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Abstract: Glaesserella parasuis (G. parasuis) can cause peritonitis in piglets. However, the pathogenesis
of peritonitis remains unclear. Baicalin has been shown to possess anti-inflammatory and anti-oxidant
functions. The aim of this study was to investigate the role of the PANX-1/P2X7 axis and the
P2Y6 signaling pathway in peritonitis induced by G. parasuis and the effect of baicain on the PANX-
1/P2X7 axis and P2Y6 pathway activation triggered by G. parasuis. A G. parasuis serovar 5 isolate
SH0165 strain was obtained from the lungs of commercially produced pigs which had the typical
symptoms of Glässer’s disease, namely arthritis, fibrinous polyserositis, hemorrhagic pneumonia,
and meningitis. Then, 35 piglets were randomly divided into five groups, each group containing
seven piglets. The groups consisted of a negative control group, an infection group, a 25 mg/kg
baicalin group, a 50 mg/kg baicalin group, and a 100 mg/kg baicalin group. The results showed
that G. parasuis could promote PANX-1/P2X7 axis and P2Y6 activation; induce NLRP3/caspase-1,
IL-1β and IL-18 expression; trigger PLC/PKC and MLCK/MLC signaling activation; attenuate the
expression of tight junction proteins ZO-1, E-cadherin, Occludins, and claudin 1; and stimulate CD14,
CD24, CD36, CD47, and CD91 expression in the peritoneum as measured via Western blot (p < 0.01;
PLC, p < 0.05). Baicalin could significantly inhibit PANX-1/P2X7 axis, P2Y6, and NLRP3/caspase-1
activation; reduce IL-1β and IL-18 expression; attenuate PLC/PKC and MLCK/MLC activation;
promote ZO-1, E-cadherin, occludins, and claudin 1 expression; and reduce CD14, CD24, CD36,
CD47, and CD91 expression in the peritoneum induced by G. parasuis as measured via Western blot.
Our results deepen the understanding of the mechanism of peritonitis triggered by G. parasuis and
provide some novel potential methods of controlling G. parasuis infection.
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1. Introduction

Porcine Glässer’s disease, which is caused by the pathogen Glaesserella parasuis (G. parasuis),
is a worldwide epidemic, leading to huge economic losses in the swine industry [1].
G. parasuis is widely prevalent on almost every pig farm. The typical clinical signs of
Glässer’s disease are fibrinous polyserositis, polyarthritis, and meningitis [2]. G. parasuis is
considered a common bacteria colonizing the upper respiratory tract of pigs [3]. Fifteen
serovars of G. parasuis have been confirmed via the immunodiffusion method by using
heat-stable antigen extracts [4]. Some important related virulent factors, PliA and HtrA,
were found to be associated with the pathogenicity of G. parasuis [5,6]. Serovar 5 is thought
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to be a highly virulent isolate and has the potential to cause peritoneal injury contributing
to peritonitis [7]. However, the pathogenic mechanism of peritonitis induced by G. parasuis
remains unclear.

Pannexins (PANXs) are composed of large-pore membrane channels and secrete
ATP and signal molecules [8]. It is well known that PANX-1 is the most characteristic
protein of the PANX family (PANX-1, PANX-2, and PANX-3) and is expressed in many
kinds of cells [9]. PANX-1 is central to many distinct inflammatory responses and injury
responses [10]. Previous reports have showed that extracellular ATP activates multiple
purinergic receptors (P2X and P2Y) which promote inflammation responses in a variety
of diseases [11]. However, whether the PANX-1/P2X7 axis and P2Y6 are involved in
inflammation during peritonitis induced by G. parasuis has not been investigated.

Multidrug resistance has been increasing all over the world and is considered a public
health threat [12]. Several recent investigations have reported the emergence from different
origins of virulent multidrug-resistant bacterial pathogens that increase the necessity of
the proper use of antibiotics as well as the application of safe, new, potent antimicrobial
agents [13,14]. Baicalin is a flavonoid isolated from the rhizome of Scutellaria baicalensis [15].
Baicalin displays important anti-microbial, anti-oxidative, and anti-inflammatory functions
[16]. Our previous study has showed that baicalin alleviates porcine peritoneal mesothelial
cells apoptosis induced by G. parasuis via the protein kinase C- mitogen-activated protein
kinase (PKC-MAPK) pathway [17]. In addition, baicalin could reduce vascular endothelial
cell apoptosis via the receptors of advanced glycation endproducts (RAGE), MAPK, and
activator protein-1 (AP-1) during G. parasuis invasion [18]. Baicalin inhibits NF-κB and
NLRP3 inflammasome signaling pathway activation in porcine aortic vascular endothelial
cells triggered by G. parasuis [19]. However, whether baicalin has this effect on PANX-
1/P2X7 axis and P2Y6 activation in the peritonitis elicited by G. parasuis has not been
reported.

In this study, the aim was to investigate the role of the PANX-1/P2X7 axis and the
P2Y6 signaling pathway in the inflammation responses during peritonitis triggered by
G. parasuis and whether baicalin is infective in inhibiting PANX-1/P2X7 axis and P2Y6
activation in peritonitis induced by G. parasuis. Our findings deepened the understanding
of the mechanism of peritonitis triggered by G. parasuis, which might provide new strategies
to control G. parasuis infection in clinical practice.

2. Meterials and Methods
2.1. Bacterial Strains

A strain of G. parasuis serovar 5 isolate, SH0165, was obtained from the lungs of
commercially produced pigs which exhibited the arthritis, fibrinous polyserositis, haemor-
rhagic pneumonia, and meningitis typical of Glässer’s disease [20]. The SH0165 isolate was
grown in tryptic soy broth (TSB) (Difco Laboratories, Detroit, MI, USA) for 12 h at 37 ◦C
or cultured on tryptic soy agar (TSA) (Difco Laboratories, Detroit, MI, USA) for 24 h at
37 ◦C. Meanwhile, 10% newborn bovine serum (Sijiqing, Hangzhou, China) and 10 µg/mL
nicotinamide adeninedinucleotide (NAD) (Sigma, St.Louis, MO, USA) were added to the
culture medium.

2.2. Drugs

Baicalin was purchased from the National Institutes for Food and Drug Control
(Beijing, B110715-201318). Baicalin was dissolved inRPMI-1640 medium (Gibco, Grand
Island, NY, USA) in the study.

2.3. Experiment Design

Thirty-five 30-day-old, naturally farrowed, early-weaned piglets (Duroc × Landrace × large
white) weighing between 8 and 10 kg were obtained from Wuhan Wannianqing Animal
Husbandry Co., Ltd. (Wuhan, China) for the animal experiments.
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The selection of pig sample size is explained in our previous research [21]. The
35 piglets were randomly divided into five groups, and each group contained seven piglets.
The groups were a negative control group, an infection group, a 25 mg/kg baicalin group,
a 50 mg/kg baicalin group, and a 100 mg/kg baicalin gorup. Prior to G. parasuis challenge,
the piglets in the baicalin group were injected intramuscularly with baicalin at 25, 50, and
100 mg/kg BW, respectively. After 30 min, the infection group, 25 mg/kg baicalin group,
50 mg/kg baicalin group, and 100 mg/kg baicalin group were intraperitoneally challenged
with 1 × 109 CFU G. parasuis in 2 mL normal saline. The piglets from the negative control
group were injected intraperitoneally with an equivalent volume of saline. The piglets
were monitored for 7 days after the G. parasuis challenge, after which the peritoneum of
piglets from all groups was collected and used for protein function study.

2.4. Western Blot

In the study, at least three independent samples in each group were repeated to
obtain the results. The proteins from the peritoneum of the piglets were isolated via the
whole protein extraction kit (Kaiji, Nanjing, China), and the protein concentrations were
determined using the Enhanced BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai,
China). The effects of baicalin on protein expression levels in the peritoneum tissue were
investigated according to our previous study, with some minor modifications [17]. Briefly,
the isolated proteins were extracted with 12% SDS-PAGE. After being transferred onto
polyvinylidene difluoride membranes, the membranes were blocked with 5% skim milk
for 2 h and then were washed with Tris-buffered saline containing Tween 20 (TBST) five
times. After incubation with the corresponding antibodies and five washes with TBST, the
membranes were incubated with horseradish-peroxidase-linked goat anti-rabbit antibody
(Proteintech, Chicago, USA) for 25 min at37 ◦C and visualized using ECL solution (Thermo
Pierce ECL, Waltham, MA, USA). The protein expression levels were estimated via the
FluorChem™ FC2 AIC system (Alpha Innotech, San Leandro, CA, USA).

2.5. Statistical Analysis

The experimental data is presented as mean ± SD. The difference between two groups
was determined two-tailed Student’s t test. p values of <0.05 were considered significant.*
indicates p < 0.05 and **, p < 0.01.

3. Results
3.1. The Effects of Baicalin on PANX-1, P2X7, and P2Y6 Expression in Peritoneum Induced
by G. parasuis

In the piglets challenged with G. parasuis, PANX-1, P2X7, and P2Y6 expression levels
were significantly upregulated in the peritoneum compared with the control group (p < 0.01)
(Figure 1). However, when the piglets were pretreated with 25–100 mg/kg baicalin, the
levels of PANX-1, P2X7, and P2Y6 expression were decreased compared with the infection
group (p < 0.01) (P2Y6, 25-50 mg/kg, p < 0.05) (Figure 1). The levels of PANX-1, P2X7,
and P2Y6 expression in the baicalin groups were not changed compared to the control
group (Figure 1).

3.2. The Effects of Baicalin on NOD-like Receptor Thermal Protein Domain-Associated Protein3
(NLRP3) Inflammasome Activation Triggered by G. parasuis in Peritoneum

The results showed that G. parasuis could activate higher levels of NLRP3 and Cleaved-
caspase-1 expression in the peritoneum compared with the control group (p < 0.01) (Figure 2).
When the piglets were pretreated with 25–100 mg/kg baicalin, the NLRP3 and Cleaved-
caspase-1 expression levels in the peritoneum were significantly inhibited compared with
the infection group (p < 0.01) (Figure 2). The levels of NLRP3 and Cleaved-caspase-1
expression in the baicalin groups did not differ from those of the control group (Figure 2).
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Figure 1. Detection of PANX-1, P2X7, and P2Y6 expression induced by G. parasuis in the peritoneum.
The expression levels of PANX-1 (A,B), P2X7(C,D) and P2Y6 (E,F) were measured via Western blot.
BA: Baicalin. GPS: G. parasuis. ## p < 0.01 vs. control. * p < 0.05 and ** p < 0.01.

Figure 2. Effect of baicalin on NLRP3 and Cleaved-caspase-1 activation triggered by G. parasuis in
the peritoneum. The NLRP3 (A,B) and Cleaved-caspase-1 (C,D) expression were determined via
Western blot. BA: Baicalin. GPS: G. parasuis. ## p < 0.01 vs. control. ** p < 0.01.

3.3. The Effects of Baicalin on IL-1β and IL-18 Release in Peritoneum Elicited by G. parasuis

In the piglets infected with G. parasuis, cytokine IL-1β and IL-18 expression were
significantly increased in the peritoneum compared with the control group (p < 0.01)
(Figure 3). A 25–100 mg/kg dose of baicalin could significantly reduce IL-1β and IL-18
production in the peritoneum compared with the infection group (p < 0.01) (25–50 mg/kg,
IL-1β and 25 mg/kg, IL-18, p < 0.05) (Figure 3). The levels of IL-1β and IL-18 expression in
the baicalin groups were not changed compared to the control group (Figure 3).
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Figure 3. Effects of baicalin on IL-1β (A,B) and IL-18 (C,D) expression induced by G. parasuis in
the peritoneum. IL-1β and IL-18 expressions were explored by Western blot. BA: Baicalin. GPS:
G. parasuis. ## p < 0.01vs. control. * p < 0.05 and ** p < 0.01.

3.4. The Effects of Baicalin on Phospholipase C (PLC) and PKC Activation in Peritoneum Induced
by G. parasuis

The results showed that the expression levels of PLCβ3 and PKCα in the peritoneum
did not differ between the baicalin treatment group, the infection group, and the control
group (Figure 4). When the piglets were challenged with G. parasuis, the expression levels
of p-PLCβ3 and p-PKCα in the peritoneum were significantly upregulated compared to
the control group (p-PLCβ3, p < 0.05; p-PKCα, p < 0.01) (Figure 4). A 25–100 mg/kg dose
of baicalin could significantly inhibit the p-PLCβ3 and p-PKCα expression levels in the
peritoneum compared to the infection group (p < 0.01) (100 mg/kg, p-PLCβ3, p < 0.05;
25 mg/kg, p-PKCα, p < 0.05) (Figure 4). The levels of p-PLCβ3 and p-PKCα expression in
the baicalin groups did not differ from the control group (Figure 4).

Figure 4. Effects of baicalin on PLC/PKC signaling pathway activation triggered by G. parasuis in
the peritoneum. PLCβ3 (A,B), p-PLCβ3 (C,D), PKCα (E,F), and p-PKCα (G,H) expression levels
were determined via Western blot. BA: Baicalin. GPS: G. parasuis. # p < 0.05, ## p < 0.01 vs. control.
* p < 0.05 and ** p < 0.01.

3.5. The Effects of Baicalin on Myosin-Light-Chain Kinase (MLCK) and Myosin-Light-Chain
(MLC) Expression Triggered by G. parasuis in Peritoneum

The results showed that G. parasuis did not induce MLC expression in the peritoneum
compared to the control group (Figure 5). A 25–100 mg/kg dose of baicalin did not inhibit
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the MLC expression level in the peritoneum compared to the infection group. However,
when the piglets were challenged with G. parasuis, the p-MLC and MLCK expression levels
in the peritoneum were significantly increased compared to the control group (p < 0.01)
(Figure 5). A 25–100 mg/kg dose of baicalin could downregulate the expression levels of
p-MLC and MLCK in the peritoneum compared to the infection group (p < 0.01) (50 mg/kg,
p < 0.05) (Figure 5). The levels of p-MLC and MLCK expression in the baicalin groups did
not differ from those of the control group (Figure 5).

Figure 5. Effects of baicalin on MLCK/MLC pathway activation triggered by G. parasuis in the
peritoneum. MLCK (A,B), MLC (C,D) and p-MLC (E,F) levels were determined via Western blot. BA:
Baicalin. GPS: G. parasuis. ## p < 0.01 vs. control. * p < 0.05 and ** p < 0.01.

3.6. The Effects of Baicalin on ZO-1, E-Cadherin, Occludins, and Claudin 1 Expression in
Peritoneum Elicited by G. parasuis

The results demonstrated that G. parasuis could significantly attenuate ZO-1, E-
cadherin, Occludins, and claudin 1 expression in the peritoneum compared to the con-
trol group (p < 0.01) (Figure 6). When the piglets were pretreated with 25–100 mg/kg
baicalin, the protein expression levels of ZO-1, E-cadherin, Occludins, and claudin 1 in
the peritoneum were increased compared to the infection group (p < 0.01) (E-cadherin,
25–50 mg/kg, p < 0.05) (Figure 6). The levels of ZO-1, E-cadherin, Occludins, and claudin
1expression in the baicalin groups did not differ from those of the control group (Figure 6).

3.7. The Effects of Baicalin on Cluster of Differentiation (CD)14, CD24, CD36, CD47, and CD91
Expression Induced by G. parasuis in Peritoneum

We also explored CD14, CD24, CD36, CD47, and CD91 expression levels in the peri-
toneum. The results showed that G. parasuis could promote CD14, CD24, CD36, CD47, and
CD91 expression in the peritoneum compared to the control group (p < 0.01) (Figure 7). A
25–100 mg/kg dose of baicalin reduced the CD14, CD24, CD36, CD47, and CD91 expres-
sion levels in the peritoneum compared to the infection group (p < 0.01) (CD47, 25 and
100 mg/kg, p < 0.05; CD91, 100 mg/kg, p < 0.05) (Figure 7). The levels of CD14, CD24,
CD36, CD47, and CD91expression in the baicalin groups did not differ from those of the
control group (Figure 7).



Microbiol. Res. 2023, 14 1120

Figure 6. Effects of baicalin on ZO-1, E-cadherin, Occludins, and claudin 1 expression induced by
G. parasuis in the peritoneum. The levels of ZO-1 (A,B), E-cadherin (C,D), Occludins (E,F), and
claudin 1 (G,H) were measured via Western blot. BA: Baicalin. GPS: G. parasuis. ## p < 0.01 vs. control.
* p < 0.05 and ** p < 0.01.

Figure 7. Effects of baicalin on CD14, CD24, CD36, CD47, and CD91 expression triggered by
G. parasuis in the peritoneum.CD14 (A,B), CD24 (C,D), CD36 (E,F), CD47 (G,H), and CD91 (I,J)
expression levels were determined via Western blot. BA: Baicalin. GPS: G. parasuis. ## p < 0.01 vs.
control. * p < 0.05 and ** p < 0.01.



Microbiol. Res. 2023, 14 1121

4. Discussion

G. parasuis has become one of the most epidemic bacterial respiratory disease pathogens
in the pig industry, and the pathogenesis of Glässer’s disease is still unclear. In this study,
we first described the activation of the PANX-1/P2X7 and P2Y6 signaling pathway in the
peritoneum during the peritonitis processes induced by G. parasuis in a piglet model, which
enhanced our knowledge of the G. parasuis pathogenesis in piglets.

The PANX-1 channel is a cellular material exchange pore in the body which can release
ATP from the intracellular environment into the extracellular environment when the chan-
nel is open [22]. It has been documented that PANX-1 channel can release ATP to initiate
signal transduction and activate purinergic P2X7 receptors during bacterial infection [23].
Extracellular ATP elevation could activate P2X7 during cell injury or inflammation, lead-
ing to the formation of active NLRP3 inflammasome [24]. Previous studies have showed
that P2Y6 is specifically activated by UDP, leading to PKC and PLC signaling pathway
activation [25]. Blocking the opening of PANX-1 channels could reduce infection and
inflammation in acute Pseudomonas aeruginosa pneumonia [26]; thus, it is thought to be an
important drug target [27]. G. parasuis can cause huge economic losses in the pig industry.
Our results indicate that baicalin could inhibit PANX-1/P2X7 and P2Y6 activation in the
peritoneum, leading to the alleviation of inflammation responses caused by G. parasuis; this
might provide some novel methods of controlling peritonitis induced by G. parasuis and
the economic losses caused by G. parasuis.

Researchers have reported that tight junctions and their related endothelial cells
can form a unique, dynamic, and multi-functional interface [28]. Abnormal expression
of tight junction proteins in endothelial cells increases intracellular space and barrier
leakage [29]. Inflammatory damage might be related to the destruction of tight junction
proteins [30]. Previous studies reported that inflammatory factor production activates
the NLRP3-Caspase-1 and IL-1β signaling pathways, which contribute to inflammatory
damage and disrupt tight junctions [31]. In this study, we found that G. parasuis activates
the NLRP3/caspase-1 signaling pathway in the peritoneum, and the expression levels
of the tight junction-related proteins ZO-1, E-cadherin, Occludins, and claudin 1 were
downregulated by G. parasuis. However, baicalin could enhance tight junction-related
protein expression in the peritoneum triggered by G. parasuis. Our results partially explain
the anti-inflammatory mechanism of baicalin, which inhibits peritonitis by improving
peritoneum tight junction-related protein expression, but the specific mechanism needs
further study.

In this study, we investigated the expression levels of CD14, CD24, CD36, CD47, and
CD91 in the peritoneum, and the results indicate that baicalin attenuates CD14, CD24,
CD36, CD47, and CD91 expression. Researchers have reported that chemokines, termed
“find-me” signals, attract phagocytes toward apoptotic cells, which express an ionic phos-
pholipid phosphatidylserine, or “eat-me” signals and “Don’t eat me” signals, to distinguish
healthy cells from apoptotic cells for phagocytosis [32]. CD14, CD36, and CD91 were
considered as the “eat-me” signals, and CD24 and CD47 were considered as the “Don’t eat
me” signals [33]. CD14 was reported to be involved in skin burn-induced myocardial injury
via the MAPK signaling pathway [34]. CD24 in tumor cells could interact with Siglec-10 on
the surface of immune cells to induce immune escape by tumor cells [35]. CD36 partici-
pates in almitic acid-induced ferroptosis contributing to calcium-iron imbalance in colon
cancer cells [36]. CD47 plays an important role in endothelial cell proliferation, apoptosis,
inflammation, and atherosclerotic response [37]. Extracellular HMGB1 impairs macrophage-
mediated efferocytosis by suppressing CD91 transport [38]. Although these CD molecules
are involved in peritonitis induced by G. parasuis, the function needs further investigation.

Taken together, our results showed that G. parasuis could stimulate PANX-1/P2X7 axis
and P2Y6 expression; trigger NLRP3/caspase-1 activation; elicit IL-1β and IL-18 expression,
induce PLC/PKC and MLCK/MLC signaling activation; attenuate tight junction protein ex-
pression; and promote CD14, CD24, CD36, CD47, and CD91 expression in the peritoneum,
thereby contributing to peritonitis. Baicalin could attenuate such protein expression and
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signaling pathway activation to relieve peritonitis induced by G. parasuis, which might pro-
vide us with some important novel potential methods of reducing inflammation responses
during G. parasuis infection.
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