left neck with 10, 20, or
25 mg/kg of body weight of Xn or 0.5% DMSO in saline at 24 h after
infection. Treatments were administered once every 3 days up to 14
days. After infection, the piglets were monitored daily for general
health status and rectal temperature. Serum samples and nasal swabs
were collected at 1, 4, 7, 10, and 14 dpi. All piglets were sacrificed on
day 14 pi. Serum and lung tissues were collected for determination of
the viral RNA load and histopathological analysis.

2.9. Pathological examination

The lung tissues of all piglets were collected at 14 dpi. Macroscopic
lung lesions were estimated and scored based on the percentage of in-
fected tissue (Baoqing et al., 2013). Meanwhile, the fixed lung tissues
were dehydrated, cleared in xylene, embedded in paraffin wax, then
sliced and mounted on slides, which were stained with hematoxylin and
eosin, as previously reported (Zhang et al., 2016). The microscopic lung
lesions were scored as follows: 0 = no lesions; 1 = mild, focal to
multifocal interstitial pneumonia (< 50% affected tissue); 2 = mod-
erate, multifocal to coalescing (50%-75% affected tissue); 3 = severe,
patchy to coalescing and extensive (75%-90% affected tissue); and 4 =
severe and diffuse (> 90% affected tissue) (Zhang et al., 2017).

2.10. Clinical evaluations

The clinical conditions of the pigs were scored daily after challenge,
as previously described (Yue et al., 2008). Briefly, behavior, respiration,
and cough were each scored on a 4-point scale from 1 to 4, with 1 being
clinically normal and 3 indicating maximal illness. A dead pig was
given a score of 4 for each condition. The daily total clinical score was
the sum of the scores given for each condition.

2.11. Ethics statement

All animal experiments conformed to the rules of National
Guidelines for Housing and Care of Laboratory Animals (China) and
were performed after obtaining approval from the Institutional Animal
Care and Ethics Committee of Nanjing Agricultural University (permit
no. IACECNAU20160102). All piglets were housed in the animal facility
of Nanjing Agricultural University (Nanjing, Jiangsu, China).

2.12. Statistical analyses

All statistical analyses were performed using GraphPad Prism 7.0
software. The results were expressed as the mean + SD. The sig-
nificance of differences among groups was determined by one-way or
two-way analysis of variance. Differences with p-values < 0.05 were
considered significant and designated with an asterisk (*) or pound sign
(#) in the figures.

3. Results
3.1. Xn inhibited the replication of different strains of PRRSV in PAMs

The CC50 of Xn was measured using a CCK-8 Kit and calculated to
be 42.57 uM (Fig. 1A). To assess the inhibitory effect of Xn on PRRSV,
the IC50 of Xn was detected. As shown in Fig. 1B, the IC50 of Xn is
7.047 uM. In addition, Western blot and qRT-PCR analyses showed that
Xn reduced PRRSV N-protein levels and relative viral mRNA levels in a
dose-dependent manner (Fig. 1C-D).

We also investigated whether Xn could inhibit the replication of
different sub-genotype strains of PRRSV in PAMs. Western blot, qRT-
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Fig. 4. Therapeutic effect of Xn in PRRSV-infected piglets. (A) A pattern diagram of the animal experiments. (B) Rectal temperatures of piglets from each group

+

presented at the mean

SD (error bars). A temperature = 40.5 °C was defined as a clinical fever. (C) The survival rate of each group was monitored until 14 dpi. (D)

Average clinical score for each group. Piglets were observed and scored daily after challenge. Error bars represent SDs from pigs on different days. **p < 0.01;
*p < 0.05 vs. the vehicle (saline + 0.5% DMSO)-treated pigs. (E) Viral RNA load in the lungs of pigs (log copies*g’l) at 14 dpi. (F) Viral load in sera of pigs (log
copies*ml’l) and (G) nasal swabs (log copies* ml™ 1) were measured by qRT-PCR. The results are presented as the mean = SD (error bars).

PCR, and virus titer analyses demonstrated that Xn effectively reduced
replication of C-PRRSV strains S1 and HP-PRRSV strains BB0907.
What’s more, Xn reduced replication of the NADC30-like strain FJ1402
to some extent (Fig. 1 E-H).

3.2. Xn had therapeutic potential against PRRSV infection of PAMs

To identify the stage of the PRRSV life cycle that is most affected by

Xn, PAMs were treated with Xn before, during, and after PRRSV in-
fection (Fig. 2A). At 24 h post-infection (hpi), the cells were harvested
for western blot and qRT-PCR analyses, and the supernatants were
harvested for virus titer analysis. The results showed that PRRSV in-
hibition was greatest in cells treated with Xn for 24 hpi (Fig. 3B-D),
suggesting that Xn has therapeutic potential against PRRSV infection of
PAMs.
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Fig. 5. Gross and microscopic observations of

10mg/kg

25mgl/kg

— lungs collected from piglets. (A) Lungs from an
uninfected and untreated pig. (B) Lungs from
an infected and vehicle (saline + 0.5%
DMSO)-treated control pig. (C-E) Lungs from
pigs infected with PRRSV and treated with the
indicated dose of Xn. Microscopic lesions in the
lungs of pigs uninfected and untreated (F), in-

fected and vehicle treated (G), and infected

and treated with the indicated dose of Xn.
(H-J) Original magnification, 200 x . Gross
lung lesion scores (K) and microscopic lung
lesion scores (L).
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3.3. Xn inhibited the PRRSV-induced inflammatory responses of PAMs

PRRSV infection induces production of cytokines, in return, cyto-
kines interfere with the viral infection. In this study, we first de-
termined the effect of Xn on cellular inflammation in LPS treatment, the
dosages of 10 pg/mL LPS was chosen for exposure to PAMs for 1 h and
then subjected with Xn (10 pg/mL) for another 6 h. As shown in Fig. 3A-
D, Xn had no significant effect on the inflammatory responses and LPS
significantly increased the mRNA levels of interleukin (IL)-1f3, IL-6, IL-
8, and tumor necrosis factor (TNF)-a, whereas Xn (10 uM) considerably
inhibited LPS-induced the IL-1p, IL-6, IL-8, and TNF-a. These results
were consistent with previous reports which proving Xn having anti-
inflammatory activity in many pulmonary inflammatory diseases (Lee
et al., 2011; Lv et al., 2017). In order to characterize the expression of
these pro-inflammatory cytokines genes in Xn treated PRRSV-infected-
cells, the transcript levels of IL-1f3, IL-6, IL-8, and TNF-a in PAMs
treated with Xn post-infection were investigated. RT-qPCR results dis-
played that Xn treatment significantly reduced these four cytokines
mRNA levels, all of which were up-regulated by PRRSV infection. The
transcripts of IL-1p, IL-6, IL-8, and TNF-a in PRRSV-infected cells were
increased to 5.4, 5.3, 2.4 and 4.5-fold, respectively. Xn (10 uM) treat-
ment of the virus-infected cells reduced the transcripts of IL-1f3, IL-6, IL-
8, and TNF-a to 1.3, 1.6, 1.1 and 1.3- fold, respectively (Fig. 3A-D). This
demonstrates that Xn treatment effectively reduced inflammatory re-
sponses which PRRSV induced.

3.4. Xn had a therapeutic effect on PRRSV in piglets
3.4.1. Clinical signs and changes in body temperature

Following challenge with virulent HP-PRRSV, all piglets in the ve-
hicle control group had a high fever (=40.5 °C) and exhibited a range

P

of clinical signs, including appetence, lethargy, rough hair coat, dys-
pnea, periocular edema, and light diarrhea. Four of five pigs in this
group died between 5 and 14 dpi. Infected pigs treated with 25 mg/kg
of Xn and mock-infected pigs had no clinical fever during the experi-
ment, but experienced a decrease in body temperature that was
0.3-0.8 °C lower than pigs in the vehicle control group. All pigs in these
groups had survived. Infected pigs treated with 20 mg/kg of Xn ex-
hibited moderate fluctuations in rectal temperature during the 14 dpi,
while one pig died at 10 dpi (Fig. 4 B and C). There was no significant
difference in clinical scores between the pigs treated with 10 mg/kg of
Xn and those with the vehicle (p > 0.05). In contrast, the clinical
scores of pigs treated with 20 and 25 mg/kg of Xn were significantly
lower than those of the mock-treated pigs (p < 0.05) (Fig. 4D).

3.4.2. Viremia and viral load in nasal swabs and lung samples

The viral loads in the lungs of infected pigs treated with 25 mg/kg of
Xn were significantly lower than in the vehicle control pigs (p < 0.05)
(Fig. 4E). Blood and nasal swab samples of the pigs were collected at 1,
4, 7, 10, and 14 dpi. The copy number of PRRSV genomic cDNA was
determined by qRT-PCR analysis. Levels of circulating viruses in the
serum of infected pigs treated with 20 and 25 mg/kg of Xn were sig-
nificantly lower than in the vehicle control group at 4-14 dpi (Fig. 4F)
(p < 0.05). Similarly, the copy number of PRRSV genomic DNA in the
nasal swabs of the infected pigs treated with 25 mg/kg of Xn were
significantly lower than in the vehicle control group at 4-10 dpi
(Fig. 4G) (p < 0.05).

3.4.3. Lung pathology

Necropsy examinations revealed that lung tissues of the pigs which
infected and treated with the vehicle had significant lesions char-
acterized by pulmonary consolidation (Fig. 5B). In contrast, no
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Fig. 6. Effect of Xn treatment on PRRSV-sti-
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pathological lesions were identified in the control pigs (Fig. 5A). The
lung lesions of pigs which infected and treated with Xn were sig-
nificantly smaller than those of the vehicle control pigs, and the effect
was dose-dependent (Fig. 5C-E). There was no statistical difference in
gross lung lesion scores between the vehicle and the Xn 10 mg/kg
group, but the scores of the Xn 20 and 25mg/kg groups were sig-
nificantly lower than that of the vehicle group (Fig. 5K). The micro-
scopic lung lesions of vehicle group pigs characterized by thickened
alveolar septa, scattered hemorrhaging of alveolar septa, and increased
numbers of inflammatory cells. Inflammatory exudation was also found
in the trachea of these pigs (Fig. 5F-J). The microscopic lung lesions of
the pigs treated with 25 mg/kg of Xn were significantly less severe than
those of the vehicle control pigs. Moderate pathological lesions were
apparent in pigs treated with 20 mg/kg of Xn (Fig. 5L).

3.4.4. Inflammatory responses in lung tissues

Levels of inflammatory cytokines in lung tissues were detected by
gqRT-PCR at 14 dpi. PRRSV-infected piglets exhibited increased ex-
pression levels of IL-1p IL-6, IL-8, and TNF-a, as compared with the
mock-infected animals. The levels of IL-1f IL-6, IL-8, and TNF-a ex-
pression levels in the lung tissues of the infected piglets treated with Xn
were attenuated in a dose-dependent manner (Fig. 6A-D).

4. Discussion

Porcine reproductive and respiratory syndrome is an important
disease that results in huge economic damage to the global swine in-
dustry. Current vaccination strategies cannot control this infectious
disease, thus the development of effective anti-PRRSV drugs is neces-
sary to provide additional preventive and therapeutic benefits. Natural
products, such as plant-derived flavonoids, have attracted considerable
attention in many antiviral studies because of the various biological

activities. Some studies have reported that flavonoids, such as proan-
thocyanidin A2, have therapeutic effects against PRRSV infection
(Zhang et al., 2018). In our previous study, we screened a library of 386
natural products and found that Xn, a prenylated flavonoid found in
hops, exhibited significant anti-PRRSV activities via stimulation of the
Nrf2-HMOX1 pathway in vitro. In this study, we found that Xn conveyed
significant anti-PRRSV activities in piglets.

The PRRSV life cycle can be divided into four basic stages: attach-
ment, entry, replication, and release (Kappes and Faaberg, 2015; Wang
et al., 2018). Our results showed Xn had the best antiviral effect when it
was added after PRRVS infection of PAMs, indicating that Xn conveys a
therapeutic effect to infective pigs. Consisting with our hypothesis, re-
sults of animal experiment showed that the piglets in the 20 mg/kg of
Xn treatment group exhibited only moderate clinical signs, mild injury,
and low viral loads, as compared to those in the PRRSV challenge
control groups. Moreover, the pigs treated with 25mg/kg of had
minimal clinical symptoms, which were almost identical to those of the
mock-infected group.

The replication of PRRSV begins in macrophages, which play a
major role in the inflammatory and immune responses (Qiao et al.,
2011). Pro-inflammatory cytokines, such as TNF-a, IL-18, and IL-6,
accumulated in the PAMs during PRRSV infection. Increased levels of
these cytokines in the circulation are responsible for the clinical
symptoms of PRRSV infection, which include fever, depression, and
anorexia. Accumulating evidence has shown that Xn has anti-in-
flammatory effects and protective effect against LPS-induced acute lung
injury (Lv et al., 2017) and immunomodulatory activities in macro-
phage cell lines (Young-Chang et al., 2008). Long-term inflammatory
mediators, including TNF-a, IL-6, IL-1(3, and IL-8, are strongly related
to the development of acute and chronic inflammation diseases. Xn has
been reported to effectively reduced cellular secretion of TNF-a, IL-6,
and IL-1p (Fairweather et al., 2005). Our results showed that LPS
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treatment and PRRSV infection significantly induced the mRNA levels
of IL-1f, IL-6, IL-8, and TNF-a. Xn not only effectively attenuated the
PRRSV-induced mRNA levels of these cytokines but also inhibited in-
creases caused by LPS in PAMs. Notably, the decreased expression of
inflammatory cytokines is partly attributed to the inhibitory effect of Xn
against PRRSV, which indirectly reduces the expression of pro-in-
flammatory cytokines. These results suggest that Xn could directly in-
tervene in the cellular immune response, at least to some extent, and
subsequently inhibit the expression of inflammatory cytokines induced
by PRRSV. Xn significantly decreased the mRNA levels of IL-13, IL-6, IL-
8, and TNF-a in the lung tissues of infected pigs and alleviated lung
lesions due to interstitial pneumonia.

It has been reported that Xn and its metabolites were excreted
mainly in feces within 24 h of administration in rats (Nookandeh et al.,
2004). The lifelong treatment at a daily dose of 100 mg/kg body weight
in a two-generation study did not affect the development and fertility of
SD rats (Gerhduser, 2005; Hussong et al., 2010). Furthermore, the mean
half-life period of Xn in human was 20 h for the 60 mg dose and 18 h for
the 180 mg dose (Legette et al., 2014). It suggests that Xn treatment has
a little residual and high safety in animals. But the half-life period of Xn
in pigs and the bioavailability of Xn after oral administration should be
studied in the future.

In conclusion, Xn, as a well-sourced natural product, had highly
effective against highly pathogenic PRRSV infection in both PAMs and
swine. It has great potential as a promising anti-PRRSV agent.
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