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Eugenol alleviates transmissible
gastroenteritis virus-induced
Intestinal epithelial injury

by regulating NF-«xB

signhaling pathway

Kang Wang'?, Daiwen Chen'?, Bing Yu?, Jun He™?,
Xiangbing Mao™?, Zhiqing Huang?, Hui Yan*?, Aimin Wu'?,
Yuheng Luo*?, Ping Zheng*?, Jie Yu*? and Junqiu Luo™**

Hnstitute of Animal Nutrition, Sichuan Agricultural University, Chengdu, China, 2Key Laboratory of
Animal Disease-resistant Nutrition, Sichuan Agricultural University, Chengdu, China

Increasing evidence supports the ability of eugenol to maintain intestinal barrier
integrity and anti-inflammatory in vitro and in vivo; however, whether eugenol
alleviates virus-mediated intestinal barrier damage and inflammation remains a
mystery. Transmissible gastroenteritis virus (TGEV), a coronavirus, is one of the
main causative agents of diarrhea in piglets and significantly impacts the global
swine industry. Here, we found that eugenol could alleviate TGEV-induced
intestinal functional impairment and inflammatory responses in piglets. Our
results indicated that eugenol improved feed efficiency in TGEV-infected
piglets. Eugenol not only increased serum immunoglobulin concentration
(IgG) but also significantly decreased serum inflammatory cytokine
concentration (TNF-o) in TGEV-infected piglets. In addition, eugenol also
significantly decreased the expression of NF-kB mRNA and the
phosphorylation level of NF-xB P65 protein in the jejunum mucosa of TGEV-
infected piglets. Eugenol increased villus height and the ratio of villus height to
crypt depth in the jejunum and ileum, and decreased serum D-lactic acid levels.
Importantly, eugenol increased tight junction protein (ZO-1) and mRNA
expression levels of nutrient transporter-related genes (GluT-2 and CaT-1) in
the jejunum mucosa of TGEV-infected piglets. Meanwhile, compared with
TGEV-infected IPEC-J2 cells, treatment with eugenol reduced the cell
cytopathic effect, attenuated the inflammatory response. Interestingly,
eugenol did not increase the expression of ZO-1 and Occludin in IPEC-J2
cells. However, western blot and immunofluorescence results showed that
eugenol restored TGEV-induced down-regulation of ZO-1 and Occludin, while
BAY11-7082 (The NF-xB specific inhibitor) enhanced the regulatory ability of
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eugenol. Our findings demonstrated that eugenol attenuated TGEV-induced
intestinal injury by increasing the expression of ZO-1 and Occludin, which may
be related to the inhibition of NF-xB signaling pathway. Eugenol may offer
some therapeutic opportunities for coronavirus-related diseases.

KEYWORDS

transmissible gastroenteritis virus, eugenol, intestinal epithelial barrier, intestinal
inflammation, immunity, weaned pigs

Introduction

Coronaviruses have strong variability and the ability to
spread across species (1). Transmissible gastroenteritis virus
(TGEV) is an enveloped, positive-sense, single-stranded RNA
coronavirus with a length of about 28.5 kb, which is the main
pathogen causing porcine gastroenteritis (2). Transmissible
gastroenteritis (TGE) is a highly contagious enteric disease
caused by TGEV, with clinical symptoms characterized by
severe diarrhea, dehydration and vomiting in piglets (3, 4).
The virus has now become widespread in several countries,
causing severe economic losses to the swine industry (5).
Therefore, it is necessary to understand the pathogenic
mechanism of TGEV and find effective treatments.

The intestinal mucosal barrier includes epithelial cells and is
the first line of defense against external pathogens from invading
the intestine (6). It can rapidly activate early cellular responses and
induce the production of various cytokines to act as a bridge
between innate and adaptive immunity (7, 8). Therefore, the intact
intestinal mucosal epithelium and its good physiological state are
important guarantees for the healthy growth of animals. During
viral infection, viruses alter or disrupt the normal architecture of
the cellular intestinal barrier structure, further supporting viral
entry, replication, and production of viral particles (9). Therefore,
investigating the intestinal infection of piglets during TGEV
infection has aroused considerable research interest.

Eugenol (C;oH;,0,), a well-known natural product with
immunomodulatory and disease resistance effects (10-12), has
attracted much attention in recent years. Eugenol is a phenolic
aromatic compound, which is the main component of clove oil
(13). It is commonly obtained from the natural essential oils of the
Lamiaceae, Lauraceae, Myrtaceae and Myristicaceae families (14).
Recent reports indicate that eugenol inhibits LPS-induced
inflammatory response in the porcine intestinal epithelial cells
(15). In addition, studies have shown that eugenol has antiviral
activity against Ebola virus (a single-stranded, negative-sense,
enveloped filamentous RNA virus) (16) and feline calicivirus (a
single-stranded, positive-sense, non-enveloped RNA virus) (17),
but the specific mechanism awaits study. Besides, little is known
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about its physiological function in porcine intestinal epithelial cells.
More importantly, no previous study has investigated the key
regulatory functions of eugenol during TGEV infection.

Thus, in the present study, we focused on the effects of
eugenol on intestinal epithelial function and inflammatory
response in TGEV-infected weaned piglets and revealed the
underlying mechanism. Our findings suggested that eugenol
protects intestinal epithelial barrier function by inhibiting
TGEV-induced intestinal epithelial cell inflammation, and the
mechanism is related to the inhibition of TGEV-induced NF-xB
signaling pathway.

Materials and methods
Materials

Eugenol (298%, W246719, FG) was acquired from Sigma-
Aldrich (Shanghai, China). NF-xB inhibitor (BAY 11-7082,
$2913) was purchased from Selleck.

Virus, cell culture, and treatment

TGEV strain TS (GenBank accession no. DQ201447.1), a
clinical isolate, was presented by the College of Veterinary
Medicine, Sichuan Agricultural University. IPEC-J2 (Porcine
Small Intestinal Epithelial Cell Line) cells were purchased from
the American type culture collection (ATCC, ACC 701). IPEC-
J2 cells were cultured in DMEM-F12 (Gibco, Shanghai, China)
including 10% fetal bovine serum (Gibco, Shanghai, China) and
1% streptomycin and penicillin (Gibco, Shanghai, China) in a
humidified incubator at 37 °C, 5% CO,. Eugenol (200 uM) was
incubated with cells for 1 h before exposure to TGEV (MOI=1);
thereafter IPEC-J2 cells were incubated with eugenol. The cells
were pretreated with BAY-117082 (1 uM) for 1 h before adding
eugenol and TGEV.
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Experimental design and diet

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the Laboratory Animal
Center at Sichuan Agricultural University (SICAU-2015-033).
Twenty-one-day-old DLY weaned piglets were obtained from a
pig farm in Mianyang, Sichuan, China. Thirty-two piglets were
randomly divided into four groups of equal weight: (1) control
group (piglets fed with basal diet); (2) eugenol supplemented
group (piglets fed with basal diet containing 400 mg/kg eugenol);
(3) TGEV-infected group (piglets fed with basal diet); (4) eugenol
+TGEV-infected group (piglets fed with basal diet containing 400
mg/kg eugenol). There were 8 replicate piglets per treatment. The
basal diet was formulated to meet the swine nutrient requirements
recommended by National Research Council (NRC, 2012). Piglets
were fed a basal diet for 3 days before the trial began. As shown in
Figure 1, on day 15 of the formal trial, after 11 hours of fasting,
each pig received 5 ml 100 mM NaHCOj to neutralize gastric acid
and avoid acidic environment to affect virus viability. One hour
later, 0 or 2.8x10° PFU TGEV (TCID50 = 10 %7/100 uL) was
administered according to the group. All piglets were executed on
day 18 to collect samples.

Diarrhea rate

Daily diarrhea rate records were performed on piglets
according to Table 1. Piglets with a score of 3, 4 or 5 were
considered to have diarrhea. The diarrhea rate of each piglet was
calculated as follows:

Diarrhea rate (%) = (days of piglet diarrhea/total days) x 100.

Sample collection

On day 18 of the formal trial, blood samples were collected
from the anterior vena cava of each piglet. The whole blood was

10.3389/fimmu.2022.921613

TABLE 1 Fecal scores standard.

Diarrhea degree Excrement shape Excrement score

Normal Hard bar/Hard granulous 1
Normal Firm well formed 2
Light Soft/Forming 3
Middle Dense/Not formed 4
Severity Fluid/Not formed 5

placed in vacuum collection vessel and stood at room
temperature for 30min. The serum samples were centrifuged
at 3000 r/min for 10 min at 4°C and then separated into 200 uL
eppendorf tubes. The serum samples were stored at -20°C. The
piglets were euthanized after blood collection and slaughtered
promptly. After opening the abdominal cavity of the piglets, the
middle duodenum, jejunum and ileum tissues were selected for
fixation with 4% paraformaldehyde solution, and then
morphological analysis was performed. The middle jejunum
tissue was selected for longitudinal incision, rinsed with
normal saline, scraped the intestinal mucosa, placed in a sterile
cryopreservation tube, and stored at -80°C until analysis.

Serum inflammatory cytokines and
immunoglobulin detection

The concentration of inflammatory cytokines (IL-1 and
TNF-¢) and immunoglobulin (IgA and IgG) in serum were
determined, following the instructions of a commercially
available porcine Enzyme-Linked Immunosorbent Assay
(ELISA) kits (Shanghai Meimian Biotechnology, Shanghai,
China). All procedures were guided by manuals of the Kkits.
For quantification, the standards provided in the kits were used
to generate standard curves.

5SmLNaHCO;

Fasting (100 mM) Vehicle Execute
— Control I $ $ $ |
-2 weeks -12 hours -1 hours 0 3 days
Eugenol 5SmLNaHCO;
(400 mg/kg) Fasting (100 mM) Vehicle Execute
- i — Eugenol I } t } |
/ | { @3\ -2 weeks -12 hours _1 hours 0 3 days
/ o
4 g :
—A = 5mLNaHCO, TGEV
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{ [ W — TGEV I t t t i
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FIGURE 1
Design diagram of experimental piglets.
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Histomorphology analysis of
intestinal segments

Intestinal samples were collected and fixed in 4%
paraformaldehyde. Tissues were dehydrated by a series of
alcohols transferred at increased concentrations. Then the
duodenum, jejunum and ileum sections were embedded in
paraffin and cut into 5um thick sections for hematoxylin and
eosin staining. At least 10 villi with intact lamina propria from
each sample were blindly selected and examined for
measurement. Image Pro Plus 6.0 was used to measure the
height of 10 intact villi and the corresponding crypts in intestinal
tissue, and calculate the villus-crypt ratio. Two observers viewed
and evaluated slices.

Western blotting and RT-PCR

The protein content of the intestinal tissues and cells was
measured using the BCA Protein Assay Kit (Thermo Fisher,
23225) after they were lysed in RIPA buffer. Equivalent amounts
of each protein extract were separated on 8%, 10% or 12% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). After
electrophoresis, the gel with separated proteins was released from
the glass plate and those protein samples were electrophoretically
transferred onto polyvinylidene difluoride (PVDF) membrane
(Millipore, Billerica, MA, USA). After transfer, PVDF membranes
were placed on a shaker and block with 5% skim milk powder at
room temperature for 90 min. After blocking, membranes were
treated with the appropriate primary antibodies overnight at 4 °C,
including ZO-1 (proteintech, 1773-1-AP), Claudin-1 (proteintech,
13050-1-AP), Occludin (proteintech, 27260-1-AP), NF-xB p65
(CST, 8242), Phospho-NF-xB p65 (CST, 2928), B-actin (CST,
3700) antibodies. The dilution ratio of primary antibodies was
1:1000. After 3 times rinsing with Tris-Buffered-Saline with Tween
(TBST), the membrane was incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 h at room
temperature. Immuno-reactive proteins were visualized using a
chemiluminescence detection kit (Beyotime, PO018FS). An
imaging system (ChemiDoc) and Image Lab software were used
to determine the blot signal and protein density.

According to the manufacturer’s manual, total RNA was
extracted from tissues and cells samples using Trizol reagent
(Takara Bio, 9109). Both genomic DNA removal and reverse
transcription were performed using PrimeScript RT reagent kit
with gDNA eraser (Takara Bio, RR047A), following the
manufacturer’s guidelines. All primers are validated by Blast
analysis prior to RT-PCR (Table S1). The PCR procedure was
as follows: pre-denaturating at 95°C for 1 min, 40 cycles of
denaturation at 95 °C for 15 s, annealing at 60 °C for 30's, and
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extension at 95 °C for 15 s and a cycle of final extension at 72 °C
for 6 min. The generated Gene-specific amplification products
were confirmed by melting curve analysis after each real-time
quantitative PCR assay. The specificity of the reaction was
confirmed by verifying the expected size of the PCR product on
2% agarose gel. The relative gene expression was calculated by

2 24T method. B-actin was used as the housekeeping gene.

Statistical analysis

GraphPad Prism 8.0 software was used for data analysis.
Data are presented as mean * standard error of mean (SEM).
The chi-square test was used to test for diarrhea rate. The t-tests
(two-tailed) was used for growth performance of piglets before
TGEV infection, and one-way ANOVA with Dunnett’s multiple
comparisons test was used for other results. P values < 0.05 were
considered statistically significant.

Results

Effects of eugenol on growth
performance and diarrhea rate in
TGEV-infected weaned piglets

We first evaluated the effect of eugenol on growth
performance and diarrhea rate in TGEV-infected piglets. As
shown in Table 2, compared with the control group, TGEV
infection significantly reduced F/G (P < 0.01), but the eugenol
supplementation significantly improved the F/G of weaned
piglets (P < 0.01). In TGEV-infected piglets, eugenol
significantly increased piglet ADG (P < 0.01). In addition,
TGEV challenge induced severe diarrhea in piglets, and the
diarrhea rate was significantly increased (P < 0.01), while
eugenol supplementation reduced the diarrhea rate in piglets
(P < 0.05). To determine the success of TGEV infection, we also
assessed the expression of TGEV-N mRNA in jejunum mucosa
(Figure S1). The results showed that eugenol significantly
reduced the replication of TGEV in jejunum of weaned piglets
after TGEV was successfully infected (P < 0.01).

Effects of eugenol on serum
inflammatory factors and
immunoglobulin contents in
TGEV-infected weaned piglets

The severity of viral infection depends on the development of a

cytokine storm characterized by elevated serum levels of
inflammatory cytokines (18). As shown in Figure 2, compared with
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TABLE 2 The effects of eugenol and/or TGEV challenge on growth performance and diarrhea of weaned piglets.

Items Treatment P-value

CON EUG TGEV T+EUG SEM EUG TGEV EUG*TGEV
1-14d
ADFI (g) 2443 250.6 15.73 0.69
ADG (g) 127.4 157.1% 14.54 <0.05
F/G 1.87 1.51% 0.11 <0.01
Diarrhea rate (%) 22.32 9.375% 5.89 <0.05
15-18 d
ADFI (g) 388.4 407.1 407.4 4033 12.38 0.76 0.77 0.66
ADG (g) 214.8° 265.8° 151.9° 229.2° 11.21 <0.01 <0.01 0.47
F/G 1.86" 1.56" 2.73 1.85" 0.1 <0.01 <0.01 0.04
Diarrhea rate (%) 11.11° o° 51.85° 25° 4.82 0.01 <0.01 0.28

ADFI average daily feed intake, ADG average daily gain, F/G Feed/Gain ratio.

'* means significant difference in peer data between CON and EUG groups, P < 0.05.

2a, b mean values within a row with unlike superscript letters were significantly different, P < 0.05.

*CON, piglets were fed with basal diet; EUG, piglets were fed with basal diet containing 400 mg/kg eugenol; TGEV, piglets fed with basal diet and infected by TGEV; T+EUG, piglets were

fed with basal diet containing 400 mg/kg eugenol and infected by TGEV.
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FIGURE 2
Effects of eugenol on serum inflammatory factors and immunoglobulin contents in TGEV-infected weaned piglets. (A—D) The levels of IL-18,

TNF-o, IgA and IgG in serum were detected by ELISA. Data were expressed as mean + SEM. *p < 0.05, **p < 0.01

the control group, TGEV challenge significantly increased the levels 0.05). Under the condition of TGEV challenge, eugenol
of IL-1B and TNF-c in the serum of piglets (P < 0.01), and supplementation significantly reduced the level of TNF-cr in serum
significantly decreased the levels of IgA and IgG in the serum (P < (P < 0.01) and increased the content of IgG in serum (P < 0.05).
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Effects of eugenol on jejunum
inflammation-related indexes in
TGEV-infected weaned piglets

Increased and sustained NF-xB activation induces inflammation
and tissue damage (19). As shown in Figure 3, compared with the
control group, TGEV infection significantly increased the relative
expression of NF-xB and IL-6 mRNA in the jejunum of weaned
piglets (P < 0.01). Under the condition of TGEV challenge, eugenol
supplementation significantly alleviated the TGEV-induced increase
in the relative expression of NF-kB mRNA (P < 0.05). In addition, as
shown in Figure 4, compared with the control group, TGEV infection
significantly increased the protein expression level of NF-kB P-P65 in
the jejunum of weaned piglets (P <0.05), and dietary supplementation
of eugenol reduced the protein expression level of NF-xB P-P65 in the
jejunum of piglets (P <0.05). Interestingly, eugenol supplementation
could significantly alleviate the TGEV-induced increase in the protein
expression level of NF-xB P-P65 (P <0.05).

Effects of eugenol on small intestine
morphology in TGEV-infected weaned piglets

Important indicators for evaluating the absorptive function
of the small intestine are villus height, crypt depth, and V/C (the
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ratio of villus height to crypt depth) (20). As shown in Figure 5,
compared with the control group, eugenol supplementation
significantly increased the duodenum villus height and the
ratio of villous height to crypt depth of weaned piglets, as well
as the ileum the ratio of villous height to crypt depth (P < 0.05);
TGEV infection significantly decreased the villus height and the
ratio of villous height to crypt depth in the jejunum and ileum of
weaned piglets (P < 0.01). Moreover, eugenol supplementation
alleviated TGEV-induced reduction of the ratio of villous height
to crypt depth in jejunum and ileum (P < 0.05).

Effects of eugenol on serum D-lactic
acid concentrations in TGEV-infected
weaned piglets

After the intestinal injury, D-lactic acid in the intestine
will enter the peripheral blood through the intestinal mucosa
(21). As shown in Figure 6, compared with the control group,
TGEV infection significantly increased the D-lactic acid
content in the serum of weaned piglets (P <0.05). In
addition, eugenol supplementation significantly inhibited
the increase of D-lactic acid content induced by TGEV
(P <0.05).
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o
o

0.0

Effects of eugenol on jejunum inflammatory-related genes expression levels in TGEV-infected weaned piglets. (A-C) Levels of NF-xB, IL-6 and
IL-10 mRNA in the jejunum mucosa was examined by RT-PCR. Data were expressed as mean + SEM. *p < 0.05, **p < 0.01
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Effects of eugenol on jejunum inflammatory-related protein expression levels in TGEV-infected weaned piglets. (A, B) Immunoblot analysis and
quantification of NF-kB P-P65 and NF-xB P65 in jejunum mucosa. Data were expressed as mean + SEM. *p < 0.05.
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Effects of eugenol on small intestine morphology in TGEV-infected weaned piglets. Data were expressed as mean + SEM. *p < 0.05, **p < 0.01,
***p < 0.001.(A—C) Statistical analysis of villus height, crypt depth and villus height to crypt depth ratio in small intestine
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Effects of eugenol on serum D-lactic acid concentrations in TGEV-
infected weaned piglets. The levels of D-lactic acid in serum were
detected by ELISA. Data were expressed as mean + SEM. *p < 0.05,

Effects of eugenol on jejunum intestinal
barrier related proteins in TGEV-infected
weaned piglets

Tight junctions (TJs) are one kind of cell-cell adhesion
complex that connects cells and provides seal around cells
(22). As shown in Figure 7, compared with the control group,
TGEV infection significantly reduces the protein expression
levels of ZO-1 and Occludin in the jejunum of weaned piglets
(P < 0.05), and eugenol supplementation increase the protein
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expression levels of ZO-1 (P < 0.001) and Occludin (P < 0.05). In
addition, eugenol supplementation significantly alleviated the
reduction of ZO-1 protein expression induced by TGEV
infection (P < 0.05), and had a tendency to alleviate the
protein expression of Occludin (P = 0.062).

Effects of eugenol on jejunum transporte
related genes expression levels in TGEV-
infected weaned piglets

As shown in Figure 8, compared with the control group,
TGEV infection significantly reduces the relative expression of
GluT-1 and SgIT-1 mRNA in the jejunum of weaned piglets
(P<0.05), and the relative expression of CaT-1 mRNA has a
tendency to decrease (P=0.0854). In addition, eugenol
supplementation significantly increased the relative expression
of PepT-1 mRNA in the jejunum of piglets (P<0.05). Under the
condition of TGEV infection, eugenol supplementation
significantly increases the relative expression of GluT-2 and
CaT-1 mRNA (P<0.01).

Effects of TGEV infection on intestinal
barrier injury of IPEC-J2 cells
To further elucidate the underlying mechanism of eugenol to

alleviate TGEV infection, we used TGEV to infect IPEC-]J2 cells
to construct an in vitro infection model. The effects of TGEV
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(MOI=1) infection on IPEC-J2 cells for 12, 24 and 36 h on the
tight junction and inflammation proteins are shown in Figure 9.
Compared with the control group, the protein expressions of
ZO-1, Occludin and Claudin-1 were significantly decreased by
TGEYV infection for 36h in IPEC-J2 cells (P < 0.001), and there
was a certain time effect. In addition, TGEV infection promoted
the phosphorylation of NF-kB P65 protein at 12, 24 and 36h (P <
0.001), thus inducing the IPEC-J2 cells inflammatory response.

Frontiers in Immunology

Effects of TGEV infection on the
morphology of IPEC-J2 cells

In vitro, we observed the effect of TGEV infection on IPEC-
J2 cell morphology. As shown in Figure 10, compared with the
control group, TGEV infection had a cytopathic effect on IPEC-
J2 cells. Eugenol treatment was able to reverse TGEV-induced
cytopathic effects.
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FIGURE 9

Effects of TGEV infection on intestinal barrier injury of IPEC-J2 cells. IPEC-J2 cells were infected with TGEV (MOI=1) for 12 h, 24 h and 36h. (A-D)
Immunoblot analysis and quantification of ZO-1, Occludin, Claudin-1, NF-«B P-P65 and NF-xB P65 in IPEC-J2 cells. Data were expressed as mean +
SEM. ***p < 0.001.
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FIGURE 10
Effects of TGEV infection on the morphology of IPEC-J2 cells. Phase-contrast images of TGEV-treated IPEC-J2 cells. Scale bar, 50 um.
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Eugenol alleviates TGEV-induced
intestinal barrier damage and
inflammation in IPEC-J2 cells

Consistent with in vivo experiments, as shown in Figure 11, the
addition of eugenol significantly alleviated the TGEV-induced
decrease in the protein expressions of ZO-1, Occludin
and Claudin-1 in IPEC-J2 cells (P < 0.05). Based on these data, we
further validated the anti-inflammatory ability of eugenol in vitro.
The addition of eugenol significantly alleviated the TGEV-induced
increase in the relative protein expression of P-IkBo/IkBo, NF-kB P-
P65/P65 and IL-1B P17 in IPEC-J2 cells (P < 0.05).

10.3389/fimmu.2022.921613

Eugenol alleviates TGEV-induced
intestinal barrier dysfunction through the
NF-xB signaling pathway.

To further explore the mechanism of eugenol attenuating
TGEV-induced intestinal barrier damage, we used an NF-xB
inhibitor (BAY 11-7082) to analyze whether TGEV-induced
intestinal barrier damage could be alleviated by inhibiting
inflammation. As shown in Figure 12, BAY11-7082 treatment
significantly inhibited the TGEV-induced reduction of ZO-1 and
Occludin protein level (P < 0.05). In addition, eugenol-promoted
intestinal barrier restoration was significantly enhanced by BAY
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FIGURE 11
Eugenol alleviates TGEV-induced intestinal barrie

r damage in IPEC-J2 cells. IPEC-J2 cells were pretreated with eugenol (200 uM) for 1 h and

then infected with TGEV for 36 h. (A, B) Immunoblot analysis and quantification of ZO-1, Occludin and Claudin-1 in IPEC-J2 cells. (C, D)
Immunoblot analysis and quantification of P-/xkBe, IxkBo, NF-kB P-P65, NF-kB P65 and IL-1f in IPEC-J2 cells. Data were expressed as mean +

SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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Eugenol alleviates TGEV-induced intestinal barrier dysfunction through the NF-xB signaling pathway. IPEC-J2 cells were pretreated with
eugenol (200 uM) or BAY 11-7082(1 uM) for 1 h and then infected with TGEV for 36 h. (A, B) Immunoblot analysis and quantification of ZO-1 and
Occludin in IPEC-J2 cells. (C) Representative images of ZO-1 and Occludin by immunofluorescence staining in IPEC-J2 cells. Scale bar, 50 um.
Data were expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001

11-7082, as evidenced by increased proteins in ZO-1 and
Occludin; this result was confirmed by immunofluorescent
staining refer to Figure 12C.

Discussion

During weaning, piglets experience pathogen proliferation,
diarrhea, poor growth performance and even death due to the
transition from breast milk to solid feed (23, 24). TGE was a highly
contagious infectious disease caused by TGEV causing viral
diarrhea in weaned piglets. Numerous studies have pointed out
that plant extracts play an important role in promoting animal
growth performance, enhancing immunity, and maintaining
animal health (25-27). At present, there are few studies on the
growth performance and immune regulation of eugenol in piglets,
and a large number of studies focus on the effect of mixed essential
oils (28, 29). Therefore, we used a single ingredient, eugenol, for the
trial study. Studies have shown that compared with the control
group, the ADG of piglets supplemented with eugenol increases by
17.18-30.08% (30). Here, we showed that eugenol supplementation
significantly improved ADG and F/G of weaned piglets, and
reduced diarrhea rate of piglets. These results indicated that
eugenol supplementation relieves weaning stress of piglets at
weaning stage. Eugenol has important reference significance as
an antibiotic substitute for piglets during the period of antibiotic
prohibition. In addition, previous research found that TGEV
infection significantly reduces growth performance and causes
severe diarrhea in weaned piglets (31, 32), which is consistent
with our results. We found that under TGEV infection, the
addition of eugenol significantly alleviates the TGEV-induced
decline in growth performance and reduce the diarrhea rate of
piglets. Therefore, our results suggested that eugenol alleviates the
infection symptoms of TGEV in weaned piglets.
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TGEV infection induces the expression of inflammatory
factors, aggravates intestinal damage, and causes damage to
the intestinal barrier (33). We found that TGEV infection
significantly increased the levels of IL-1f3 and TNF-« in the
serum of piglets, increased the mRNA expressions of NF-kB and
IL-6 in the jejunum of piglets, and aggravated the
phosphorylation level of NF-xB P-P65 protein. These data
suggested TGEV infection may induce the overexpression of
inflammatory markers in weaned piglets, thereby causing the
immune response disorder in weaned piglets. Furthermore,
under the condition of TGEV infection, eugenol alleviated the
TNF-o concentration in serum, the NF-kB mRNA expression
and the hyper-phosphorylation of NF-xB P65 protein in
jejunum. Consistent with previous studies in vivo (34), eugenol
possesses a strong anti-inflammatory ability, suggesting that
eugenol alleviated intestinal excessive inflammatory response
caused by TGEV infection. However, we found that IL-1f3 was
not significantly reduced by eugenol. The failure of eugenol to
significantly reduce IL-18 may be related to the potential
infection sites of the virus and the action sites of eugenol.
Whether TGEV induces inflammation in organs and systems
such as the liver, lungs and nervous system, and whether eugenol
plays an anti-inflammatory role in these organs and systems are
unknown. These areas require further investigation. IgA and IgG
are important components of adaptive immunity and are
involved in a variety of immune functions, including
protection from microbial infection, humoral immunity, and
immune homeostasis (35-37). IgA, the most abundantly
produced antibody isotype in mammals (38), maintains the
homeostasis of the mucosal surfaces of the gastrointestinal
tract, and protects these surfaces from viral infection (39). Our
study showed that TGEV infection significantly reduced the
levels of IgA and IgG in the serum of weaned piglets, which
indicated that TGEV infection not only induced excessive innate
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immunity in piglets, but also disturbed the adaptive immunity of
piglets. Supplementation of plant extract cinnamaldehyde
enhanced the acquisition of specific antibodies during
helminth infection (40). In this study, eugenol increases the
level of IgG in serum of TGEV-infected piglets, indicating that
plant essential oils improve the body’s immune function during
pathogen infection.

Small intestine is mainly to digest ingested food and absorb
nutrients (41). Villus height, crypt depth, and the ratio of villus
height to crypt depth are important indicators for evaluating the
absorptive function of the small intestine (42). Under normal
physiological conditions, intestinal villous epithelial cells slough
off normally. The exfoliated cells migrate from the base of the
crypts, which in turn differentiate and give rise to mature villi
cells to the ends of the villi (43). Here, we found that TGEV
infection reduced the villus height and the ratio of villus height
to crypt depth in the jejunum and ileum of weaned piglets, and
eugenol supplementation alleviate the damage of TGEV on the
intestinal structure of piglets. D-lactic acid is a bacterial
metabolite produced by gut flora (44). When intestinal
permeability is abnormally increased due to some disruption,
D-lactic acid in the intestinal lumen easily enters the peripheral
blood through the intestinal mucosa (45). In the present study,
the serum D-lactic acid level was increased in TGEV-infected
piglets, and eugenol significantly inhibits the TGEV-induced
increase in D-lactic acid content.

Tight junctions, the main connection mode between
intestinal mucosal epithelial cells, maintain the integrity of the
intestinal mucosal barrier mechanical structure and function
(46). A large number of in vitro experiments proved that TGEV
reduces the protein levels of Claudin-1, Occludin and ZO-1 in
IPEC-]J2 cells (47, 48), which is closely related to its cause of viral
enteritis, diarrhea and morbidity in piglets. This experimental
study showed that TGEV infection of weaned piglets reduces the
protein expression levels of ZO-1 and Occludin; while eugenol
alleviates the reduction of ZO-I protein expression levels
induced by TGEV infection. This indicated that eugenol
alleviates the intestinal barrier function damage caused by
TGEV infection by promoting the expression of intestinal
tight junction protein.

Glucose is one of the most important energy sources in
animals, and GIuT1 is a uniporter protein that is located on the
cell membrane or cell surface and helps transport glucose into
mammalian cells (49). The sustained expression of GIuTI
protein enables efficient glucose transport and glucose
utilization, and then glucose is absorbed by the active sugar
transporter SgIT1 at the brush border of intestinal epithelial cells
(50). In recent years, oligopeptide transporter 1 (PepTI) was
found to play a key role in intestinal homeostasis in metabolite
profiling and tissue physiology (51). PepTI is predominantly
expressed in the small intestine and transports dipeptides/
tripeptides for metabolic purposes (52). The family of cationic
amino acid transporters (CaT, slc7a), called system y",
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transports cationic amino acids such as L-lysine, L-histidine,
L-ornithine and L-arginine. CaTl is considered a key
component of the y* transport system, with transport
characteristics including independence for sodium and pH and
preference for cationic amino acids as substrates (53, 54). We
found that dietary supplementation of eugenol could
significantly increase the relative expression of PepTI mRNA
and promote the metabolism of dipeptide/tripeptide in piglets,
which may be related to the increase in feed efficiency in piglets.
TGEV infection reduces the relative expression of GuT-1 and
SgIT-1 mRNA in the jejunum of weaned piglets, and the relative
expression of CaT-I mRNA has a tendency to decrease,
indicating that TGEV infection seriously reduces the intestinal
glucose transport and absorption function, and cationic amino
acid transport function of weaned piglets. However, eugenol
supplementation reversed the TGEV-induced decrease of
GLUT-2 and CAT-1 mRNA relative expression levels. Overall,
the interaction of the intestinal chemical barrier, immune barrier
and physical barrier jointly maintains the homeostasis of the
body of weaned piglets and ensures that the small intestine can
fully perform its functions of digestion and absorption.
Intestinal barrier dysfunction and immune disorders are
two essential factors affecting the pathogenesis of intestinal
diseases (55, 56). In general, intestinal epithelial tight
junction act as a physical barrier limiting mucosal immune
system exposure to pathogenic microorganisms (8). However,
accumulating evidence confirms that inflammation is an
important trigger for intestinal barrier disruption (57, 58).
Our results suggested that TGEV infection reduces the
protein expression of ZO-I, Occludin and Claudin-1 and
increased the phosphorylated protein expression level of
NF-kB p65 in IPEC-J2 cells, which was similar to recent
studies (33). This suggested that TGEV may induce an
excessive inflammatory response in IPEC-J2 cells to induce
intestinal barrier damage. Meanwhile, consistent with the in
vivo results, eugenol treatment increases the protein levels of
Z0-1, Occludin and Claudin-1, and decreases the
phosphorylated protein levels of IkBa and NF-xB and the
activation of II-1f in TGEV-infected IPEC-]2 cells. Il-1p was
reported to reduce the expression of ZO-1 and Occludin in
CACO-2 cells (59). Thus, the activity of relevant
inflammatory factors may influence intestinal barrier
function. To further explore the crosstalk between
inflammation and the intestinal barrier, we treated IPEC-]2
cells with BAY 11-7082, a specific inhibitor of NF-xB. We
found that BAY 11-7082 attenuates TGEV-induced intestinal
barrier damage. Emerging evidence suggested that inhibition
of NF-kB expression in intestinal epithelial cells alleviates
TNF-o/interferon-y-induced intestinal barrier disruption
(60). Therefore, our results suggested that eugenol may
inhibit TGEV-induced intestinal injury through the NF-xB
pathway. However, little is known about inhibition of NF-xB
signaling or eugenol regulation of tight junction expression,

frontiersin.org


https://doi.org/10.3389/fimmu.2022.921613
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

since effector molecules and receptors remain unknown.
Therefore, more studies on how eugenol regulates tight
junction protein expression are needed in the future.

In conclusion, eugenol supplementation can alleviate the
damage to the intestinal structure and the disturbance of
intestinal immune functions of piglets caused by TGEV, and
improve intestinal transit, digestion and absorption function in
piglets. Eugenol’s role in improving intestinal barrier function
may provide a potential approach to repair intestinal barrier
dysfunction caused by viral infection.
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