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Abstract 

Background Glaesserella parasuis elicits severe inflammatory responses and vascular damage, thus resulting in high 
mortality and morbidity in pigs; consequently, early diagnosis and treatment are critical to controlling economic 
losses. MicroRNAs (miRNAs) have been demonstrated to be involved in vascular endothelial inflammation. Baicalin 
is an effective Chinese medicinal herb with anti-microbial, anti-inflammatory, and anti-oxidant activity. Probene-
cid has activity toward multiple mammalian biological processes. Herein, we compared the effects of baicalin 
and probenecid on the miRNA expression profiles of porcine aortic vascular endothelial cells (PAVECs) infected with G. 
parasuis.

Results We identified 277 known miRNAs and 540 novel miRNAs. Twelve miRNAs were significantly differentially 
expressed in PAVECs after G. parasuis infection. Both baicalin and probenecid affected the miRNA expression profiles 
in G. parasuis-infected PAVECs but showed different modulation patterns. Ssc-miR-27b-5p and ssc-miR-1842 were 
the top differentially expressed miRNAs (DEmiRNAs) in baicalin group comparing to control group. Ssc-miR-9851-3p 
and ssc-miR-1296-5p were the top DEmiRNAs in probenecid group. And Ssc-miR-127, ssc-miR-1842, and ssc-miR-
9810-3p were the top DEmiRNAs between the baicalin group and probenecid group, as validated by qRT-PCR. The 
target genes of DEmiRNAs between various groups were subjected to KEGG and GO enrichment analyses. Hemat-
opoietic cell lineage, insulin resistance, and AMPK signaling pathway were the top significantly enriched pathways 
associated with the target genes of DEmiRNAs in G. parasuis-infected PAVECs pretreated with baicalin; in contrast, 
B cell receptor, T cell receptor, and HIF-1 signaling pathways predominated in G. parasuis-infected PAVECs treated 
with probenecid. We additionally constructed co-expression and protein–protein interaction networks based 
on the differentially expressed target genes of miR-127, miR-1842, and miR-9810-3p.

Conclusion Our findings suggested that baicalin and probenecid regulated miRNAs associated with vascular 
inflammation and damage, but showed different modulation patterns. This report provided the first comparison 
of the effects of baicalin and probenecid on G. parasuis-infected PAVECs, and might aid in the development of novel 
biomarkers and therapeutic targets to control G. parasuis infection.
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Background
Glaesserella parasuis (G. parasuis), a commensal bacte-
rium in the porcine upper respiratory tract, is the etio-
logical agent of Glässer’s disease, causing polyserositis, 
meningitis, and arthritis, particularly in young piglets 
under stressful conditions [1, 2]. G. parasuis elicits severe 
inflammatory responses and results in high mortal-
ity and morbidity, thus leading to large economic losses 
in the swine industry [3]. G. parasuis infection is initi-
ated through bacterial invasion of host cells, evasion of 
macrophage phagocytosis, and resistance to comple-
ment-mediated bactericidal activity and inflammatory 
responses [4]. However, the pathogenesis of G. parasuis is 
poorly characterized. Although antibiotics are commonly 
used in the swine industry to control Glässer’s disease, 
antibiotic resistance is an increasing problem worldwide 
[5]. Thus, new antibiotic substitutes must urgently be 
explored to control and prevent G. parasuis infection.

Baicalin, a major component isolated from Scutel-
laria baicalensis Georgi (Huangqi), is an effective Chi-
nese medicinal herb with extensive pharmacological 
effects, including anti-microbial [6, 7], anti-inflammatory 
[8–10], anti-oxidant [11, 12] and anti-tumor [13] activi-
ties. Baicalin has been reported to attenuate lupus auto-
immunity by inhibiting mTOR signaling activation, and 
regulating the differentiation of Tfr cells and Tfh cells 
[9]. Baicalin also modulates macrophage transformation 
from pro-inflammatory to anti-inflammatory subsets, 
and decreases inflammation by inhibiting the JAK/STAT 
pathway [8]. Recent studies have demonstrated that 
baicalin attenuates lipopolysaccharide (LPS)-induced 
inflammation by inhibiting expression of CD14 and acti-
vation of the TLR4/NF-κB p65 pathway [14], as well as by 
regulating the expression of miR-181b and HMGB1 [15]. 
In a previous study, we have demonstrated that baicalin 
suppresses reactive oxygen species production, apopto-
sis, and the NLRP3 and NF-κB signaling pathways during 
G. parasuis infection of porcine aortic vascular endothe-
lial cells (PAVECs), thus inhibiting G. parasuis-induced 
inflammation [16]. We have also demonstrated that bai-
calin modifies the expression profiles of long non-coding 
RNAs (lncRNAs), microRNAs (miRNAs), and mRNAs, 
and consequently regulates inflammatory signaling path-
ways in G. parasuis-infected PAVECs [10, 17].

Probenecid is a competitive inhibitor of organic acid 
transport in the kidneys and other organs [18]. The pri-
mary clinical uses for probenecid are as a uricosuric agent 
in the treatment of gout. Probenecid has been found to 
decrease the renal excretion of antibiotics, specifically 
penicillin [19, 20]. Because of its lack of adverse effects, 

probenecid is a valuable pharmacological tool in clini-
cal and basic research. Probenecid has been reported to 
interfere with the function of pannexin-1 cellular mem-
brane channel and increase sperm motility in men with 
spinal cord injury [21]. Recent studies have suggested that 
probenecid also has neuroprotective activity, and may be 
a new treatment option for neurological disorders [22–
24]. Furthermore, probenecid has anti-inflammatory and 
anti-nociceptive functions in the central nervous system 
[22]. Probenecid has recently been reported to effectively 
inhibit replication of SARS-CoV-2, influenza virus, and 
respiratory syncytial virus [25, 26]. Moreover, probenecid 
has been reported to decrease infection and inflamma-
tion in acute Pseudomonas aeruginosa pneumonia [27]. 
In addition, co-administration of probenecid with sulo-
penem has been used to treat urinary tract infections by 
multidrug-resistant bacteria [28]. Probenecid has broad 
activity toward multiple mammalian biological processes. 
However, whether probenecid might have similar effects 
to those of baicalin in regulating inflammation responses 
after G. parasuis infection in PAVECs was unknown.

MiRNAs are short endogenous RNAs (19–25 nucleo-
tides) that post-transcriptionally regulate the silencing 
of target genes [29]. A single miRNA can influence the 
expression of many genes and participate in multiple 
functional pathways by targeting hundreds of mRNAs 
[30]. MiRNAs have been shown to target key pathogenic 
pathways involved in the inflammatory response and 
thus are an exciting area of research [31, 32]. They have 
also been found to regulate the expression of target genes 
involved in the intestinal barrier in inflammatory bowel 
disease [33]. In addition, miRNAs suppress fibroblast 
proliferation and promote fibroblast inflammation during 
cardiac injury [34]. Furthermore, miRNAs play impor-
tant roles in modulating mucosal defense, homeostasis, 
and inflammatory responses in mucosal inflammation 
[35]; and in inflammatory responses in human placentas 
under preeclampsia and intrauterine growth restriction 
[36]. Recent reports have indicated that miRNAs restrict 
vascular endothelial inflammation in atherosclerosis 
[37, 38]. Thus, miRNAs might potentially have impor-
tant roles in regulating inflammation during G. parasuis 
infection of PAVECs and serve as biomarkers for the con-
trol of G. parasuis infection and vascular inflammation. 
These possibilities warrant further investigation.

Therefore, in the present study, we used a por-
cine model of Glässer’s disease based on infection of 
PAVECs with a highly virulent G. parasuis strain. To 
explore the potential functions of baicalin and probene-
cid on Glässer’s disease, we used next generation 
sequencing to compare the effects of these drugs on 
the miRNA expression profiles in G. parasuis-infected 
PAVECs. Our findings would enhance understanding 
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of the molecular mechanisms and effects of baicalin 
and probenecid on vascular damage and inflammation, 
and provide a basis for developing new biomarkers and 
therapeutic targets for G. parasuis infection.

Materials and methods
Bacterial strain and drugs
G. parasuis strain SH0165, serovar 5, was a gift from 
State Key Laboratory of Agricultural Microbiology, 
Huazhong Agricultural University (Wuhan, China). 
The strain was isolated and cultured in tryptic soy 
broth (Difco Laboratories, Franklin Lakes, NJ, USA) 
or tryptic soy agar (Difco Laboratories) supplemented 
with nicotinamide adenine dinucleotide at 10  μg/mL 
(Sigma-Aldrich Corporation, St. Louis, MO, USA) and 
10% fetal calf serum (Gibco, Carlsbad, CA, USA) at 
37 °C, as previously described [39].

Baicalin was obtained from the National Institutes 
for Food and Drug Control (Beijing, China; B110715-
201318). Before use, the baicalin was diluted to 500 μg/
mL in Roswell Park Memorial Institute-1640 medium 
(Gibco), to serve as a working solution. The final baica-
lin concentration in the culture medium was 50 μg/mL.

Probenecid was purchased from Selleck.cn (Shang-
hai, China; S4022) and dissolved in DMSO (Sigma; 
4540) to a concentration of 100 mM, to serve as a work-
ing solution. The final probenecid concentration in the 
culture medium was 100 μM.

Porcine aortic vascular endothelial cell isolation 
and culture
This study was approved by the Animal Care and Use 
Committee of Wuhan Polytechnical University, Hubei 
Province, China (WPU202303002). All experimental 
animals were euthanized intravenously with pellto-
barbitalum natricum at the dosing of 80  mg/kg body 
weight before dissection.

Three 30-day-old naturally farrowed weaning 
Duroc × Landrace × Large white piglets, weighing 
6–8  kg, were obtained from Wuhan COFCO Meat 
Product Co. Ltd. (Wuhan, China) and used for PAVEC 
isolation. All piglets tested negative for G. parasuis 
infection, according to an indirect enzyme-linked 
immunosorbent assay detecting specific antibodies 
against G. parasuis (INGEZIM Haemophilus 11. HPS. 
K1; Inmunología y Genética Aplicada S.A. (INGE-
NASA), Madrid, Spain). The pigs were anaesthetized 
with nembutal at 80  mg/kg body weight (Qingdao Jis-
skang Biotechnology, Qingdao, China) through intrave-
nous injection. PAVECs were isolated and cultured as 
previously described [10, 16].

Drug treatment and G. parasuis infection
On the basis of our previous infection model experi-
ment, an MOI of 1:1 was used to construct the model 
for the inflammatory response triggered by G. par-
asuis infection [16]. PAVECs (1 ×  106) were seeded into 
24-well plates (Costar, Corning Incorporated, Corning, 
NY, USA) and pretreated with baicalin at a final concen-
tration of 50 μg/mL 1 h before 1 ×  106 CFU G. parasuis 
infection, or treated with probenecid at a final concentra-
tion of 100  μM concurrently with G. parasuis infection 
(1 ×  106 CFU). Subsequently, all PAVECs were cultured at 
37 °C under 5%  CO2 for 12 h. We examined four experi-
mental groups: group 1: PAVECs treated with M-199 
medium (negative control); group 2: G. parasuis-infected 
PAVECs without drug treatment (infection control); 
group 3: G. parasuis-infected PAVECs with baicalin pre-
treatment (baicalin group); group 4: G. parasuis-infected 
PAVECs with probenecid treatment (probenecid group). 
Each group included three individual replicates. After 
12 h of culture, all cells were harvested and washed five 
times with 1% sterile phosphate-buffered saline before 
RNA-sequencing.

Small RNA library construction and sequencing
Total RNA from PAVECs was extracted with an mirVana 
miRNA Isolation Kit (Invitrogen, USA). RNA quality was 
assessed with an Agilent Bioanalyzer 2100 instrument 
(Agilent Technologies, USA). After quality control, total 
RNA was purified with an RNACleanXP Kit (Beckman 
Coulter, USA) and RNase-Free DNase Set (QIAGEN 
GmBH, Germany).

The small RNA library was constructed by addition 
of 3´-end and 5´-end adapters, and reverse transcrip-
tion was performed with an NEBNext Multiplex Small 
RNA Library Prep Set for Illumina (NEB, USA). Purified 
libraries were quantified with a Qubit 2.0 fluorometer 
(Invitrogen, USA), and the quality was determined with 
an Agilent Bioanalyzer 2100 instrument (Agilent, USA) 
Single-end sequencing was performed with the Illumina 
HiSeqX platform (Illumina, USA).

MicroRNA sequencing data analysis
The raw data were filtered with the FASTX-Toolkit, ver-
sion: 0.0.13 (http:// hanno nlab. cshl. edu/ fastx_ toolk it/ 
index. html). After adapter trimming and removal of 
low-quality reads and short reads (< 15 nt), clean reads 
of 18–40 nt were aligned to the reference genome (Sus 
scrofa Scrofa 10.2.dna.toplevel.fa) with Bowtie software 
(https:// bowtie- bio. sourc eforge. net/ index. shtml). MiR-
NAs and other small RNAs were identified according 
to the information for known miRNAs in the miRBase 
database (https:// www. mirba se. org). After alignment, 

http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://hannonlab.cshl.edu/fastx_toolkit/index.html
https://bowtie-bio.sourceforge.net/index.shtml
https://www.mirbase.org
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non-miRNA reads (rRNA, tRNA, snoRNA, and snRNA) 
were discarded. The miRCat tool in the sRNA Toolkit 
package (http:// srna- workb ench. cmp. uea. ac. uk/ tools/ 
analy sis- tools/ mircat) was used to predict novel miRNAs.

Principal component analysis was used to analyze the 
relevance of the measured expression levels [40]. Differ-
entially expressed miRNAs (DEmiRNAs) were identified 
with edgeR [41], on the basis of a fold-change ≥ 2 and 
p-value ≤ 0.05, which was considered significant. Multi-
ple hypothesis tests were performed to compare the dif-
ferential expression among the four groups; the p-value 
threshold was determined according to the false discov-
ery rate (FDR). The miRNA reads were normalized by the 
trimmed mean of M values (TMM) and then converted 
to transcripts per million (TPM). The fold change was 
calculated according to the TPM value.

MicroRNA target prediction and functional analysis
The potential target genes of the DEmiRNAs were pre-
dicted with miRanda (http:// www. micro rna. org/ micro 
rna/ getDo wnloa ds. do). These target genes were then sub-
jected to GO [42] and KEGG [43] enrichment analyses. 
The target genes were mapped to each term within the 
GO database. GO terms with corrected p-values ≤ 0.05 
and KEGG pathways with q-values ≤ 0.05 were consid-
ered significantly enriched.

The co-expression network of the DEmiRNAs and their 
potential targets was constructed on the basis of detec-
tion of similar expression patterns. Pearson’s correlation 
coefficient and the corresponding p-value were deter-
mined with the WGCNA R software package (https:// 
horva th. genet ics. ucla. edu/ html/ Coexp ressi onNet work/ 
Rpack ages/ WGCNA/ index. html). For visual represen-
tation, only the strongest correlations (correlation coef-
ficient > 0.9 or < − 0.9 and p < 0.05) were retained to 
construct the co-expression network with Cytoscape 
software (https:// cytos cape. org).

The target genes of the DEmiRNAs were analyzed with 
the STRING database (https:// cn. string- db. org). A pro-
tein–protein interaction (PPI) network was built and vis-
ualized with Cytoscape software.

Quantitative RT‑PCR
Total RNA containing small RNA was isolated from 
PAVECs by using mirVana miRNA Isolation Kit (Invit-
rogen). Reverse transcription was performed with the 
Mir-X miRNA First-Strand Synthesis Kit (Takara, China). 
Quantitative real-time PCR (qRT-PCR) was performed 
as previously described, with U6 as the reference gene 
for miRNAs. To validate the reliability of the sequencing 
data, we also tested the relative expression levels of two 
differential coding genes (HBEGF and TOP2A). Primers 

used in this study are shown in Table 1, and the universal 
reverse primer was provided by the Mir-X kit.

Statistical analysis
The data are shown as mean ± SD. Differences were ana-
lyzed with two-tailed Student’s t-test. Differential expres-
sion with p < 0.05 was considered significant.

Results
General statistics of miRNA sequencing data
Deep sequencing was performed to explore miRNA 
expression profiles in PAVECs with the Illumina 
HiSeqX platform. A total of 19,990,406 ± 1,747,639 
raw reads from the negative control group (group 
1), 23,080,911 ± 2,168,993 raw reads from the infec-
tion control group (group 2), 21,461,310 ± 643,000 raw 
reads from the baicalin-treated group (group 3), and 
19,736,515 ± 808,521 raw reads from the probenecid-
treated group (group 4) were obtained (Table  2). After 
elimination of adapters and low-quality reads, clean reads 
were obtained, with a clean ratio ranging from 90.74% 
to 95.86% (Table  2). Furthermore, in the miRbase data-
base, we identified 14,256,004 ± 1,322,092 clean reads 
from the negative control group, 13,712,141 ± 1,551,808 
clean reads from the infection control group, 
12,933,168 ± 730,320 clean reads from the baicalin-
treated group; and 11,379,398 ± 298,186 clean reads from 
the probenecid-treated group (Table 2). The read length 
and count distribution in the four groups widely varied, 

Table 1 Primers used for qRT-PCR validation

Gene Nucleotide Sequence (5’−3’) Tm (°C)

ssc-miRNA-127 Forward CGT CGG ATC CGT CTG AGC 59.1

Reverse AGT GCA GGG TCC GAG GTA TT

ssc-miRNA-1842 Forward GCG TTG GCT CTG CGAGG 58.9

Reverse AGT GCA GGG TCC GAG GTA TT

ssc-miRNA-9810-3p Forward GCG AGC ACG CGG CCA 59.6

Reverse AGT GCA GGG TCC GAG GTA TT

ssc-miR-1296-5p Forward TTA GGG CCC TGG CTC CAT CTCC 64

Reverse AGT GCA GGG TCC GAG GTA TT

ssc-miR-27b-5p Forward AGA GCT TAG CTG ATT GGT 
GAACA 

59

Reverse AGT GCA GGG TCC GAG GTA TT

U6 Forward CTC GCT TCG GCA GCACA 60

Reverse AAC GCT TCA CGA ATT TGC GT

HBEGF Forward GGC AGA CCT GGA CCT TTT GA 59.7

Reverse CAC GTA CTT GCA CTC TCC GT

TOP2A Forward TCA AAC GAA ATG ACA AGC GAG 60

Reverse AAC TGA CCA ATG GGC TGT AAGA 

β-actin Forward TGC GGG ACA TCA AGG AGA AG 60

Reverse AGT TGA AGG TGG TCT CGT GG

http://srna-workbench.cmp.uea.ac.uk/tools/analysis-tools/mircat
http://srna-workbench.cmp.uea.ac.uk/tools/analysis-tools/mircat
http://www.microrna.org/microrna/getDownloads.do
http://www.microrna.org/microrna/getDownloads.do
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/index.html
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/index.html
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/index.html
https://cytoscape.org
https://cn.string-db.org
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ranging from 18 to 40 nt. From our result, small RNAs 
were abundant among the 21–23 nt reads, and were pre-
dominantly 22 nt, the typical size of dicer-derived prod-
ucts (Supplemental Figure S1).

Identification of known and novel miRNAs
Alignment to sequences of known miRNAs in the miR-
Base database led to identification of 277 known miRNAs 
(Supplemental Table  S1). The top ten most abundant 
miRNAs in the 12 libraries were ssc-miR-126-3p, ssc-
miR-126-5p, ssc-miR-125b, ssc-let-7f-5p, ssc-miR-16, 
ssc-let-7a, ssc-miR-21-5p, ssc-let-7c, ssc-miR-27b-3p, 
and ssc-miR-125a. In addition, 540 novel miRNAs with 
p < 0.05 were identified in our small RNA deep-sequenc-
ing libraries with the miRCat tool, 259 of which had 
p < 0.01 (Supplemental Table  S2). Of these 259 novel 
miRNAs, the top five most abundant miRNAs were 
novel.29, novel.234, novel.393, novel.449, and novel.534 
(Supplemental Table S2). Figure 1 shows the putative sec-
ondary structures of these five novel miRNAs. Differen-
tial expression analysis indicated that only novel.234 and 
novel.499 showed differential expression in the multiple 
comparison. Novel.234 was differentially expressed in 
group 3 vs. group 4, and had 1429 putative target genes, 
whereas novel.449 was differentially expressed in group 3 
vs. group 1, and had 5148 putative target genes (Supple-
mental Table S10).

Effects of baicalin on miRNA expression in G. 
parasuis‑infected PAVECs
To evaluate the effects of baicalin on the miRNA expres-
sion profile in G. parasuis-infected PAVECs, we first 

analyzed the differential miRNA expression between 
G. parasuis-infected PAVECs and un-infected PAVECs 
(group 2 vs. group 1). After normalization of the data, we 
identified 12 miRNAs that were significantly differentially 
expressed in G. parasuis-infected PAVECs compared 
with un-infected PAVECs: eight upregulated and four 
downregulated (fold change > 2, p < 0.05) (Fig.  2A, Sup-
plemental Table S3). In G. parasuis-infected PAVECs, the 
top two upregulated miRNAs were ssc-miR-146a-5p and 
ssc-miR-146a-3p, whereas the top two downregulated 
miRNAs were novel.257 and novel.258 (Supplemental 
Table  S3). In PAVECs pretreated with baicalin, com-
pared with those without baicalin pretreatment (group 
3 vs. group 2), six miRNAs were significantly differen-
tially expressed: three upregulated and three downregu-
lated (fold change > 2, p < 0.05) (Fig.  2B, Supplemental 
Table S4). Among these six DEmiRNAs, ssc-miR-27b-5p 
was the top upregulated miRNA, whereas ssc-miR-1842 
was the top downregulated miRNA (Supplemental 
Table S4).

Effects of probenecid on miRNA expression in G. 
parasuis‑infected PAVECs
To investigate the effects of probenecid on miRNA 
expression, we compared the miRNA expression pro-
files of G. parasuis-infected PAVECs with vs. without 
probenecid treatment (group 4 vs. group 2). Eight miR-
NAs were significantly differentially expressed between 
the probenecid-treated group (group 4) and infection 
group (group 2): seven upregulated and one downregu-
lated (fold change > 2, p < 0.05) (Fig.  2C, Supplemental 
Table  S5). Among these DEmiRNAs, ssc-miR-9851-3p 

Table 2 Statistical summary of high-throughput sequencing data in PAVECs

Group 1 (Control-1, 2, 3): PAVECs only;

Group 2 (GPS-1, 2, 3): G. parasuis-infected PAVECs (1 ×  106 CFU/mL);

Group 3 (GPS-BA50-1, 2, 3): G. parasuis-infected PAVECs with baicalin (50 μg/mL) pretreatment

Group 4 (GPS-Probenecid-1, 2, 3): G. parasuis-infected PAVECs with probenecid (100 μM) treatment

Sample ID Raw reads Clean reads Clean ratio (%) all reads miRbase rRNA tRNA snoRNA snRNA mRNA

Control-1 21,317,664 20,420,831 95.79% 17,135,824 15,067,759 353,410 8,777 84,226 10,227 245,294

Control-2 20,643,224 19,788,145 95.86% 16,994,591 14,969,822 367,404 16,957 74,960 9,607 239,383

Control-3 18,010,330 17,181,466 95.40% 14,569,083 12,730,432 353,265 18,977 67,925 8,034 218,701

GPS-1 25,200,618 23,890,022 94.80% 18,262,232 15,474,712 417,622 26,013 81,589 9,466 328,972

GPS-2 20,865,781 19,290,080 92.45% 15,007,824 12,551,362 414,145 39,460 78,651 9,012 317,496

GPS-3 23,176,334 21,062,104 90.88% 15,816,178 13,110,349 435,118 46,734 94,019 13,269 364,962

GPS-BA50-1 22,080,979 20,347,773 92.15% 16,288,025 13,167,179 369,733 20,997 104,084 11,596 362,788

GPS-BA50-2 20,797,277 19,120,467 91.94% 15,046,554 12,114,524 379,192 22,579 91,706 10,535 340,802

GPS-BA50-3 21,505,674 19,514,984 90.74% 15,996,383 13,517,800 231,179 9,527 74,920 9,690 312,795

GPS-Probenecid-1 20,131,413 18,983,658 94.30% 14,356,661 11,500,601 536,846 28,734 85,647 11,973 317,777

GPS-Probenecid-2 18,806,435 17,738,433 94.32% 13,551,893 11,039,696 413,543 22,660 79,748 9,988 287,821

GPS-Probenecid-3 20,271,696 18,505,175 91.29% 14,235,786 11,597,897 418,881 26,487 76,109 10,458 324,372
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and ssc-miR-1296-5p were the top upregulated miRNAs, 
whereas novel.437 was the only downregulated miRNA 
(Supplemental Table S5).

Comparison of effects between baicalin and probenecid
After confirming that both baicalin and probenecid 
modulated the miRNA expression profiles in G. paras-
uis-infected PAVECs, we further compared the effects of 
baicalin and probenecid treatment on the miRNA expres-
sion profiles in G. parasuis-infected PAVECs (group 3 vs. 
group 4). Six miRNAs were significantly differentially 
expressed in the baicalin-treated group (group 3) com-
pared with the probenecid-treated group (group 4): five 
downregulated and one upregulated (fold change > 2, 
p < 0.05) (Fig. 2D, Supplemental Table S6). Among these 
DEmiRNAs, ssc-miR-127 and ssc-miR-1842 were the top 
two downregulated miRNAs, whereas ssc-miR-9810-3p 
was the only upregulated miRNAs (Supplemental 
Table S6).

Target prediction and functional enrichment analysis
To better understand the functions of the DEmiRNAs, we 
predicted the interactions between these DEmiRNAs and 
their putative target genes with miRanda software [44]. A 
total of 7,904 putative target genes were predicted for the 
12 DEmiRNAs in G. parasuis-infected PAVECs (Supple-
mental Table  S7). A total of 5,574 putative targets were 
predicted for the six DEmiRNAs in the baicalin-treated 
group, whereas 11,418 putative targets were predicted 
for the eight DEmiRNAs in the probenecid-treated group 
(Supplemental Table  S8, S9). A total of 10,105 putative 
targets were predicted for the six DEmiRNAs between 
the baicalin-treated group and probenecid-treated group 
(Supplemental Table S10).

Different target-gene sets, the putative targets of 
DEmiRNAs from different comparisons, were used to 
perform GO and KEGG enrichment analyses. In the GO 
enrichment results from all four comparisons, cellular 
process, metabolic process, and single-organism pro-
cess were the top three terms in the biological process 

Fig. 1 Predicted secondary structures of the five most abundant novel miRNAs in pigs. The mature sequence is indicated in green
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category; cell, cell part, and organelle were the most 
abundant terms in the cellular component category; and 
binding and catalytic activity were the top terms in the 
molecular function category (Fig. 3A, C and Fig. 4A, C). 
However, the KEGG enrichment results varied among 
the group comparisons. In group 2 vs. group 1, the tar-
get genes of DEmiRNAs in G. parasuis-infected PAVECs 
were enriched primarily in the pathways of hematopoi-
etic cell lineage and proteoglycans in cancer signaling 
pathways (Fig. 3B). In group 3 vs. group 2, hematopoietic 
cell lineage, insulin resistance, and the AMPK signaling 
pathway were the most significantly enriched pathways 
associated with the target genes of DEmiRNAs in G. par-
asuis-infected PAVECs pretreated with baicalin (Fig. 3D). 
Notably, in group 4 (treated with probenecid) vs. group 
2 (infection control), the target genes of DEmiRNAs 
were associated primarily with the B cell receptor sign-
aling pathway, T cell receptor signaling pathway, HIF-1 

signaling pathway, and proteoglycans in cancer (Fig. 4B). 
In a comparison of the effects of baicalin and probene-
cid (group 3 vs. group 4), hematopoietic cell lineage and 
insulin resistance were the most significantly enriched 
pathways (Fig. 4D).

Co‑expression analysis of DEmiRNAs and their targets
To further explore the differential effects of baicalin 
and probenecid on G. parasuis-infected PAVECs, we 
selected the most affected DEmiRNAs (ssc-miR-127, ssc-
miR-1842, and ssc-miR-9810-3p) from the comparison of 
the baicalin group vs. probenecid group, and performed 
co-expression analysis on these miRNAs and their puta-
tive target genes. We first used the target genes show-
ing differential expression in any two-group comparison 
as an input. The results indicated that ssc-miR-127 was 
associated with 84 differentially expressed targets, 
ssc-miR-1842 was associated with 158 differentially 

Fig. 2 Volcano plots of the differentially expressed miRNAs (DEmiRNAs) in PAVECs. A DEmiRNAs in G. parasuis-infected PAVECs vs. control PAVECs. 
B DEmiRNAs in baicalin-treated PAVECs (group 3) vs. G. parasuis-infected PAVECs (group 2). C DEmiRNAs in probenecid-treated PAVECs (group 4) vs. 
G. parasuis-infected PAVECs (group 2). D DEmiRNAs in baicalin-treated PAVECs (group 3) vs. probenecid-treated PAVECs (group 4)
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expressed targets, and ssc-miR-9810-3p was associated 
with 17 differentially expressed targets (Fig.  5A). Sub-
sequently, we selected the target genes showing differ-
ential expression in only the comparison of the baicalin 
group vs. the probenecid group. The results indicated 
that ssc-miR-127 and ssc-miR-1842 were associated with 
24 differentially expressed targets, and ssc-miR-9810-3p 
was associated with four differentially expressed targets 
(Fig. 5B, Supplemental Table S11).

Protein–protein interaction network for the differentially 
expressed targets of DEmiRNAs
We next used the STRING database to analyze the func-
tional associations among the targets of the most affected 
DEmiRNAs (ssc-miR-127, ssc-miR-1842, and ssc-miR-
9810-3p) between the baicalin group and the probenecid 
group. Twelve differentially expressed target genes were 
identified in the PPI network (Fig.  6). The target genes 
encoding EXO1, DLGAP5, CEP55, SPC25, TOP2A, 
BARD1, E2F7, and UNG were interrelated, whereas 

HBEGF and CSF2 and SMPD3 and CHST3 were asso-
ciated with each other separately (Fig.  6A). The node 
degree was used to evaluate the crucial roles of proteins 
in the network, and the top connected proteins were 
found to be EXO1 and DLGAP5 (Fig. 6B).

Validation of differential expression by qRT‑PCR
The differential expressions of the top significant DEmiR-
NAs (ssc-miRNA-127, ssc-miRNA-1842, ssc-miR-
9810-3p, ssc-miR-1296-5p, and ssc-miR-27b-5p) and 
two significant coding genes (HBEGF and TOP2A) were 
validated in PAVECs by qRT-PCR. As shown in Fig. 7, the 
expression levels of ssc-miRNA-127, ssc-miRNA-1842, 
and ssc-miR-9810-3p, with respect to those in the G. par-
asuis infection group, were significantly upregulated after 
G. parasuis infection and significantly downregulated 
under probenecid treatment (Fig.  7). After treatment 
with baicalin, ssc-miRNA-127 and ssc-miRNA-9810-3p 
were significantly downregulated, but ssc-miRNA-1842 
showed no significant change between the baicalin group 

Fig. 3 GO and KEGG enrichment analyses of the target genes of DEmiRNAs miRNAs (I). A GO functional enrichment analysis of the target genes 
of DEmiRNAs in G. parasuis-infected PAVECs (group 2) vs. control PAVECs (group 1). B KEGG enrichment analysis of the target genes of DEmiRNAs 
in G. parasuis-infected PAVECs (group 2) vs. control PAVECs (group 1). C GO functional enrichment analysis of the target genes of DEmiRNAs 
in baicalin-treated PAVECs (group 3) vs. G. parasuis-infected PAVECs (group 2). D KEGG enrichment analysis of the target genes of DEmiRNAs 
in baicalin-treated PAVECs (group 3) vs. G. parasuis-infected PAVECs (group 2)
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and G. parasuis infection group (Fig.  7). The expres-
sion levels of ssc-miRNA-1296-5p and ssc-miRNA-
27b-5p showed the opposite trends of change with 
ssc-miRNA-127, ssc-miRNA-1842, and ssc-miR-9810-3p 
(Fig. 7). And the expression levels of HBEGF and TOP2A 
were consistent with the sequencing data (Fig. 7). How-
ever, all these findings will require further validation in 
future functional studies.

Discussion
G. parasuis infection is prevalent in swine populations, 
yet many cases remain undiagnosed, potentially leading 
to severe endothelial damage and systemic complications 
[1, 2]. This study compared the effects of baicalin and 
probenecid on the miRNA expression profiles in G. par-
asuis-infected PAVECs, providing a basis for the develop-
ment of new biomarkers and offering novel insights into 
the prevention and treatment of G. parasuis infection.

MicroRNAs have been reported to participate in 
the regulation of inflammatory responses in cancer 

[45] and to play important roles in restricting vascular 
endothelial inflammation in atherosclerosis [37, 38]. 
However, the roles of miRNAs in vascular damage and 
endothelial inflammation during G. parasuis infection 
in piglets were unclear. Moreover, a suitable antibiotic 
substitute is urgently needed to alleviate the inflam-
mation induced by G. parasuis infection in Glässer’s 
disease. Therefore, we used a porcine aortic vascu-
lar endothelial cell model to verify the mechanism of 
inflammatory damage caused by G. parasuis infection, 
and compared the effects of baicalin and probenecid 
on the expression profiles of miRNAs in G. parasuis-
infected PAVECs. We explored the potential functions 
of these two treatments on Glässer’s disease through 
next generation sequencing and bioinformatic analy-
sis. This study represents the first investigation into the 
comparative analysis of miRNA expression profiles in 
G. parasuis-infected PAVECs following treatment with 
either baicalin or probenecid, elucidating the differen-
tial effects induced by these two drugs.

Fig. 4 GO and KEGG enrichment analyses of the target genes of DEmiRNAs (II). A GO functional enrichment analysis of the target genes 
of DEmiRNAs in probenecid-treated PAVECs (group 4) vs. G. parasuis-infected PAVECs (group 2). B KEGG enrichment analysis of the target genes 
of DEmiRNAs in probenecid-treated PAVECs (group 4) vs. G. parasuis-infected PAVECs (group 2). C GO functional enrichment analysis of the target 
genes of DEmiRNAs in baicalin-treated PAVECs (group 3) vs. probenecid-treated PAVECs (group 4). D KEGG enrichment analysis of the target genes 
of DEmiRNAs in baicalin-treated PAVECs (group 3) vs. probenecid-treated PAVECs (group 4)
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Fig. 5 Co-expression network of DEmiRNAs (miR-1842, miR-127, and miR-9810-3p) and their corresponding target genes. A Co-expression 
of DEmiRNAs with their target genes showing differential expression in comparisons between any two groups. B Co-expression of DEmiRNAs 
with their target genes showing differential expression in only the baicalin group vs. probenecid group
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The top two upregulated miRNAs in G. parasuis-
infected PAVECs were ssc-miR-146a-5p and ssc-miR-
146a-3p, in agreement with our previous results [17]. 
miR-146a-5p has been reported to function as an anti-
inflammatory factor in porcine intestinal epithelial 
cells and to promote epithelial regeneration during LPS 
stimulation [46]. Furthermore, miR-146a-5p has been 
demonstrated to increase the level of autophagy, inhibit 
pyroptosis of microglia, and attenuate inflammatory 
pain through human umbilical cord mesenchymal stem 
cells [47]. Downregulation of miR-146a-3p has been 
found to attenuate lipopolysaccharide-induced acute 
lung injury, and to alleviate the inflammatory response 
and oxidative stress in the lungs in rats by mediat-
ing the NF-κB pathway [48]. On the basis of previous 
reports combined with our results, we speculated that 
miR-146a-5p and miR-146a-3p might play important 
roles in vascular damage and inflammation during G. 
parasuis infection. In future studies, we could validate 
the expression levels of miR-146a-5p and miR-146a-3p 
in a larger pig population and perform association 
analyses with Glässer’s disease, aiming to develop miR-
146a-5p and miR-146a-3p as biomarkers for the clinical 
diagnosis of Glässer’s disease.

Under baicalin treatment, ssc-miR-27b-5p was the 
top upregulated miRNA, and ssc-miR-1842 was the top 
downregulated miRNA with respect to the expression in 
the G. parasuis infection control group. Thus, ssc-miR-
27b-5p and ssc-miR-1842 might act as anti-inflammatory 
factors in the inflammatory response. miR-27b-5p has 
been reported to protect human umbilical vein endothe-
lial cells against apoptosis [49], inhibit the proliferation 
and invasion of cutaneous squamous cell carcinoma [50], 
and restrain the growth and metastatic behaviors of ovar-
ian carcinoma cells [51]. TLR4 and Lyn, target genes of 
miR-27b-5p, play critical roles in inflammation, tumor 
pathogenesis, and allergy [52, 53]. However, the effects 
of miR-1842 have not been described in prior studies. 
Under probenecid treatment, ssc-miR-1296-5p was the 
top upregulated miRNA with respect to the expression 
in the G. parasuis infection control group. According to 
previous studies, miR-1296-5p has tumor-suppressive 
functions by inhibiting the proliferation, migration, and 
invasion of human cancer cells [54–56]. Furthermore, 
the target genes of miR-1296-5p include CDK6, which 
is a member of nuclear CDKs and is considered to sup-
port the expression of proinflammatory mediators [57]. 
On the basis of prior findings and our results, we inferred 

Fig. 6 PPI for differentially expressed targets of DEmiRNAs (miR-1842, miR-127, and miR-9810-3p), based on STRING analysis. A PPI network 
constructed with 12 differentially expressed targets of miR-1842, miR-127, and miR-9810-3p. Nodes represent genes, and edges represent 
interactions. Node size represents the node degree. B Node degrees corresponding to each node in the network, which represent the interaction 
times for each node. The vertical axis shows the gene name, and the horizontal axis shows the node degree
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that both baicalin and probenecid might alleviate the G. 
parasuis-induced inflammatory response in PAVECs by 
promoting the expression of key miRNAs, and that miR-
27b-5p and miR-1296-5p might serve as new therapeutic 
targets for G. parasuis-induced inflammatory diseases. 
However, the detailed mechanisms require further study.

When we compared the effects of baicalin and probene-
cid, ssc-miR-127, ssc-miR-1842, and ssc-miR-9810-3p 
were the top affected miRNAs in G. parasuis-infected 
PAVECs. The functions of miR-1842 and miR-9810-3p 
had not been described in previous studies. miR-127 has 
been reported to suppress cell migration, invasion, and 

Fig. 7 qRT-PCR validation of differentially expressed genes. GPS: G. parasuis-infected PAVECs; GPS + baicalin: G. parasuis-infected PAVECs 
with baicalin pretreatment; GPS + probenecid: G. parasuis-infected PAVECs with probenecid treatment. #p < 0.05 and ##p < 0.01 vs. control; *p < 0.05 
and **p < 0.01 vs. G. parasuis-infected PAVECs
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proliferation in human cancers [58–60]. By targeting var-
ious transcription factors and adaptor proteins, miR-127 
promotes M1 polarization of macrophages—an impor-
tant process in immune system regulation—and regulates 
inflammatory responses [61]. In addition, miR-127 regu-
lates autophagy in the rat hypoxic-ischemic cortex by tar-
geting CISD1, a protein with key roles in regulating cell 
death and inflammation [62, 63]. Furthermore, another 
target gene of miR-127, lysine methyltransferase 5A, is 
involved in the maintenance of a healthy endothelium, 
through modulating levels of endothelial inflammatory 
factors in diabetic nephropathy [64, 65]. Consequently, 
we speculated that miR-127 might be a potential thera-
peutic target for G. parasuis-induced inflammatory 
responses.

In co-expression analysis, we identified several impor-
tant functional genes among the targets of DEmiRNAs, 
including colony-stimulating factor 2 (CSF2), heparin 
binding EGF like growth factor (HBEGF), exonuclease 
1 (EXO1), and DNA topoisomerase II alpha (TOP2A) 
(Fig.  5B). CSF2, a potent cytokine stimulating myeloid 
cells, induces strong inflammation in retinal degenera-
tion [66], and promotes the transition of macrophages 
from the M1 to the M2 phenotype in a mouse model 
of sepsis-induced acute kidney injury [67]. Moreover, 
HBEGF, produced by group 3 innate lymphoid cells, has 
been reported to attenuate TNF-mediated epithelial cell 
death and intestinal inflammation in mice [68]. Interest-
ingly, HBEGF and CSF2 were also found to interact with 
each other in the PPI network (Fig.  6A), thereby sug-
gesting that HBEGF and CSF2 might be coordinately 
regulated and participate in modulating the inflamma-
tory response in G. parasuis-infected PAVECs. In con-
trast EXO1 and TOP2A are important genes responsible 
for DNA replication and superhelix construction. EXO1 
resects DNA in the 5´−3´ direction and is involved in 
many genomic DNA replication processes, such as rep-
lication stress response, double strand break repair, mis-
match repair, nucleotide excision repair, and telomere 
maintenance [69]. TOP2A, a topoisomerase modulating 
the DNA superhelix structure, promotes cell migration, 
invasion, and epithelial-mesenchymal transition via acti-
vating PI3K/AKT signaling in cervical cancer [70]. We 
observed that EXO1 and TOP2A were two major inter-
acting proteins in the PPI network (Fig.  6). Therefore, 
perturbation of DNA replication and the DNA superhelix 
structure might potentially be major causes of the G. par-
asuis-induced inflammation in PAVECs. These findings 
may provide new directions in research aimed at identi-
fying potent therapeutic targets for Glässer’s disease.

In our study, baicalin and probenecid exhibited dis-
tinct regulatory patterns on miRNA expression in G. 
parasuis-infected PAVECs. The underlying reason might 

be attributed to the significant differences in anti-inflam-
matory mechanisms between baicalin and probenecid. 
Baicalin could inhibit the release of pro-inflammatory 
cytokines (such as TNF-α, IL-1β, and IL-6), thereby 
alleviating inflammatory responses [10]. It is reported 
that baicalin prevents LPS-induced activation of TLR4/
NF-κB p65 pathway and inflammation in mice via inhib-
iting the expression of CD14 [14]. And our previous work 
also proved that baicalin could suppress the activation 
of NF-κB, a crucial transcription factor in inflamma-
tory responses, consequently reducing the expression 
of inflammation-related genes in pig [16]. However, 
probenecid is a uric acid excretion promoter primarily 
used for the treatment of gout, but it also exhibits certain 
anti-inflammatory properties. One study demonstrated 
that probenecid effectively mitigates post-ischemic renal 
injury by synergistically inhibiting the Panx1/P2X7R axis, 
which inactivates NLRP3 inflammasome signaling and 
promotes Treg activation in ischemic renal tissues [71]. 
Thus, baicalin and probenecid may exert anti-inflamma-
tory effects through distinct signaling pathways, which 
involve different molecules, thereby leading to different 
impacts on miRNA expression in G. parasuis-infected 
PAVECs in the context of inflammation.

G. parasuis can clinically cause arthritis, meningitis, 
and polyserositis [1, 2]. However, these conditions are all 
associated with severe systemic inflammatory responses, 
with vascular inflammation being the central compo-
nent of the inflammatory process [1, 2]. Therefore, we 
aimed to investigate the inflammatory response induced 
by G. parasuis by focusing on the reactions of vascular 
endothelial cells. In future studies, we could validate 
the candidate biomarkers in larger pig populations, and 
expand our research to include multiple cell types and 
tissue samples to more comprehensively evaluate the sys-
temic impact of G. parasuis infection, particularly con-
sidering its effects on other organs. Besides, we plan to 
design experiments with sampling at various time points 
post-infection, followed by sequencing and functional 
validation, to investigate the dynamic progression of the 
infection. Although G. parasuis is more clinically preva-
lent in piglets due to their weaker immune systems, adult 
pigs are also susceptible to G. parasuis infection, and 
outbreaks in adult populations can result in even greater 
economic losses. Therefore, future studies should incor-
porate animal models across different age groups to fur-
ther explore the influence of age on infection dynamics 
and treatment effects.

Conclusion
We report the first evidence that both baicalin and 
probenecid modulate miRNA expression in G. par-
asuis-infected PAVECs. By comparing the effects of 
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baicalin and probenecid on miRNA expression profiles 
in PAVECs, we identified microRNA ssc-miR-27b-5p 
and ssc-miR-1842, hematopoietic cell lineage, insulin 
resistance, and the AMPK signaling pathways were sig-
nificantly affected by baicalin, whereas microRNA ssc-
miR-9851-3p and ssc-miR-1296-5p, B cell receptor, T cell 
receptor, and HIF-1 signaling pathways were significantly 
affected by probenecid. Our findings may serve as a basis 
for developing new biomarkers and therapeutic targets to 
control G. parasuis infection and may guide future func-
tional research.
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