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Abstract: Actinobacillus pleuropneumoniae (APP) is the causative pathogen of porcine pleuropneumo-
nia, a highly contagious respiratory disease in the pig industry. The increasingly severe antimicrobial
resistance in APP urgently requires novel antibacterial alternatives for the treatment of APP infection.
In this study, we investigated the effect of tea polyphenols (TP) against APP. MIC and MBC of TP
showed significant inhibitory effects on bacteria growth and caused cellular damage to APP. Fur-
thermore, TP decreased adherent activity of APP to the newborn pig tracheal epithelial cells (NPTr)
and the destruction of the tight adherence junction proteins β-catenin and occludin. Moreover, TP
improved the survival rate of APP infected mice but also attenuated the release of the inflammation-
related cytokines IL-6, IL-8, and TNF-α. TP inhibited activation of the TLR/MAPK/PKC-MLCK
signaling for down-regulated TLR-2, TLR4, p-JNK, p-p38, p-PKC-α, and MLCK in cells triggered by
APP. Collectively, our data suggest that TP represents a promising therapeutic agent in the treatment
of APP infection.

Keywords: tea polyphenols; Actinobacillus pleuropneumoniae; epithelial barrier; TLR-4/MAPK/PKC-
MLCK signaling

1. Introduction

Tea is a popular beverage consumed worldwide. It is made from the leaves of the plant
Camellia sinensis, which originated in ancient China [1,2]. Tea polyphenols (TP) are a specific
bioactive ingredient of tea, and have various health promoting properties [3], including
antioxidant, antimutagenic, immuno-regulatory, hypocholesterolemic, antibacterial, and
anticancer activities [4,5]. If TP reach sufficient concentrations after drinking tea for a
long time, they are absorbed and retained and exert their desired effects in plasma and
tissues [1]. Supplementation with TP mainly alters the gut microbiome composition and
can benefit bone health [6], which can control obesity and related metabolic disorders [3,7].
TP have protective effects on high glucose-induced cell proliferation and senescence in
human glomerular mesangial cells (HGMCs) [8]. In addition, several studies have shown
that natural polyphenols not only have antibacterial effects, but also show low toxicity
and great bioavailability [9,10]. TP show great promise as antibiotic alternatives with
good antibacterial effects. Previous studies have shown that TP can lower the secretion
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of pro-inflammatory cytokines and reduce the inflammatory response to Fusobacterium
nucleatum [11], inhibit the virulence of Pseudomonas aeruginosa [12], and protect against
Haemophilus parasuis challenge [13]. However, the effects of TP on Actinobacillus pleuropneu-
moniae infection are not completely understood.

Actinobacillus pleuropneumoniae (APP) is one of the most common bacterial pathogens
causing porcine respiratory infections. It is an etiological agent for porcine pleuropneumo-
nia, which is characterized by acute hemorrhagic, purulent, and fibrous pleuropneumonia
symptoms [14]. APP can infect pigs of all ages, colonize the upper respiratory tract, and
breach the epithelial barrier to cause local or systemic infection [15]. The morbidity of the
resulting disease can be as high as 100%, but generally varies between 30–50% [16], and
causes considerable economic losses in the swine rearing industry [17]. It comprises two
biotypes based on their dependence on nicotinamide adenine dinucleotide (NAD) (biotype
1, biotype 2) [18]. At present, 19 different serotypes of APP have been recognized based on
their polysaccharide compositions [19], with serovars 1, 5, 9, and 11 considered the most
virulent [20]. Serotypes 1, 3, 4, 5, and 7 are typically isolated in China [21]. The varieties and
prevalence of the serotypes vary between most regions of China. Owing to the diversity
of serotypes and differences in their regional prevalence, there is currently no satisfactory
vaccine to control outbreaks of APP infection and antibiotics remain the most effective
means of control in most regions [22]. For pigs, APP infections are often treated with
macrolides, β-lactams, fluoroquinolones, and/or florfenicol in the swine industry [23–25].
From 2002 to 2013, a total of 71 APP isolates from pig farms in Australia showed a high
frequency of resistance to erythromycin and tetracycline [26]. Among 162 APP strains
collected from pigs in Spain from 2017 to 2019, a highly antibiotic resistance to doxycycline
was discovered [23]. However, some APP strains have begun to show varying degrees
of antibiotic resistance, and this presents problems in controlling outbreaks of porcine
pleuropneumonia [27–29], leading to an urgent need for alternatives to antibiotics.

Infection with APP can damage the porcine respiratory epithelial barrier [30]. Tracheal
epithelial cells play a defensive role in the epithelial barrier [31]. The epithelium is com-
posed of adherent cells, which are polarized and have an apical domain and a basolateral
domain [32]. It forms a physical barrier between the internal and external environment,
protecting against environmental contaminants and pathogens [33,34]. The epithelial cells
are tightly joined by a set of intercellular junctions composed of gap junctions, desmo-
somes, tight junctions (TJs), and adherence junctions (AJs) [32,35]. Epithelial tight junctions
are located at the apicolateral boundary of the epithelial cells and form the paracellu-
lar barrier. This barrier regulates epithelial permeability and the intramembrane barrier,
which separates the membrane components [32,36]. They are composed of at least three
membrane proteins, including zonula occludens-1 (ZO-1), claudins, and occludin [37,38].
Claudins and occludin are polytopic membrane proteins with four transmembrane do-
mains. The consensus is that claudins mainly modify the pore pathways, and that ZO-1,
occludin, and tricellulin regulate the leak pathways [36,39]. Adherence junctions are lo-
cated directly beneath the TJs and provide intercellular adhesion to maintain epithelial
integrity [40,41]. They are composed of E-cadherin, nectin, and α and β-catenin, which
have diverse functions, including the maintenance of actin binding, cells polarization, and
signal transduction-related transcriptional regulation [42–44]. The formation, dismantling,
and maintenance of TJs are regulated, in part, by phosphorylation and dephosphoryla-
tion of TJ proteins as well as some signaling pathways, including protein kinase C (PKC),
myosin light chain kinase (MLCK), and mitogen-activated protein kinases (MAPK) [45–48].

Pleuropneumonia infection causes substantial economic losses to the swine rearing
industry worldwide, and its various strains exhibit varying degrees of antibiotic resistance,
causing an urgent need for alternatives to antibiotics in combatting APP infection [27–29].
Despite the aforementioned antimicrobial potential of TP, their effectiveness against APP
infection remains to be elucidated. Other studies report that infection with APP can damage
the porcine respiratory epithelial barrier [30], although data regarding the effects of TP on
the respiratory epithelium remain limited. This study investigated the possible mechanisms
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by which the application of TP might affect the growth and virulence of APP and its effect
on the epithelial barrier in order to provide a new strategy for preventing APP infection
in pigs.

2. Results
2.1. TP Inhibit the Growth of APP In Vitro

The results of the micro-broth dilution assay showed that TP exhibited antibacterial
activity against APP (Table 1). The MIC and MBC values of TP were 0.625 mg/mL and
1.25 mg/mL, respectively. The growth properties of APP strains and TP (0 MIC, 0.5 MIC,
1 MIC, and 2 MIC) when co-cultured for 0, 1, 2, 3, 4, and 5 h were investigated. Cultures
were serially diluted with PBS and plated onto TSA, and the number of bacteria were
counted. The growth curves of the APP strains showed that TP exhibited a dose-dependent
bactericidal effect on APP. The growth of APP was significantly inhibited after co-culture
with TP (1 MIC) for 5 h (p < 0.001) (Figure 1A). The MIC and MBC values of florfenicol
were 1 µg/mL and 2 µg/mL, respectively. The addition of florfenicol to bacteria was used
as a control (Figure 1A).

Table 1. Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC)
values of TP for APP.

Medium Compound MIC (mg/mL) MBC (mg/mL)

TSB TP 0.625 1.25
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Figure 1. (A): Kinetics of the antimicrobial effects of TP on APP. APP and TP (0 MIC, 1/2 MIC,
1 MIC, and 2 MIC) were co-cultured for 0, 1, 2, 3, 4, and 5 h. The number of colonies was counted,
and kinetics curves were constructed. (B): Transmission electron microscope and scanning electron
microscopy analysis of APP. (a): Control untreated bacteria via TEM, the bar at the bottom right
means 5.0 µm. High-magnification image of area indicated in upper right corner, the bar at the bottom
right means 500 nm. (b): Bacteria treated with TP via TEM, the bar at the bottom right means 5.0 µm.
High-magnification image of area indicated in upper right corner, the bar at the bottom right means
500 nm. (c): Untreated bacteria control analysis via SEM, the bar at the bottom right means 2.0 µm.
(d): Bacteria treated with TP analysis via SEM, the bar at the bottom right means 2.0 µm. (C): The
cell viability of NPTr cells of TP treatment. (D): The adherent ability of APP to NPTr cells or NPTr
cells pretreatment with TP. Statistical analysis was performed by Student’s t-test. n = 3 in each group.
Results are expressed as the mean ± SD of three independent experiments. * p < 0.05, *** p < 0.001.
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2.2. TP Affect the Cellular Integrity of APP

The effect of TP on the cell integrity of APP was observed using a TEM and an SEM.
APP cells treated with TP (0.625 mg/mL) showed obvious damage when compared with
the control cells (Figure 1B). The treated cells showed instances of cell wall damage and
ruptured membranes, accompanied by the leakage of cytoplasmic contents.

2.3. TP Effect on the Adhesion of APP Bacteria

Figure 1C shows the results of LDH release from NPTr cells treated with different
concentrations of TP. Different concentrations of TP had little effect on the toxicity of NPTr
cells. As shown in Figure 1D, pretreatment with TP affected the capacity of APP strains to
adhere to NPTr cells. TP inhibited the ability of APP to adhere to NPTr cells.

2.4. Effect of TP on Pro-Inflammatory Cytokine Secretion and the mRNA Level of TLR2 and TLR4
in NPTr Cells

TP influenced the secretion of pro-inflammatory factors in NPTr cells infected by APP.
As shown in Figure 2A–C, secretion of IL-6, IL-8, and TNF-α pro-inflammatory factors in
NPTr cells infected by APP was significantly higher than in the control group. However,
pretreatment with TP for 3 h reduced the secretion of IL-6, IL-8, and TNF-α inflammatory
factors in NPTr cells.
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Figure 2. (A–C): Effect of APP on the Secretion of Inflammatory Factors in NPTr Cells or NPTr Cells
Pretreated with TP. (D,E): The mRNA levels of TLR2 and TLR4 in NPTr cells and TP pretreatment
cells infection with APP. Statistical analysis was performed by Student’s t-test. n = 3 in each group,
** p < 0.01, *** p < 0.001.

TP influenced the mRNA level of TLR2 and TLR4 in NPTr cells infected by APP. As
shown in Figure 2D,E, the secretion of TLR2 and TLR4 in NPTr cells stimulated by APP
was significantly than in the control groups. However, the secretion of TLR2 and TLR4
in cells pretreated with TP was significantly lower than in cells treated with APP alone
(Figure 2D,E). These results suggest that TP could inhibit the secretion of TLR2 and TLR4
in NPTr cells infected by APP.

2.5. TP Decrease the Disruption of Cellular Junctions in NPTr Cells

The effect of TP on the integrity of the epithelial barriers infected by APP was further
evidenced by the β-catenin and occluding levels of the two important TJ and AJ proteins.
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The localization of immunofluorescence of ß-catenin and occluding was observed by micro-
scope. As shown in Figure 3, there was a destructive effect on the NPTr cell TJs infected by
APP when compared with the control cells, and β-catenin and occludin expression was
downregulated. However, when NPTr cells were pretreated with TP, the downregulation
of these expressions was inhibited. This result was confirmed by immunoblotting. As
shown in Figure 4B, protein expression levels of β-catenin and occludin were significantly
decreased post-infection by APP in contrast to those of uninfected control cells. Following
pretreatment of NPTr cells with TP, the protein expression levels of β-catenin and occludin
were higher than those in untreated cells stimulated by APP. These results showed that
pretreatment of cells with TP can inhibit the destruction of the β-catenin and occludin
proteins, respectively, by APP.
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2.6. The Effect of TP on the Expression of Toll-like Receptor-Related Proteins in NPTr Cells

TP influenced the proteins expression level of TLR2 and TLR4 in NPTr cells infected by
APP. As shown in Figure 4A, the expression level of TLR2 protein in NPTr cells stimulated
by APP was significantly lower than that in the control groups. However, the protein
expression levels of TLR2 in cells pretreated with TP was significantly lower than in cells
treated with APP alone. For the pretreatment of NPTr cells with TP, the protein expression
levels of TLR4 were significantly lower than those in treated cells stimulated by APP. These
results suggest that TP could inhibit the upregulation of TLR2 and TLR4 protein expression
in NPTr cells infected by APP.

2.7. Effects of TP on PKC-α and MLCK Signaling Pathway Activated by APP

The protection mechanisms of TP on TJ of APP infected NPTr cells were determined
by measuring related protein expressions using Western blot assays. The phosphorylation
level of PKC-α was significantly increased under APP infection (p < 0.001). TP could
downregulate the expression of p-PKC-α induced by APP (Figure 4C). The MLCK pro-
tein was significantly increased in the NPTrs in APP group when compared to control
group (p < 0.0001). TP could inhibit the expression of MLCK protein (Figure 4D).

2.8. Effect of TP on the MAPK Signaling Pathway Activated by APP

We investigated the effect of APP on activation of the MAPK signaling pathway
in NPTr cells using Western blot analysis. The NPTr cells were infected with APP, and
phosphorylation of MAPK was measured using phospho-specific Abs. The data showed
that APP promoted the phosphorylation of JNK and p38 when compared with that in the
control condition (Figure 4E), whereas the phosphorylation of JNK and p38 in NPTr cells
challenged with APP was inhibited by TP (Figure 4F).

2.9. Protective Effect of TP on Mice Infected by APP

In a mouse model, the protective effect of TP was assessed by instillation of TP prior
to infection with APP. The results showed that the mice treated with TP suffered reduced
inflammation and had higher survival rates when compared with untreated mice infected
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with APP. TP were demonstrated to confer protective effects against a lethal dose of APP
(Figure 5A). We analyzed pathological samples of lung tissues of mice in the different
groups and collected serum to detect pro-inflammatory factors. The levels of serum pro-
inflammatory factors in the mice showed that the secretion of IL-1β, IL-6, and TNF-α
inflammatory factors significantly increased in mice infected APP. Pretreatment with TP
reduced the secretion of IL-1β, IL-6, IL-8, and TNF-α inflammatory factors, though the
differences do not seem to be significant (Figure 5B). As shown in Figure 5C, the tissues of
mice infected with APP showed abnormal lung tissue structure, partial alveolar atrophy,
alveolar wall thickening, and some protein fluid and inflammatory cell infiltration when
compared with the control group. However, symptoms were reduced in the lung tissues of
mice treated with TP.
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Figure 5. (A): Survival curves for mice in infection experiment. (B): Secretion of IL-1ß, IL-6, IL-8,
and TNF-α in the serum of mice infected with APP, as measured by ELISA. * p < 0.05, *** p < 0.001.
(a): IL-1β production in serum of APP-infected mice affected by TP. (b): IL-6 production in serum
of APP-infected mice affected by TP. (c): IL-8 production in serum of APP-infected mice affected
by TP. (d): TNF-α production in serum of APP-infected mice afected by TP. (C): Histopathology
of representative lung tissues from BALB/c mice and TP pretreatment mice infected with APP.
(e): control group. (f): mice with APP infection group. (g): mice administered with TP. The black
band at the bottom left of each picture indicates the scale bar (200 µm).

3. Discussion

Porcine pleuropneumonia is a common respiratory disease caused by APP infection.
There are 19 different serotypes of APP, and the current vaccines does not cover all the
serotypes. Antibiotic treatment remains an effective measure, but some strains have begun
to show varying degrees of antibiotic resistance. Antibiotic resistance is a major global
problem and there is an urgent need to develop new therapeutics. Considerable interest
has been shown in the potential of botanical medicines to prevent and alleviate diseases,
and these show great promise as antibiotic alternatives.
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Tea is one of the most frequently consumed beverages in the world and has a long and
rich history of medicinal benefits [49]. While there are multiple factors of tea influencing the
effective biological properties, tea polyphenols are the most significant and valuable com-
ponents [50]. Previous research has shown that TP have strong antibacterial properties and
show significant promise as antibacterial agents in combating bacterial diseases [10,13,51].
TP is a kind of pure natural biological active substance extracted from green tea; the content
is 98% in certificate of analysis. TP consist of different sorts of compounds. There are four
major tea catechins, including epigallocatechin gallate (EGCG, 31.12%), epicatechin gallate
(ECG, 20.31%), epicatechin (EC, 7.83%), and epigallocatechin (EGC, 6.02%), in accord with
compounds about tea catechins shown in previous studies [50]. This provides some theo-
retical basis for achieving the observed biological effect. In this study, TP extracted from
green tea exhibits antimicrobial activity towards APP. The determination of MIC, MBC,
and the growth curves of APP strains showed that TP had a dose-dependent bactericidal
effect on APP. The influence of TP on the integrity of APP cells was observed using a TEM,
which confirmed that APP cells treated with TP showed obvious damage, in accord with
those of previous studies [10,13,51,52]. In this study, we used a mouse model to examine
the influence of APP on lung tissues. APP associated lung damage was reduced, and the
survival rate was higher in mice fed TP when compared with untreated mice. The levels
of serum pro-inflammatory factors detected in mice showed that pretreatment with TP
reduced the secretion of IL-6, IL-8, and TNF-α inflammatory factors (Figure 5B). These
results suggest that TP confer protection against APP infection and may provide a new
means of disease prevention and treatment. Previous studies have used NPTr as a cellular
model to study the role of pathogens in porcine respiratory diseases [53–55]. In this study,
pretreatment of NPTr cells with TP showed that they inhibited the ability of APP to adhere
to NPTr cells, in concurrence with previous studies [11,52,56].

Tracheal epithelial cells play a significant role in airway defense under multiple
pathogen attacks [31]. TJs regulate the passage of ions and molecules through paracellular
pathways in epithelial and endothelial cells [47]. TJ and AJ proteins have multiple functions
and play important roles in maintaining epithelial barrier integrity [32,36,40,41]. However,
there are little data available on how TJ and AJ changes under APP infection and their
interaction mechanism. To explore the effect of TP on the integrity of the epithelial barrier
against APP infection, we examined the levels of two important TJ and AJ proteins, β-
catenin and occludin. Immunofluorescence analysis showed that APP infection altered
the localization of β-catenin and occludin in epithelial cells and disrupted the TJ and AJ
of NPTr cells. The distributions of occludin and β-catenin protein of APP infected NPTr
cells were significantly disrupted. These data provide evidence that APP infection can
alter the AJ and TJ and damage the epithelial barrier. The damage to junction proteins
was alleviated when we pretreated the cells with TP, showing that TP can prevent the
abnormalities caused by APP. This is in accordance with the results of previous studies
that show that TP promote the expression of connexins, thereby protecting them from
pathogens, a process largely prevented by TP supplementation [52,57–59].

It has been shown that PKCs can regulate the epithelial and endothelial barriers
through their regulatory effects as intracellular signaling molecules [48]. Activation of
PKC will increase cell permeability, which plays an important role in the regulation of
tight junctions [48]. This study confirmed the changes of PKC-α protein in NPTr cells
infected with APP. Compared with the control group, the expression of phosphorylation of
PKC-α of APP-infected was significantly increased. TP can attenuate the phosphorylation
of PKC-α. The results suggest that the protection effect of TP of tight junction abnormalities
may relate directly to inhibition of PKC and/or the downstream signaling pathways such
as MLCK.

Myosin light chain kinase (MLCK) is a key signaling node in physiological and patho-
physiological regulation of epithelial tight junctions [60]. MLCK has been demonstrated to
be the most important factor that influence TJ during inflammation. Increased MLCK is
an indicator of TJ barrier disruption and can be triggered by pro-inflammatory cytokines,
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including TNF-α, IL-1β, and several related molecules [60]. Our results showed that the
MLCK protein was significantly increased in APP challenged NPTr cells, suggesting that
APP infection could cause TJ barrier disruption. However, TP inhibited the protein levels
of MLCK induced by APP. The results indicate that the protective effects of TP on TJ may
derive from inhibiting the MLCK pathway. In order to comprehend the protective effect of
TP on epithelial barrier, further studies must be conducted.

An increasing number of cytokines have recently been confirmed to influence TJ
barrier function, and to be associated with intrinsic TJ proteins [61]. Previous research has
shown that IL-1β is the hallmark innate cytokine that plays a key role in the initiation of
inflammatory immune responses and has been associated with inflammatory cell migration
and osteoclastogenesis [62,63]. IL-6 is rapidly and transiently produced in response to
infections and tissue injuries, and is implicated in inflammation, hematopoiesis, and
immune responses [64]. IL-8 is a chemokine mainly produced by monocytes and epithelial
cells, and mediates the chemotaxis of neutrophils during acute phase of inflammation [65].
TNF-α is a multi-function cytokine and an important mediator of inflammatory responses,
produced by many types of immune cells including mucosal cells (such as epithelial
cells) [66]. It regulates a number of inflammatory signaling pathways in macrophages [67].
Previous studies have demonstrated that APP can induce breakdown of the integrity of
the porcine tracheal epithelial barrier, allowing tracheal epithelial cells to secrete various
cytokines [30]. In this study, porcine tracheal epithelial cells also produced IL-6, IL-8,
and TNF-α following exposure to APP, a result consistent with previous studies [30,53].
However, pretreatment with TP decreased the secretion of inflammatory factors IL-6, IL-8,
and TNF-α in porcine tracheal epithelial cells.

Activation of the MAPK pathway can lead to TJ and AJ opening or assembly. To our
knowledge, this is the first report showing TP inhibiting inflammatory responses inhibiting
p38 MAPK signaling and the TLR signaling pathway in tracheal epithelial cells (Figure 6).
JNK play an important role in regulating cell viability [68]. It has been reported that
activation of inflammatory signaling pathways, including JNK and p38, induces secretion
of cytokines [69]. In our study, TP decreased the secretion of inflammatory factors IL-6,
IL-8, and TNF-α. APP activated the inflammatory signaling molecules JNK and p38 in
NPTr cells. TP treatment significantly reduced APP-induced JNK and p38 phosphorylation
expression. It is suggested that TP potentially mediates activation of the p-p38 MAPK
pathway induced by APP. These data suggest that TP modulate the inflammatory immune
response to fight infection and improve healing.

Toll-like receptors (TLRs) are transmembrane pattern recognition receptors (PRRs)
that play a key role in microbial recognition, systemic bacterial infection, and control of
adaptive immune responses [70,71]. Toll-like receptor 2 (TLR2), one member of the TLR
family, recognizes conserved molecular patterns related to both Gram-negative and Gram-
positive bacteria, such as lipoteichoic acid (LTA), lipoarabinomannan, lipoproteins, and
peptidoglycan (PGN) [72,73]. Toll-like receptor 4 (TLR4) plays a crucial role in the infective
inflammation caused by Gram-negative bacteria [74,75]. Related research shows that Toll-
like receptor 4 plays a key role in mediating the innate immune response to pneumonia
infection [75,76]. A previous study demonstrated that Emodin inhibits influenza viral
pneumonia by inhibiting IAV-induced activation of TLR4, MAPK, and NF-kB pathways [77].
Ugonin M might exert efficacy on LPS-induced lung infection and inhibit not only NF-kB
and MAPK activation but also TLR4 protein expression [78]. In the present study, mRNA
levels of TLR2 and TLR4 in NPTr cells infected with APP were higher than those in control
cells. When NPTr cells were pretreated with TP, a similar result was obtained and the TLR2
and TLR4 mRNA level of NPTr cells infected with APP were suppressed and the protein
expression levels of TLR2 and TLR4 were significantly lower than those in treated cells
stimulated by APP.
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4. Materials and Methods
4.1. Cell Culture, Bacterial Culture, and TP

Newborn pig tracheal epithelial cells (NPTr) were cultured in Dulbecco’s modified
eagle medium (DMEM, high-glucose: Cytiva, Washington, DC, USA) supplemented with
10% fetal bovine serum (Gibco, New York, NY, USA), 100 U/mL penicillin, and 100 U/mL
streptomycin (Solarbio, Beijing, China) at 37 ◦C with 5% CO2. APP serotype 5b was ob-
tained from the State Key Laboratory of Agricultural Microbiology (Huazhong Agricultural
University, Wuhan, China). The bacterial strains were cultivated in BD™ tryptic soy broth
(TSB) and tryptic soy agar (TSA) or Mueller–Hinton (Beckton Dickson, New York, NY,
USA) supplemented with sterile newborn calf serum (10%, v/v, AusGeneX, Brisbane, Aus-
tralia) and 10 µg/mL nicotinamide adenine dinucleotide (NAD) at 37 ◦C. TP (purity: 98%,
molecular weight: 281.36) were bought from the Nanjing Tianrun Biotechnology Co., Ltd.
(Nanjing, China). This product is a kind of pure natural biological active substance ex-
tracted from tea; its main components are epigallocatechin gallate (EGCG), epigallocatechin
(EGC), epicatechin gallate (ECG), and epicatechin (EC).

Determination of minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC).

The determination of MIC and MBC values of TP against APP were tested using a
modified broth micro-dilution assay as described by the Clinical and Laboratory Standards
Institute, CLSI 2015 [12]. Serial two-fold dilutions of TP (from 160 mg/mL) in culture
medium were placed in 96-well micro-titer plates, 100 µL per well. Each well was seeded
with APP at a final concentration of 5× 105 CFU/mL. Medium samples without bacteria or
TP were placed in wells as controls. The MIC value was the lowest concentration of TP at
which no bacterial growth was observed after 12 h at 37 ◦C. Samples of 10 µL aliquots per
well were spread onto TSA plates and left for 24 h at 37 ◦C, and the lowest concentration in
which no APP colony formed was taken as the tea polyphenol MBC.
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4.2. TP and APP Co-Cultivation Affects Bacteria Growth

The effect of TP on APP growth was explored as previously described [5], with minor
modifications. In summary, APP (1 × 108 CFU/mL) and TP (0 MIC, 1/2 MIC, 1 MIC, and
2 MIC) were co-cultured for 0, 1, 2, 3, 4, and 5 h. At each hourly point, cultures were diluted,
seeded onto TSA plates, and incubated for 24 h at 37 ◦C. The bactericidal effects of TP
against APP were defined by measuring the CFUs of each culture by counting the number
of APP colonies. The log10 CFU/mL vs. time over a 5 h period was plotted to visualize the
APP growth curves.

Transmission electron microscope (TEM) and Scanning electron microscope (SEM)
analysis of APP cellular integrity.

The damage caused to APP cells by TP was detected using TEM and SEM as previously
described [79], with modifications. APP was grown in TSB until OD600 to 0.6, then bacteria
were incubated with TP (0.625 mg/mL) at 37 ◦C for 3 h, and then fixed with electron
microscope fixative (2.5% glutaraldehyde) at 4 ◦C overnight. The bacteria samples were
post-fixed in 1% osmic acid for 2 h at room temperature, and ethanol and acetone were
then added in turn for dehydration. Finally, ultra-thin sections were embedded and dyed
with uranium and lead double staining. The morphology of the cells was observed under
a TEM (Hitachi, HT7700, Tokyo, Japan), or the dried samples were observed via a SEM
(Hitachi, SU8010, Tokyo, Japan); images were collected for analysis.

4.3. Cytotoxicity Detection Assay

In the cytotoxicity detection assay, NPTr cells were seeded into 96-well plates, with
106 cells per well. Different concentrations of TP were added to the cells as treatment
groups, and cells without added TP were used as negative controls. The viability of the
NPTr cells under different conditions were detected by measuring the amount of lactose
dehydrogenase (LDH) using an LDH assay kit (Beyotime, Shanghai, China) according to
the manufacturer’s protocols. The LDH viability in the supernatant was measured using a
microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 490 nm.

4.4. Adherence Assay

In the adherence assay, NPTr cells were seeded into 24-well culture plates, with 106 cells
per well. After incubation overnight, control cells were not pretreated, and treatment group
cells were pretreated with TP (0.0625 mg/mL) for 3 h. Cells were then infected with APP at
a multiplicity of infection (MOI; bacterial cells per cell) of 10:1. Plates were incubated for 2 h
at 37 ◦C in 5% CO2 and washed three times with PBS to remove unadhered bacteria. The
cells with adherence bacteria were lysed with 0.025% Triton X-100 (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) on ice for 15 min. The number of bacteria adhering to
NPTr cells were calculated.

4.5. Analysis of Cytokine, TLR2 and TLR4 mRNA Expression Using qRT-PCR

For analysis, 106 NPTr cells per well were seeded into 12-well plates. NPTr cells were
treated and infected as described above, with untreated cells serving as controls. One
group of cells were pretreated with TP (0.0625 mg/mL) for 3 h, and the other groups
were not pretreated. Cells were then infected with APP at a multiplicity of infection (MOI;
bacterial cells per cell) of 10:1. Plates were incubated at 37 ◦C in 5% CO2. After 2 h,
the total RNA of NPTr cells was extracted using Trizol reagent (Invitrogen, Burlington,
ON, Canada) according to the manufacturer’s protocols. The cDNA was amplified using
reverse transcriptase (Vazyme, Nanjing, China) and qRT-PCR with a SYBY Green qPCR Kit
(Vazyme, Nanjing, China) and were performed in triplicate. Expression of every gene was
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The sequences of
primers used for the qRT-PCR analyses are listed in Table 2.
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Table 2. Primers used for qRT-PCR.

Gene Nucleotide Sequence (5′-3′) Tm (◦C)

GAPDH
GGCTGCCCAGAACATCATCC

60GACGCCTGCTTCACCACCTTCTTG

IL-6
GGAACGCCTGGAAGAAGATG

58ATCCACTCGTTCTGTGACTG

IL-8
TTTCTGCAGCTCTCTGTGAGG

58CTGCTGTTGTTGTTGCTTCTC

TNF-α
CGCATCGCCGTCTCCTACCA

60GACGCCTGCTTCACCACCTTCTTG

TLR-2
ACGGACTGTGGTGCATGAAG

58GGACACGAAAGCGTCATAGC

TLR-4
CATACAGAGCCGATGGTG

58CCTGCTGAGAAGGCGATA

4.6. Immunofluorescence Assay

NPTr cells were treated and infected as described above. Untreated cells were used
as controls. One group of cells were pretreated with TP (0.0625 mg/mL) for 3 h; the other
group was not pretreated. Cells were then infected with APP at a multiplicity of infection
(MOI; bacterial cells per cell) of 10:1. Plates were incubated for 2 h at 37 ◦C in 5% CO2. The
cells were fixed in 4% paraformaldehyde and blocked in 5% BSA in PBS-Tween 20 (PBS
containing 0.1% Tween 20) for 2 h at 37 ◦C. The cells were then labelled with antibodies
against β-catenin (Proteintech, Chicago, IL, USA) and occludin (Proteintech, Chicago, IL,
USA) at 4 ◦C overnight. After washing, cells were treated with a secondary antibody
(CyTM3 AffiniPure Goat Anti-Mouse IgG (H + L)) (Jackson, PA, USA) and incubated for 1 h
at room temperature. They were then washed with PBS three times, and the cell nuclei were
counterstained with DAPI staining solution. The slides were then sealed with a coverslip
using nail polish and kept in the dark until used. TJ and AJ proteins were visualized using a
Nikon Eclipse CI fluorescence microscope and Nikon DS-U3 imaging (Nikon, Tokyo, Japan).

4.7. Western Blotting

NPTr cells were treated and infected as described above. Untreated cells were used
as controls; one group of cells were pretreated with TP (0.0625 mg/mL) for 3 h and the
other groups were not pretreated. Cells were then infected with APP at a multiplicity of
infection (MOI; bacterial cells per cell) of 10:1. Plates were incubated at 37 ◦C for 2 h in
5% CO2. After 2 h, cells were lysed with RIPA lysis buffer (Beyotime, Shanghai, China)
with added protease inhibitors. The protein concentrations were measured with a BCA
protein assay kit (Beyotime, Shanghai, China). After SDS-PAGE separation, the protein
samples were transferred to PVDF membranes and blocked in Tris-buffered saline/Tween
20 (TBST) containing 5% skim milk (Beckton Dickson, New York, NY, USA). The PVDF
membranes were incubated overnight with the corresponding antibodies (Occludin Mono-
clonal antibody, Beta Catenin Monoclonal antibody, HRP-conjugated βeta actin antibody,
TLR2 Monoclonal antibody, TLR4 Monoclonal antibody, MLCK Polyclonal antibody, JNK
Monoclonal antibody, Phospho-JNK (Tyr185) Recombinant antibody, p38 MAPK Mono-
clonal antibody, and Phospho-p38 MAPK (Thr180/Tyr182) Polyclonal antibody, Proteintech,
Chicago, IL, USA; PKC alpha Antibody, Phospho-PKC alpha (Ser657) Antibody, Affinity
Biosciences, Cincinnati, OH, USA) at 4 ◦C. Then, the PVDF membranes were washed
with TBST and incubated with HRP-conjugated secondary antibodies (HRP-conjugated
Affinipure Goat Anti-Mouse IgG (H + L), HRP-conjugated Affinipure Goat Anti-Rabbit
IgG (H + L), Proteintech, Chicago, IL, USA) for 1 h at room temperature and visualized
with ECL solution (Vazyme, Nanjing, China). Finally, the PVDF membranes were observed
using the ChemoDoc™ Touch Imaging System (Bio-Rad, Watford, UK).
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4.8. Animal Assay

A total of 18 female BALB/c mice (6-weeks-old) were purchased from the Center
for Disease Control of Hubei Province (Hubei CDC, Wuhan, China). All animal experi-
ments followed the recommendations of the Laboratory Animal Monitoring Committee of
Huazhong Agricultural University. The mice were randomly divided into three groups
(six per group). One group was treated with TP (100 mg/kg) by oral gavage for 5 days.
The two other groups were treated with equivalent distilled water. The group pretreated
with TP and one of distilled water group were infected with APP (1.46 × 108 CFU) by in-
traperitoneal injection. The other group were treated with normal saline by intraperitoneal
injection, as a control group. Blood and lungs were obtained from the mice. Lung tissues
were fixed in 4% para-formaldehyde and used for histopathological analysis. The amounts
of inflammatory factors, including IL-1ß, IL-6, IL-8, and TNF-α, in the serum of the mice
were determined using an ELISA Kit (ml063132-J, ml063159, ml063162, ml063162, mlbio,
Shanghai, China) according to the manufacturer’s protocols.

4.9. Statistical Analysis

The results were analyzed using various statistical tests in GraphPad Prism version 8
(GraphPad Software, San Diego, CA, USA). Student’s t-test was used to analyze differences
between groups; ‘*’ indicates statistical significance at p < 0.05, ‘**’ indicates statistical
significance at p < 0.01, ‘***’ indicates statistical significance at p < 0.001, and ‘****’ indicates
statistical significance at p < 0.0001.

5. Conclusions

In summary, our results demonstrated that TP inhibited the growth of APP, disrupting
the integrity of APP cells. In a mouse model, TP reduced damage due to APP and gave
protection against APP exposure. In addition, it was found that TP inhibited the ability of
APP to adhere to NPTr cells. TP promoted the expression of junction proteins to conserve
the epithelial barrier integrity. It is possible that the protective effects of TP on TJ are
closely related to the inhibition of the activation of PKC and MLCK pathways. Our results
suggested that APP induces MAPK signaling pathway activation and TP inhibits the
MAPK signaling pathway via regulation of the inflammatory immune response. Our
results suggest that TP were demonstrated to confer protective effects against a lethal dose
of APP, and that they can be used as a replacement for antibiotics to provide a new strategy
for preventing APP infection in pigs.

Author Contributions: X.L., Z.L., Y.T., D.Z., W.B. and F.Y. designed research; X.L. and Z.L. performed
research; T.G., K.Y. and R.G. contributed investigation and data curation; W.L., N.W. and C.L.
contributed analyzed data; and X.L., Z.L., D.Z., W.B. and F.Y. wrote the paper. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Technical Innovation Project of Hubei Province (2022ABA002;
2022BBA0055), the Hubei Province Natural Science Foundation for Innovative Research Groups
(2021CFA019), the Hubei Province Innovation Center of Agricultural Sciences and Technology (2021-
620-000-001-017), the National Key R&D Plan (2022YFD1800905). The funders had no role in the
study design, data collection, and analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: All animal studies were conducted in strict accordance
with the guidelines of animal welfare of World Organization for Animal Health. All mice used
in this study were purchased from the Wuhan Institute of Biological Products Co., Ltd. (Wuhan,
China). The animal study protocol was approved by the Ethics Committee of Huazhong Agricultural
University (Wuhan, China) and conducted in accordance with the Hubei Province Laboratory Animal
Management Regulations of 2005. All efforts were made to minimize animal suffering.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding author on reasonable request.



Int. J. Mol. Sci. 2023, 24, 11842 14 of 17

Acknowledgments: We appreciated Hongbo Zhou at Huazhong Agricultural University for provid-
ing NPTr cells.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Caruana, M.; Vassallo, N. Tea Polyphenols in Parkinson’s Disease. Adv. Exp. Med. Biol. 2015, 863, 117–137. [PubMed]
2. Guo, Y.J.; Sun, L.Q.; Yu, B.Y.; Qi, J. An integrated antioxidant activity fingerprint for commercial teas based on their capacities to

scavenge reactive oxygen species. Food Chem. 2017, 237, 645–653. [CrossRef] [PubMed]
3. Li, Y.; Gao, X.; Lou, Y. Interactions of tea polyphenols with intestinal microbiota and their implication for cellular signal

conditioning mechanism. J. Food Biochem. 2019, 43, e12953. [CrossRef] [PubMed]
4. Zou, L.-Q.; Liu, W.; Liu, W.-L.; Liang, R.-H.; Li, T.; Liu, C.-M.; Cao, Y.-L.; Niu, J.; Liu, Z. Characterization and Bioavailability of Tea

Polyphenol Nanoliposome Prepared by Combining an Ethanol Injection Method with Dynamic High-Pressure Microfluidization.
J. Agric. Food Chem. 2014, 62, 934–941. [CrossRef]

5. Xu, X.; Zhou, X.D.; Wu, C.D. The tea catechin epigallocatechin gallate suppresses cariogenic virulence factors of Streptococcus
mutans. Antimicrob. Agents Chemother. 2011, 55, 1229–1236. [CrossRef]

6. Elmassry, M.M.; Chung, E.; Cao, J.J.; Hamood, A.N.; Shen, C.L. Osteoprotective effect of green tea polyphenols and annatto-
extracted tocotrienol in obese mice is associated with enhanced microbiome vitamin K2 biosynthetic pathways. J. Nutr. Biochem.
2020, 86, 108492. [CrossRef]

7. Zhao, Y.; Zhang, X. Interactions of tea polyphenols with intestinal microbiota and their implication for anti-obesity. J. Sci. Food
Agric. 2020, 100, 897–903. [CrossRef]

8. Cao, D.; Zhao, M.; Wan, C.; Zhang, Q.; Tang, T.; Liu, J.; Shao, Q.; Yang, B.; He, J.; Jiang, C. Role of tea polyphenols in delaying
hyperglycemia-induced senescence in human glomerular mesangial cells via miR-126/Akt-p53-p21 pathways. Int. Urol. Nephrol.
2019, 51, 1071–1078. [CrossRef] [PubMed]

9. Ogawa, M.; Shimojima, M.; Saijo, M.; Fukasawa, M. Several catechins and flavonols from green tea inhibit severe fever with
thrombocytopenia syndrome virus infection in vitro. J. Infect. Chemother. 2021, 27, 32–39. [CrossRef]

10. Reygaert, W.C. The antimicrobial possibilities of green tea. Front. Microbiol. 2014, 5, 434. [CrossRef]
11. Lagha, A.B.; Grenier, D. Tea polyphenols inhibit the activation of NF-kappaB and the secretion of cytokines and matrix metallo-

proteinases by macrophages stimulated with Fusobacterium nucleatum. Sci. Rep. 2016, 6, 34520. [CrossRef]
12. Yin, H.; Deng, Y.; Wang, H.; Liu, W.; Zhuang, X.; Chu, W. Tea polyphenols as an antivirulence compound Disrupt Quorum-Sensing

Regulated Pathogenicity of Pseudomonas aeruginosa. Sci. Rep. 2015, 5, 16158. [CrossRef]
13. Guo, L.; Guo, J.; Liu, H.; Zhang, J.; Chen, X.; Qiu, Y.; Fu, S. Tea polyphenols suppress growth and virulence-related factors of

Haemophilus parasuis. J. Vet. Med. Sci. 2018, 80, 1047–1053. [CrossRef]
14. Ma, X.; Zheng, B.; Wang, J.; Li, G.; Cao, S.; Wen, Y.; Huang, X.; Zuo, Z.; Zhong, Z.; Gu, Y. Quinolone Resistance of Actinobacillus

pleuropneumoniae Revealed through Genome and Transcriptome Analyses. Int. J. Mol. Sci. 2021, 22, 10036. [CrossRef]
15. Opriessnig, T.; Gimenez-Lirola, L.G.; Halbur, P.G. Polymicrobial respiratory disease in pigs. Anim. Health Res. Rev. 2011, 12,

133–148. [CrossRef]
16. Hoflack, G.; Maes, D.; Mateusen, B.; Verdonck, M.; de Kruif, A. Efficacy of tilmicosin phosphate (Pulmotil premix) in feed for the

treatment of a clinical outbreak of Actinobacillus pleuropneumoniae infection in growing-finishing pigs. J. Vet. Med. B Infect. Dis.
Vet. Public. Health 2001, 48, 655–664. [CrossRef]

17. Chiers, K.; De Waele, T.; Pasmans, F.; Ducatelle, R.; Haesebrouck, F. Virulence factors of Actinobacillus pleuropneumoniae
involved in colonization, persistence and induction of lesions in its porcine host. Vet. Res. 2010, 41, 65. [CrossRef]

18. Bosse, J.T.; Janson, H.; Sheehan, B.J.; Beddek, A.J.; Rycroft, A.N.; Kroll, J.S.; Langford, P.R. Actinobacillus pleuropneumoniae:
Pathobiology and pathogenesis of infection. Microbes Infect. 2002, 4, 225–235. [CrossRef]

19. Stringer, O.W.; Bosse, J.T.; Lacouture, S.; Gottschalk, M.; Fodor, L.; Angen, O.; Velazquez, E.; Penny, P.; Lei, L.; Langford, P.R.; et al.
Proposal of Actinobacillus pleuropneumoniae serovar 19, and reformulation of previous multiplex PCRs for capsule-specific
typing of all known serovars. Vet. Microbiol. 2021, 255, 109021. [CrossRef]

20. Bosse, J.T.; Li, Y.; Sarkozi, R.; Fodor, L.; Lacouture, S.; Gottschalk, M.; Casas Amoribieta, M.; Angen, O.; Nedbalcova, K.; Holden,
M.T.G.; et al. Proposal of serovars 17 and 18 of Actinobacillus pleuropneumoniae based on serological and genotypic analysis.
Vet. Microbiol. 2018, 217, 1–6. [CrossRef]

21. Xu, Z.; Zhou, Y.; Li, L.; Zhou, R.; Xiao, S.; Wan, Y.; Zhang, S.; Wang, K.; Li, W.; Li, L.; et al. Genome biology of Actinobacillus
pleuropneumoniae JL03, an isolate of serotype 3 prevalent in China. PLoS ONE 2008, 3, e1450. [CrossRef] [PubMed]

22. Bosse, J.T.; Li, Y.; Walker, S.; Atherton, T.; Fernandez Crespo, R.; Williamson, S.M.; Rogers, J.; Chaudhuri, R.R.; Weinert,
L.A.; Oshota, O.; et al. Identification of dfrA14 in two distinct plasmids conferring trimethoprim resistance in Actinobacillus
pleuropneumoniae. J. Antimicrob. Chemother. 2015, 70, 2217–2222. [CrossRef] [PubMed]

23. Vilaro, A.; Novell, E.; Enrique-Tarancon, V.; Balielles, J.; Vilalta, C.; Martinez, S.; Fraile Sauce, L.J. Antimicrobial Susceptibility
Pattern of Porcine Respiratory Bacteria in Spain. Antibiotics 2020, 9, 402. [CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/26092629
https://doi.org/10.1016/j.foodchem.2017.05.024
https://www.ncbi.nlm.nih.gov/pubmed/28764047
https://doi.org/10.1111/jfbc.12953
https://www.ncbi.nlm.nih.gov/pubmed/31368563
https://doi.org/10.1021/jf402886s
https://doi.org/10.1128/AAC.01016-10
https://doi.org/10.1016/j.jnutbio.2020.108492
https://doi.org/10.1002/jsfa.10049
https://doi.org/10.1007/s11255-019-02165-7
https://www.ncbi.nlm.nih.gov/pubmed/31089945
https://doi.org/10.1016/j.jiac.2020.08.005
https://doi.org/10.3389/fmicb.2014.00434
https://doi.org/10.1038/srep34520
https://doi.org/10.1038/srep16158
https://doi.org/10.1292/jvms.18-0085
https://doi.org/10.3390/ijms221810036
https://doi.org/10.1017/S1466252311000120
https://doi.org/10.1046/j.1439-0450.2001.00492.x
https://doi.org/10.1051/vetres/2010037
https://doi.org/10.1016/S1286-4579(01)01534-9
https://doi.org/10.1016/j.vetmic.2021.109021
https://doi.org/10.1016/j.vetmic.2018.02.019
https://doi.org/10.1371/journal.pone.0001450
https://www.ncbi.nlm.nih.gov/pubmed/18197260
https://doi.org/10.1093/jac/dkv121
https://www.ncbi.nlm.nih.gov/pubmed/25957382
https://doi.org/10.3390/antibiotics9070402
https://www.ncbi.nlm.nih.gov/pubmed/32664493


Int. J. Mol. Sci. 2023, 24, 11842 15 of 17

24. Vanni, M.; Merenda, M.; Barigazzi, G.; Garbarino, C.; Luppi, A.; Tognetti, R.; Intorre, L. Antimicrobial resistance of Actinobacillus
pleuropneumoniae isolated from swine. Vet. Microbiol. 2012, 156, 172–177. [CrossRef] [PubMed]

25. Dayao, D.; Gibson, J.S.; Blackall, P.J.; Turni, C. Antimicrobial resistance genes in Actinobacillus pleuropneumoniae, Haemophilus
parasuis and Pasteurella multocida isolated from Australian pigs. Aust. Vet. J. 2016, 94, 227–231. [CrossRef]

26. Dayao, D.; Gibson, J.S.; Blackall, P.J.; Turni, C. Antimicrobial resistance in bacteria associated with porcine respiratory disease in
Australia. Vet. Microbiol. 2014, 171, 232–235. [CrossRef]

27. Wang, Y.C.; Chan, J.P.; Yeh, K.S.; Chang, C.C.; Hsuan, S.L.; Hsieh, Y.M.; Chang, Y.C.; Lai, T.C.; Lin, W.H.; Chen, T.H. Molecular
characterization of enrofloxacin resistant Actinobacillus pleuropneumoniae isolates. Vet. Microbiol. 2010, 142, 309–312. [CrossRef]

28. Kucerova, Z.; Hradecka, H.; Nechvatalova, K.; Nedbalcova, K. Antimicrobial susceptibility of Actinobacillus pleuropneumoniae
isolates from clinical outbreaks of porcine respiratory diseases. Vet. Microbiol. 2011, 150, 203–206. [CrossRef]

29. Pridmore, A.; Burch, D.; Lees, P. Determination of minimum inhibitory and minimum bactericidal concentrations of tiamulin
against field isolates of Actinobacillus pleuropneumoniae. Vet. Microbiol. 2011, 151, 409–412. [CrossRef]

30. Bercier, P.; Gottschalk, M.; Grenier, D. Effects of Actinobacillus pleuropneumoniae on barrier function and inflammatory response
of pig tracheal epithelial cells. Pathog. Dis. 2019, 77, fty079. [CrossRef]

31. Gon, Y.; Hashimoto, S. Role of airway epithelial barrier dysfunction in pathogenesis of asthma. Allergol. Int. 2018, 67, 12–17.
[CrossRef]

32. Matter, K.; Balda, M.S. Signalling to and from tight junctions. Nat. Rev. Mol. Cell Biol. 2003, 4, 225–236. [CrossRef]
33. Pohunek, P. Development, structure and function of the upper airways. Paediatr. Respir. Rev. 2004, 5, 2–8. [CrossRef]
34. Ganz, T. Epithelia: Not just physical barriers. Proc. Natl. Acad. Sci. USA 2002, 99, 3357–3358. [CrossRef]
35. Jiao, J.; Wang, C.; Zhang, L. Epithelial physical barrier defects in chronic rhinosinusitis. Expert. Rev. Clin. Immunol. 2019, 15,

679–688. [CrossRef]
36. Zihni, C.; Mills, C.; Matter, K.; Balda, M.S. Tight junctions: From simple barriers to multifunctional molecular gates. Nat. Rev. Mol.

Cell Biol. 2016, 17, 564–580. [CrossRef]
37. Shen, L.; Weber, C.R.; Raleigh, D.R.; Yu, D.; Turner, J.R. Tight junction pore and leak pathways: A dynamic duo. Annu. Rev.

Physiol. 2011, 73, 283–309. [CrossRef]
38. Weber, C.R. Dynamic properties of the tight junction barrier. Ann. N. Y. Acad. Sci. 2012, 1257, 77–84. [CrossRef]
39. Pearce, S.C.; Al-Jawadi, A.; Kishida, K.; Yu, S.; Hu, M.; Fritzky, L.F.; Edelblum, K.L.; Gao, N.; Ferraris, R.P. Marked differences

in tight junction composition and macromolecular permeability among different intestinal cell types. BMC Biol. 2018, 16, 19.
[CrossRef]

40. Yuksel, H.; Turkeli, A. Airway epithelial barrier dysfunction in the pathogenesis and prognosis of respiratory tract diseases in
childhood and adulthood. Tissue Barriers 2017, 5, e1367458. [CrossRef]

41. Schleimer, R.P. Immunopathogenesis of Chronic Rhinosinusitis and Nasal Polyposis. Annu. Rev. Pathol. 2017, 12, 331–357.
[CrossRef] [PubMed]

42. Bruser, L.; Bogdan, S. Adherens Junctions on the Move-Membrane Trafficking of E-Cadherin. Cold Spring Harb. Perspect. Biol.
2017, 9, a029140. [CrossRef] [PubMed]

43. Coopman, P.; Djiane, A. Adherens Junction and E-Cadherin complex regulation by epithelial polarity. Cell Mol. Life Sci. 2016, 73,
3535–3553. [CrossRef] [PubMed]

44. De Benedetto, A.; Rafaels, N.M.; McGirt, L.Y.; Ivanov, A.I.; Georas, S.N.; Cheadle, C.; Berger, A.E.; Zhang, K.; Vidyasagar,
S.; Yoshida, T.; et al. Tight junction defects in patients with atopic dermatitis. J. Allergy Clin. Immunol. 2011, 127, 773–786.e7.
[CrossRef] [PubMed]

45. Clarke, H.; Marano, C.W.; Peralta Soler, A.; Mullin, J.M. Modification of tight junction function by protein kinase C isoforms. Adv.
Drug Deliv. Rev. 2000, 41, 283–301. [CrossRef] [PubMed]

46. Zhou, H.Y.; Zhu, H.; Yao, X.M.; Qian, J.P.; Yang, J.; Pan, X.D.; Chen, X.D. Metformin regulates tight junction of intestinal epithelial
cells via MLCK-MLC signaling pathway. Eur. Rev. Med. Pharmacol. Sci. 2017, 21, 5239–5246. [CrossRef]

47. Gonzalez-Mariscal, L.; Tapia, R.; Chamorro, D. Crosstalk of tight junction components with signaling pathways. Biochim. Biophys.
Acta 2008, 1778, 729–756. [CrossRef]

48. Cong, X.; Kong, W. Endothelial tight junctions and their regulatory signaling pathways in vascular homeostasis and disease. Cell.
Signal. 2020, 66, 109485. [CrossRef]

49. Yang, C.S.; Chen, G.; Wu, Q. Recent scientific studies of a traditional chinese medicine, tea, on prevention of chronic diseases. J.
Tradit. Complement. Med. 2014, 4, 17–23. [CrossRef]

50. Li, S.; Zhang, L.; Wan, X.; Zhan, J.; Ho, C.-T. Focusing on the recent progress of tea polyphenol chemistry and perspectives. Food
Sci. Hum. Wellness 2022, 11, 437–444. [CrossRef]

51. Bansal, S.; Choudhary, S.; Sharma, M.; Kumar, S.S.; Lohan, S.; Bhardwaj, V.; Syan, N.; Jyoti, S. Tea: A native source of antimicrobial
agents. Food Res. Int. 2013, 53, 568–584. [CrossRef]

52. Ma, T.; Peng, W.; Liu, Z.; Gao, T.; Liu, W.; Zhou, D.; Yang, K.; Guo, R.; Duan, Z.; Liang, W.; et al. Tea polyphenols inhibit the
growth and virulence of ETEC K88. Microb. Pathog. 2021, 152, 104640. [CrossRef]

https://doi.org/10.1016/j.vetmic.2011.10.022
https://www.ncbi.nlm.nih.gov/pubmed/22104584
https://doi.org/10.1111/avj.12458
https://doi.org/10.1016/j.vetmic.2014.03.014
https://doi.org/10.1016/j.vetmic.2009.09.067
https://doi.org/10.1016/j.vetmic.2011.01.016
https://doi.org/10.1016/j.vetmic.2011.03.016
https://doi.org/10.1093/femspd/fty079
https://doi.org/10.1016/j.alit.2017.08.011
https://doi.org/10.1038/nrm1055
https://doi.org/10.1016/j.prrv.2003.09.002
https://doi.org/10.1073/pnas.072073199
https://doi.org/10.1080/1744666X.2019.1601556
https://doi.org/10.1038/nrm.2016.80
https://doi.org/10.1146/annurev-physiol-012110-142150
https://doi.org/10.1111/j.1749-6632.2012.06528.x
https://doi.org/10.1186/s12915-018-0481-z
https://doi.org/10.1080/21688370.2017.1367458
https://doi.org/10.1146/annurev-pathol-052016-100401
https://www.ncbi.nlm.nih.gov/pubmed/27959637
https://doi.org/10.1101/cshperspect.a029140
https://www.ncbi.nlm.nih.gov/pubmed/28096264
https://doi.org/10.1007/s00018-016-2260-8
https://www.ncbi.nlm.nih.gov/pubmed/27151512
https://doi.org/10.1016/j.jaci.2010.10.018
https://www.ncbi.nlm.nih.gov/pubmed/21163515
https://doi.org/10.1016/S0169-409X(00)00047-8
https://www.ncbi.nlm.nih.gov/pubmed/10854687
https://doi.org/10.26355/eurrev_201711_13847
https://doi.org/10.1016/j.bbamem.2007.08.018
https://doi.org/10.1016/j.cellsig.2019.109485
https://doi.org/10.4103/2225-4110.124326
https://doi.org/10.1016/j.fshw.2021.12.033
https://doi.org/10.1016/j.foodres.2013.01.032
https://doi.org/10.1016/j.micpath.2020.104640


Int. J. Mol. Sci. 2023, 24, 11842 16 of 17

53. Auger, E.; Deslandes, V.; Ramjeet, M.; Contreras, I.; Nash, J.H.; Harel, J.; Gottschalk, M.; Olivier, M.; Jacques, M. Host-pathogen
interactions of Actinobacillus pleuropneumoniae with porcine lung and tracheal epithelial cells. Infect. Immun. 2009, 77, 1426–1441.
[CrossRef]

54. Delgado-Ortega, M.; Olivier, M.; Sizaret, P.Y.; Simon, G.; Meurens, F. Newborn pig trachea cell line cultured in air-liquid interface
conditions allows a partial in vitro representation of the porcine upper airway tissue. BMC Cell Biol. 2014, 15, 14. [CrossRef]

55. Cao, Q.; Wei, W.; Wang, H.; Wang, Z.; Lv, Y.; Dai, M.; Tan, C.; Chen, H.; Wang, X. Cleavage of E-cadherin by porcine respiratory
bacterial pathogens facilitates airway epithelial barrier disruption and bacterial paracellular transmigration. Virulence 2021, 12,
2296–2313. [CrossRef]

56. Fournier-Larente, J.; Morin, M.P.; Grenier, D. Green tea catechins potentiate the effect of antibiotics and modulate adherence and
gene expression in Porphyromonas gingivalis. Arch. Oral Biol. 2016, 65, 35–43. [CrossRef]

57. Lagha, A.B.; Groeger, S.; Meyle, J.; Grenier, D. Green tea polyphenols enhance gingival keratinocyte integrity and protect against
invasion by Porphyromonas gingivalis. Pathog. Dis. 2018, 76, fty030. [CrossRef]

58. Liu, X.; Wang, Z.; Wang, P.; Yu, B.; Liu, Y.; Xue, Y. Green tea polyphenols alleviate early BBB damage during experimental focal
cerebral ischemia through regulating tight junctions and PKCalpha signaling. BMC Complement. Altern. Med. 2013, 13, 187.
[CrossRef]

59. Li, J.; Ye, L.; Wang, X.; Liu, J.; Wang, Y.; Zhou, Y.; Ho, W. (-)-Epigallocatechin gallate inhibits endotoxin-induced expression of
inflammatory cytokines in human cerebral microvascular endothelial cells. J. Neuroinflamm. 2012, 9, 161. [CrossRef]

60. He, W.Q.; Wang, J.; Sheng, J.Y.; Zha, J.M.; Graham, W.V.; Turner, J.R. Contributions of Myosin Light Chain Kinase to Regulation of
Epithelial Paracellular Permeability and Mucosal Homeostasis. Int. J. Mol. Sci. 2020, 21, 993. [CrossRef]

61. Walsh, S. Modulation of tight junction structure and function by cytokines. Adv. Drug Deliv. Rev. 2000, 41, 303–313. [CrossRef]
[PubMed]

62. Lo, Y.J.; Liu, C.M.; Wong, M.Y.; Hou, L.T.; Chang, W.K. Interleukin 1beta-secreting cells in inflamed gingival tissue of adult
periodontitis patients. Cytokine 1999, 11, 626–633. [CrossRef] [PubMed]

63. Bloemen, V.; Schoenmaker, T.; de Vries, T.J.; Everts, V. IL-1beta favors osteoclastogenesis via supporting human periodontal
ligament fibroblasts. J. Cell Biochem. 2011, 112, 1890–1897. [CrossRef] [PubMed]

64. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 2014,
6, a016295. [CrossRef] [PubMed]

65. Kosmopoulos, M.; Christofides, A.; Drekolias, D.; Zavras, P.D.; Gargalionis, A.N.; Piperi, C. Critical Role of IL-8 Targeting in
Gliomas. Curr. Med. Chem. 2018, 25, 1954–1967. [CrossRef]

66. Sedger, L.M.; McDermott, M.F. TNF and TNF-receptors: From mediators of cell death and inflammation to therapeutic giants—
Past, present and future. Cytokine Growth Factor. Rev. 2014, 25, 453–472. [CrossRef]

67. Lagha, A.B.; Grenier, D. Tea polyphenols protect gingival keratinocytes against TNF-alpha-induced tight junction barrier
dysfunction and attenuate the inflammatory response of monocytes/macrophages. Cytokine 2019, 115, 64–75. [CrossRef]

68. Himes, S.R.; Sester, D.P.; Ravasi, T.; Cronau, S.L.; Sasmono, T.; Hume, D.A. The JNK are important for development and survival
of macrophages. J. Immunol. 2006, 176, 2219–2228. [CrossRef]

69. He, W.; Hu, S.; Du, X.; Wen, Q.; Zhong, X.P.; Zhou, X.; Zhou, C.; Xiong, W.; Gao, Y.; Zhang, S.; et al. Vitamin B5 Reduces Bacterial
Growth via Regulating Innate Immunity and Adaptive Immunity in Mice Infected with Mycobacterium tuberculosis. Front.
Immunol. 2018, 9, 365. [CrossRef]

70. Cario, E. Bacterial interactions with cells of the intestinal mucosa: Toll-like receptors and NOD2. Gut 2005, 54, 1182–1193.
[CrossRef]

71. Cario, E.; Gerken, G.; Podolsky, D.K. Toll-like receptor 2 controls mucosal inflammation by regulating epithelial barrier function.
Gastroenterology 2007, 132, 1359–1374. [CrossRef]

72. Cario, E. Barrier-protective function of intestinal epithelial Toll-like receptor 2. Mucosal Immunol. 2008, 1 (Suppl. S1), S62–S66.
[CrossRef]

73. Gu, M.J.; Song, S.K.; Lee, I.K.; Ko, S.; Han, S.E.; Bae, S.; Ji, S.Y.; Park, B.C.; Song, K.D.; Lee, H.K.; et al. Barrier protection via
Toll-like receptor 2 signaling in porcine intestinal epithelial cells damaged by deoxynivalnol. Vet. Res. 2016, 47, 25. [CrossRef]

74. Xu, C.; Chen, G.; Yang, W.; Xu, Y.; Xu, Y.; Huang, X.; Liu, J.; Feng, Y.; Xu, Y.; Liu, B. Hyaluronan ameliorates LPS-induced acute
lung injury in mice via Toll-like receptor (TLR) 4-dependent signaling pathways. Int. Immunopharmacol. 2015, 28, 1050–1058.
[CrossRef]

75. Ding, J.; Liu, Q. Toll-like receptor 4: A promising therapeutic target for pneumonia caused by Gram-negative bacteria. J. Cell Mol.
Med. 2019, 23, 5868–5875. [CrossRef]

76. Sender, V.; Stamme, C. Lung cell-specific modulation of LPS-induced TLR4 receptor and adaptor localization. Commun. Integr.
Biol. 2014, 7, e29053. [CrossRef]

77. Dai, J.P.; Wang, Q.W.; Su, Y.; Gu, L.M.; Zhao, Y.; Chen, X.X.; Chen, C.; Li, W.Z.; Wang, G.F.; Li, K.S. Emodin Inhibition of Influenza
A Virus Replication and Influenza Viral Pneumonia via the Nrf2, TLR4, p38/JNK and NF-kappaB Pathways. Molecules 2017,
22, 1754. [CrossRef]

https://doi.org/10.1128/IAI.00297-08
https://doi.org/10.1186/1471-2121-15-14
https://doi.org/10.1080/21505594.2021.1966996
https://doi.org/10.1016/j.archoralbio.2016.01.014
https://doi.org/10.1093/femspd/fty030
https://doi.org/10.1186/1472-6882-13-187
https://doi.org/10.1186/1742-2094-9-161
https://doi.org/10.3390/ijms21030993
https://doi.org/10.1016/S0169-409X(00)00048-X
https://www.ncbi.nlm.nih.gov/pubmed/10854688
https://doi.org/10.1006/cyto.1999.0448
https://www.ncbi.nlm.nih.gov/pubmed/10433811
https://doi.org/10.1002/jcb.23109
https://www.ncbi.nlm.nih.gov/pubmed/21433061
https://doi.org/10.1101/cshperspect.a016295
https://www.ncbi.nlm.nih.gov/pubmed/25190079
https://doi.org/10.2174/0929867325666171129125712
https://doi.org/10.1016/j.cytogfr.2014.07.016
https://doi.org/10.1016/j.cyto.2018.12.009
https://doi.org/10.4049/jimmunol.176.4.2219
https://doi.org/10.3389/fimmu.2018.00365
https://doi.org/10.1136/gut.2004.062794
https://doi.org/10.1053/j.gastro.2007.02.056
https://doi.org/10.1038/mi.2008.47
https://doi.org/10.1186/s13567-016-0309-1
https://doi.org/10.1016/j.intimp.2015.08.021
https://doi.org/10.1111/jcmm.14529
https://doi.org/10.4161/cib.29053
https://doi.org/10.3390/molecules22101754


Int. J. Mol. Sci. 2023, 24, 11842 17 of 17

78. Wu, K.C.; Huang, S.S.; Kuo, Y.H.; Ho, Y.L.; Yang, C.S.; Chang, Y.S.; Huang, G.J. Ugonin M, a Helminthostachys zeylanica
Constituent, Prevents LPS-Induced Acute Lung Injury through TLR4-Mediated MAPK and NF-kappaB Signaling Pathways.
Molecules 2017, 22, 573. [CrossRef]

79. Morin, M.P.; Bedran, T.B.; Fournier-Larente, J.; Haas, B.; Azelmat, J.; Grenier, D. Green tea extract and its major constituent
epigallocatechin-3-gallate inhibit growth and halitosis-related properties of Solobacterium moorei. BMC Complement. Altern. Med.
2015, 15, 48. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules22040573
https://doi.org/10.1186/s12906-015-0557-z

	Introduction 
	Results 
	TP Inhibit the Growth of APP In Vitro 
	TP Affect the Cellular Integrity of APP 
	TP Effect on the Adhesion of APP Bacteria 
	Effect of TP on Pro-Inflammatory Cytokine Secretion and the mRNA Level of TLR2 and TLR4 in NPTr Cells 
	TP Decrease the Disruption of Cellular Junctions in NPTr Cells 
	The Effect of TP on the Expression of Toll-like Receptor-Related Proteins in NPTr Cells 
	Effects of TP on PKC- and MLCK Signaling Pathway Activated by APP 
	Effect of TP on the MAPK Signaling Pathway Activated by APP 
	Protective Effect of TP on Mice Infected by APP 

	Discussion 
	Materials and Methods 
	Cell Culture, Bacterial Culture, and TP 
	TP and APP Co-Cultivation Affects Bacteria Growth 
	Cytotoxicity Detection Assay 
	Adherence Assay 
	Analysis of Cytokine, TLR2 and TLR4 mRNA Expression Using qRT-PCR 
	Immunofluorescence Assay 
	Western Blotting 
	Animal Assay 
	Statistical Analysis 

	Conclusions 
	References

