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SUMMARY

Porcine reproductive and respiratory syndrome (PRRS) is an epidemic animal
infectious disease worldwide. In our previous research it was suggested that
matrine could inhibit PRRSV infection both in vitro and in vivo, but the antiviral
mechanisms are still undecided. Network pharmacology can well solve the diffi-
cult problem of “multiple targets, multiple pathways” in the research of TCM ac-
tion targets. The results of network pharmacology indicated that matrine exerts
its anti-PRRSV effect by targeting HSPA8 and HSP90AB1. The results of real-time
fluorescent quantitative PCR and western blot showed that infection with PRRSV
induced a significant increase in the expression of HSPA8 and HSP90AB1 whereas
matrine treatment could significantly reverse it, and the number of viruses of
PRRSV also decreased. In this study, the method of network pharmacology was
used to explore HSPA8 and HSP90AB1 which were the potential targets of
matrine against PRRSV on Marc-145 cells.

INTRODUCTION

The “"mystery swine disease” was first discovered in the United States and was later well-defined as porcine
reproductive and respiratory syndrome (PRRS). In addition, its causative agent was a porcine reproductive
and respiratory syndrome virus (PRRSV)." In 1996, the first discovery of PRRSV and the existence of PRRS
was confirmed in China. From the years 2006-2016, the prevalent strain of PRRSV in China gradually pro-
gressed from HP-PRRSV to NADC34-like PRRSV.?* Researcher Fang founded in an epidemiological survey
from the years 2017-2021 that the prevalent strain in southern China was still HP-PRRSV and the phenom-
enon of mixed infection of different types of straining widely exists in large-scale farms.® The significant
method to control PRRS is to immunize pigs with vaccines. However, because of the immunosuppressive
characteristics of PRRSV, the effect of vaccine immunization is limited.® Therefore, the progress of a new
type of anti-PRRSV drug has become the focus of researchers.

Natural compounds derived from traditional Chinese medicine that has antiviral effects and have become
the hotspot.”® Matrine is an alkaloid extracted from the rhizomes of Sophora Radix and Rhizoma Sophorae.
Our previous research has confirmed that matrine possessed anti-PRRSV activities both in vitro and in vivo
and its antiviral mechanisms involve inhibiting PRRSV replications, directly inactivating PRRSVY, and inter-
fering with PRRSV-induced apoptosis.” However, because of the lesser known specific targets, the antiviral
mechanisms of matrine’s anti-PRRSV action have not yet been explained clearly.

In this study, network pharmacology combined with molecular docking was used to screen potential tar-
gets of matrine for its anti-PRRSV effect and matrine was used to treat PRRSV-infected Marc-145 cells to
validate the predicted results.

RESULTS
Anti-PRRSV targets of matrine

259 potential targets of matrine were collected through the PharmMapper database (Table S1). 824
PRRS-related disease targets were collected through the Comparative Toxicogenomics Database
(CTD) (Table S2). Finally, by taking the intersection of the above drug targets and disease targets,
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Table 1. The potential targets of matrine anti-PRRSV

Number Gene symbol Number Gene symbol Number Gene symbol
1 ACTA1 10 HMOX1 19 NOS2

2 ALB " HNF4A 20 PARP1

3 AR 12 HSP90AB1 21 PIK3CG

4 CASP3 13 HSPAS 22 PPARG

5 CASP7 14 IGF1 23 PTGS2

6 CAT 15 MAPK14 24 RORA

7 FABP3 16 MAPK8 25 STAT1

8 FABP4 17 MDM2 26 THRB

9 GSK3B 18 MET

a total of 26 potential targets related to the anti-PRRSV effect of matrine were obtained (Table 1,
Figure 1).

PPI network of targets

Twenty-six potential targets were input into the String database, the "Organisms” was set as “"Homo sapi-
ens”, and then the protein interaction network was productivity (Figure 2A). Cytoscape 3.7.2 software was
used to construct a PPl network. After topological analysis of the network, the core target screening criteria
were set as Degree Un-Dir >11.04. A total of 12 core targets were obtained, such as (Figure 2B) within the
range of the red box: ALB, CASP3, MAPKS, IGF1, CAT, MAPK14, MDM2, PPARG, GSK3B, PTGS2, AR, and
HSPY0AB1.

GO and KEGG pathway analysis

Twenty-six potential targets were entered in the DAVID database, and a total of 202 GO enrichment results
were obtained (Table S3). The enrichment results were sorted according to the p-value, and the top 10 re-
sults were selected for plotting (Figure 3A). Biological processes mainly involved for “response to the drug”
and "response to xenobiotic stimulus”. For cell components, proteins associated with “nucleoplasm” and
“nucleus” were abundantly enriched. Molecular function, for the target proteins were mainly closely related
to “enzyme binding” and “identical protein binding”. A total of 74 pathways were obtained by KEGG
pathway analysis (Table S4). After sorting according to the p-value, the top 10 signaling pathways were
selected for mapping (Figure 3B). Matrine’s anti-PRRSV targets were mainly concentrated in the “IL-17
signaling pathway” and "TNF signaling pathway”. Finally, we prepared the Network and Type files that
can define “matrine-core target-pathway”, and input Cytoscape 3.7.3 software to build the network (Fig-
ure 4). The results of the network topology analysis showed that there were 21 network nodes, 59 network
edges, 0.281 network densities, 4 network diameters, 2 network radii, 0.242 network centralizations, 0.413
network heterogeneity, 420 shortest paths, 1.981 lengths of the characteristic path, and the average num-
ber of neighbors were 5.619. The key targets screening criteria were set as Degree Un-Dir > 5.619. A total of
5 key targets were obtained, such as: CASP3, GSK3B, HSP90AB1,MAPK14 and MAPKS.

Molecular docking

Using AutoDockTools 1.5.6 software for molecular docking, the interaction and binding mode of target
proteins and matrine can be explained at the molecular level. The matrine was docked into the active
pocket of the protein and the theoretical binding mode was displayed using PyMOL software (Figure 5).
The binding free energies of matrine to HSP90AB1 and HSPA8 were —8.52 kcal/mol and —5.47 kcal/mol,
respectively (Figure 6). The results showed that matrine can bind tightly to HSP90AB1 and HSPAS.

Determination of mRNA/protein expression of HSPA8, HSP90AB1, and PRRSV N

After virus infection was compared with the cell control group, the expression of the PRRSV N gene was
significantly increased (p< 0.05). The PRRSV N gene copies of MVH, MVM and MVL groups were signifi-
cantly reduced compared to the virus control group (p< 0.05) (Figures 7A, 7D and 7G) with the prolonged
incubation time of matrine and PRRSV, the mRNA expression of HSPA8 and HSP90AB1 in the virus control
group gradually increased compared with the cell control group, and the difference was resulted signifi-
cant (p< 0.05) compared with the virus control group, the mRNA expression of HSPA8 and HSP90AB1 in
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Figure 1. Intersection of matrine targets and disease targets related to porcine reproductive and respiratory
syndrome
See also Tables ST and S2.

each groups of MVH, MVM and MVL were significantly decreased (p< 0.05) (Figures 7B, 7C, 7E, 7F, 7H
and 71).

At different treatments period points, compared with the cell control group, the PRRSV N protein expres-
sion in the virus control group was significantly increased (p< 0.05), and there was a trend of increasing
PRRSV N protein expression with the prolongation of treatment time. Compared with the virus control
group, the expression of PRRSV N protein in each group of MVH, MVM and MVL were significantly
decreased (p< 0.05), indicating that matrine can inhibit the replication of PRRSV. At 48 h and 72 h of treat-
ment, the expression of HSPA8 and HSP90AB1 in MVH, MVM and MVL groups were significantly decreased
compared with the virus control group, respectively (p< 0.05) (Figures 8B and 8C). The above results indi-
cated that PRRSV infection of Marc-145 cells would encourage the expression of HSPA8 and HSP90AB1 to
promote virus infection of cells. After matrine treatment, the expression of HSPA8 and HSP?0AB1 proteins
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Figure 2. PPI network

(A) Protein interaction network diagram of 26 potential targets.

(B) The 12 core target proteins that have been screened, highlighted in the red box. The core target screening criteria
were set as Degree Un-Dir >11.04.

were decreased, as compared to the expression of PRRSV N. Later, these confirmed the correlation be-
tween HSPA8, HSP90AB1, and matrine’s anti-PRRSV effect on Marc-145 cells, respectively.

DISCUSSION

PRRS, which was caused by PRRSV infection, is an acute, contact animal infectious disease with high
morbidity, high infectious rate, and high mortality. Owing to the immunosuppressive properties of
PRRSV, the current antiviral therapy is ineffective, so it is of great significance to develop new and effective
anti-PRRSV drugs.'” Various earlier studies have shown that matrine can achieve the anti-PRRSV effect by
directly inactivating the virus in vitro and interfering with PRRSV-induced apoptosis, but the target of ma-
trine for its antiviral effect is not yet clear. Drugs and diseases are linked by targets screened by network
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Figure 3. GO enrichment analysis and KEGG pathway analysis
(B) KEGG signal pathway analysis. The results of GO enrichment analysis and KEGG signal pathway analysis were arranged

(A) GO enrichment analysis.
in ascending order of p value, and the top 10 objects were selected successively. All p-values were less than 0.01.

See also Tables S3 and S4.
pharmacology. The research on the targets of TCM action will be promoted by network pharmacology with
massive biomedical data and continuously improving experimental techniques.'’ In this study, we have
used network pharmacology and molecular docking to predict and screen the anti-PRRSV targets of ma-
trine, and used matrine to treat PRRSV-infected Marc-145 cells to verify the reliability of the prediction.

org” provides information on the interaction between chemical exposures, genes and proteins, pheno-
iScience 26, 106371, April 21, 2023

The "PharmMapper database: https://www.lilab-ecust.cn/pharmmapper/” was founded on the pharmaco-
types and diseases, and includes more than 7,212 diseases, including animal disease PRRS."® In this study,

phore to identify potential targets of a given drug or natural compound.'? The “CTD: https://www.ctdbase.
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Figure 4. Network of “matrine-core target-pathway”
The blue, yellow and green color represent matrine, the core targets and the signal pathways, respectively. The key
targets screening criteria were set as Degree Un-Dir > 5.619.

26 anti-PRRSV targets of matrine were discovered through network pharmacology. Through the construc-
tion of the PPl network, “matrine-core target-pathway” network, and molecular docking screening
methods, HSPA8 and HSPY0AB1 were determined as the final target proteins. Both HSPA8 and
HSPP0AB1 belong to the heat shock proteins (HSPs). HSPs are classes of proteins that are widely present

Figure 5. Schematic diagram of the interaction between matrine and target proteins
(A) HSP90AB1, (B) GSK3B, (C) MAPKS, (D) MAPK14, (E) CASP3, (F) HSPA8. Molecular docking is done by AutodockTools.
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in both prokaryotes and in eukaryotes and are highly evolutionarily conserved.'* According to the molec-
ular weight of the protein, it can be divided into HSP90, HSP70, HSP&0, and HSP40. HSPs are mainly
involved in the folding of newly synthesized polypeptides and proteins in cells, assisting in the assembly
of proteins and complexes, and the degradation of misfolded proteins.'” The protein HSPA8 not only
has the physiological function of a molecular chaperone, but also widely participates in regulating the
life cycle of various viruses.'® HSP70 and HSPA8 are key components of dengue virus (DENV) invading
C6/36 cells."” During PRRSV invasion of Marc-145 cells, HSPAS8 interacts with PRRSV GP4 to mediate
PRRSV adhesion and internalization through clathrin-dependent endocytosis (CME).'® In addition, heat
stress can antagonize the inhibition of PRRSV replication caused by HSP70 inhibitors. '

HSP90 plays an important role in the folding, maturation and activation of client proteins to maintain
the homeostasis of the intracellular environment.”” In addition, HSP90 can also promote viral infection by
stabilizing viral proteins against their degradation by the ubiquitin-proteasome pathway or by autophagy-
mediated degradation pathways.”" Li et al. reported that HSP90AB1 is a class of molecular chaperones neces-
sary to maintain MERS-CoV nucleoprotein stability.”” In HSP9OAB1 gene knockout experiments, it was found
that HSP90AB1 is involved in the immune and inflammatory responses of porcine-delta coronavirus (PDCoV)
infected 293 T cells.”® Li et al. have discovered the mechanism by which encephalon myocarditis virus
(EMCV) utilizes HSP90AB1 to promote viral proliferation: EMCV VP2 hijacks HSP90AB1 to induce upregulation
of HSP90AB1 expression to inhibit the activation of IFN-p signaling pathway.”

In addition to the research that HSPA8 and HSP90AB1 are involved in the viral life process alone, re-
searchers also pay attention to the viral infection process that they both participate in. HSPA8 and
HSP0AB1 are jointly involved in the infection process of the human enterovirus 71 (EV-71), and HSPA8
is involved in the assembly and release of progeny viruses.””> HSP90AB1 inhibitors can reduce the stability
of EV-71 capsid protein and affect the infectivity of the virus.”* HSP70 and HSP90 can act as receptor com-
plexes of macrophages to participate in the invasion of the dengue virus (DENV). Heat stress-induced up-
regulation of HSP70 and HSP90 can promote the invasion of the virus.?” After treatment with inhibitors, the
viral load can be significantly reduced.”® HSPA8 and HSP90 can form a complex with the non-structural pro-
tein 5A of the hepatitis C virus (HCV) to affect the replication of the virus. Inhibiting the formation of the
complex will affect the assembly of the progeny virus and inhibit the replication of HCV.?”*°

All of the above studies have demonstrated that HSPA8 and HSP90AB1, individually or together, are exten-
sively involved in different stages of the life cycle of various viruses. In this study, the changes in HSPA8 and
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Figure 7. The expression of PRRSV N, HSPA8 and HSP90AB1 mRNA in Marc-145 cells treated with different
treatments

Effects of high, middle and low doses of matrine on the expression of PRRSV N, HSPA8 and HSP90ABT mRNA in Marc-145
infected with PRRSV for24 h (A, B, C), 48 h (D, E, F)and 72 h (G, H, I). All data were expressed as mean + standard errors of
the mean (mean + SEM), where n represented the number of groups in the experimentand n=5. “a, b, ¢, d, "
represented a significant difference between different columns (p< 0.05).

HSPP0AB1 mRNA and proteins were detected by gRT-PCR and western blot. From the present study, the
results showed that compared with the cell control group, the expression of HSPA8 and HSP90ABT mRNA
and proteins were significantly increased by virus infection. After treatment with matrine, the expressions of
HSPA8 and HSP90AB1 were significantly decreased with the prolongation of treatment time, indicating
that HSPA8 and HSP90AB1 are closely related to matrine’s anti-PRRSV effect. The findings remind re-
searchers that heat shock proteins, ancient and evolutionarily conserved proteins, should be re-examined
not only for theirimportantrole in intracellular homeostasis, but also for their close connection with the viral
life cycle. This reflects the potential of HSPs as targets for antiviral drugs.

Limitations of the study

In this work, the prediction results of the potential targets of matrine are limited by the contents included in
the database. With the deepening of the research on the targets of matrine, the prediction results of
network pharmacology are expected to be more accurate. In this study, the application of the Marc-145
cell model infected with PRRSV was a convenient method of study, but the application of porcine alveolar
macrophages (PAMs) was necessary for an in-depth study.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
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Figure 8. Expression levels of PRRSV N, HSPA8 and HSP90AB1 after Marc-145 infection with PRRSV at different time

points

(A) 24 h, (B) 48 h and (C) 72 h. All data were expressed as mean + standard errors of the mean (mean + SEM), where n
represented the number of groups in the experimentandn=5."a, b, ¢, d, e” represented a significant difference between

different columns (p< 0.05).
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Mouse monoclonal anti-PRRSV N

Goat anti-Mouse HRP-conjugated Antibody
Goat anti-Rabbit HRP-conjugated Antibody

Proteintech Group
ABclonal

Abcom

LvDU

Bioss

Bioss

RRID: AB_2107436

Cat#A14001; RRID: AB_2313773
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Isolated from one suspected PRRSV
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National Institutes for

Food and Drug Control
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Experimental models: Cell lines
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Drug Control

N/A
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This paper
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Software and algorithms
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Na Sun (snzh060511@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability
® All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

Monkey Embryonic Kidney Epithelial Cells (Marc-145) was purchased from China Institute of Veterinary
Drug Control (China) cultured with Dulbecco’s Modified Eagle Medium (DMEM) (Hyclone, USA) at 37°C
and 5% CO,. Matrine (110805-201709) was purchased from National Institutes for Food and Drug Control
(China) and the purity was 98.7% detected by HPLC; PRRSV was amplified and preserved by our laboratory,
and the virus titer of 107-**TCIDso/mL was determined by the Reed-Muench method on Marc-145 cells and
10>4*TCIDso/mL PRRSV were used in this experiment.”’

METHOD DETAILS

Anti-PRRSV targets of matrine

The 3D Conformer SDF file of the chemical structure of matrine was obtained from the “PubChem data-
base® : https://pubchem.ncbi.nlm.nih.gov/” upload the SDF file of matrine and keep the default options
of the "PharmMapper database: http://www.lilab-ecust.cn/pharmmapper/”. Then the top 300 drug targets
with the highest scores can be obtained. And the target gene was annotated by the “UniProt database™:
http://www.uniprot.org/”. In the :CTD: https://ctdbase.org/”, “porcine reproductive and respiratory syn-
drome” was used as the keyword to search for relevant disease targets. Finally, the anti-PRRSV targets
of matrine can be obtained after the intersection of the drug and the disease targets.

PPI network

Import matrine anti-PRRSV targets into the “String database®: https://string-db.org/” to obtain PPl and
TSV files. Open the TSV file by Cytoscape 3.7.2 software® to generate a protein interaction network,
and perform topological analysis on the network to obtain core targets.

GO and KEGG pathway analysis

The anti-PRRSV targets of matrine were imported into the "DAVID database™: https://david.ncifcrf.gov/”
for GO and KEGG pathways analysis. The analysis results were sorted in descending order according to the
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number of participating genes, the significance level was set to p< 0.05, and the top 10 analysis results were
plotted respectively. Finally, the “matrine-core target-pathway” network was constructed using Cytoscape
3.7.2 software, to obtain key targets.

Molecular docking

Open the 3D Conformer SDF file of matrine with AutoDockTools 1.5.6,°¢ delete water molecules, add
hydrogen atoms and charge were in turn, describe it as a ligand and save it as a pdbqt file. The 3D structure
pdb files of CAPS3 “PDB: 2J32°", GSK3B “PDB: 106L*'", HSP90AB1 “PDB: 6N8Y**”, MAPK8 “PDB:
2XRW*”, HSPA8 "PDB: 5AQM**", and MAPK14 “PDB: 2FST**" obtained from the "RCSB Protein Data
Bank®?: https://www.rcsb.org/” were opened with AutoDockTools 1.5.6, and their structures were edited
and defined as receptors and saved as pdbqt files. The semi-flexible docking method was used to dock
the ligand and receptor, selected the conformation with the lowest docking binding energy for output
and analysis, and finally use PyMol software® to generate the image.

Construct experimental model

For medium exchange treatment of monolayer Marc-145 cells grown in 6-well plates, add the culture me-
dium of different treatment groups: Cell control / K (2% DMEM), Virus control / V (2% DMEM supplemented
with PRRSV), MVH (2% DMEM supplemented with PRRSV+0.75 mg/mL MT), MVM (2% DMEM supple-
mented with PRRSV+0.365 mg/mL MT), and MVL (2% DMEM supplemented with PRRSV+0.1875 mg/mL
MT). After 24 h, 48 h, and 72 h incubation with matrine and PRRSV, Marc-145 from all groups were collected
RNA and protein were extracted to determine the HSPA8 HSP90AB1 and PRRSV N mRNA / protein
expression.

qRT-PCR

Total RNA was extracted from Marc-145 cells according to the Trizol instruction manual, and then cDNA
was synthesized using Prime Script ™ RT reagent Kit with gDNA Eraser. Set up qRT-PCR reactions using
SYBR Green Low ROX gPCR Master Mix. A standard curve was generated using serially tenfold diluted
plasmid containing and PRRSV N gene and the mRNA expression of GAPDH was used as a relative refer-
ence for each experiment.

Western blot analysis

Collected and washed the cells of each treatment groups with PBS, fully lyse the cells with RIPA buffer sup-
plemented with 1% protease inhibitor and 1% phosphatase inhibitor, vortex and centrifuge to collect the
supernatant, which was the total cell protein. After measuring the protein concentration using the BCA pro-
tein concentration assay kit, and the protein sample was thoroughly mixed with 4xLDS Sample Buffer and
then denatured at 95°C for 5 min. Followed by: SDS-PAGE electrophoresis to separate protein samples,
transfer protein from gel to PVDF membrane, 5% non-fat milk powder for non-specific background block-
ing, primary antibody incubation, secondary antibody incubation, ECL substrate catalytic luminescence,
and X-ray film detection of protein bands. GAPDH which was used as the reference protein.

QUANTIFICATION AND STATISTICAL ANALYSIS

The screening criteria for core targets in PPl network was set as Degree UnDir > 11.04.

The results of GO enrichment analysis and KEGG signal pathway analysis were arranged in ascending order
of p value, and the top 10 objects were selected successively. All p values were less than 0.01.

The screening criteria for key targets in Network of “matrine-core target-pathway” was set as Degree
UnDir > 5.619.

All data were expressed as mean + standard errors of the mean (mean + SEM), where n represented the
number of groups in the experiment and n=5. The analysis was performed using “"One-way ANOVA" in
GraphPad Prism version 8 software, and “Compared the mean of each column with the mean of every other
columns” were selected for the analysis of differences between groups. “a, b, ¢, d, e"” represented a signif-
icant difference between different columns (p< 0.05).
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