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Simple Summary: The implications of intestinal barrier function improvement in immune-
stressed weaning piglets by terpinen-4-ol(TER) are observed. Enhanced nutrient absorption,
reduced gastrointestinal disease incidence, and improved overall growth performance can
be achieved through improved intestinal barrier function. A promising alternative is
offered by the use of TER as a natural plant extract. Far-reaching implications on animal
health, economic viability, environmental sustainability, and animal welfare are observed
from the use of TER to improve intestinal barrier function in immune-stressed weaning
piglets. The importance of natural alternatives in enhancing livestock productivity and
health is underscored by this promising approach, paving the way for more sustainable
and ethical farming practices.

Abstract: The aim of this study was to investigate the effects of terpinen-4-ol (TER) sup-
plementation on the intestinal barrier function of pigs. Five groups of fifty 28-day-old
piglets with comparable body weights were randomly assigned to the following groups:
the control group (CON), the lipopolysaccharide group (LPS), the low TER group (PLT),
the middle TER group (PMT), and the high TER group (PHT). The basal diet was given
to the CON and LPS groups, and 30, 60, or 90 mg/kg TER was added to the basal diet for
the TER groups. After the 21-day trial period, piglets in the LPS and TER groups received
an intraperitoneal injection of 100 ng/kg body weight of LPS, whereas the piglets in the
CON group received an injection of 0.9% normal saline solution. The results showed that
LPS stimulation resulted in a decrease (p < 0.05) in the depth of colonic crypts in piglets,
which was greater (p < 0.05) in the TER group. Compared with those in the CON group,
the number of goblet cells and MUC2 expression were decreased in the colon of piglets in
the LPS group, while these parameters were increased in the PMT group (p < 0.05). The
malondialdehyde (MDA) content was greater in the colon of the LPS group than in that
of the CON group, while the activities of glutathione peroxidase (GSH-Px), superoxide
dismutase (SOD), and catalase (CAT) were lower in the colon of the LPS group; conversely,
the MDA content was lower in the colons of the PLT and PMT groups than in those of the
LPS group (p < 0.05). TER also reduced (p < 0.05) LPS-induced upregulation of IL-18 and
TNF-a expression, along with the relative gene expression of NLRP3, ASC, and caspase-1 in
the colon of piglets (p < 0.05). Compared with those in the CON group, the abundances
of Firmicutes and UCG-005 in the LPS group were lower (p < 0.05), and those in the TER
group were significantly greater than those in the LPS group. Compared with those in the
CON group, the abundance of Proteobacteria in the LPS group increased (p < 0.05), while the
abundance of Actinobacteria and Phascolarctobacterium increased (p < 0.05) in the colon of the
PHT group compared with that in the LPS group. In conclusion, TER effectively improved
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the intestinal barrier function of the colon in weaning piglets. Based on the results of this
study, the appropriate dose of TER in the diets of weaning piglets was 60 mg/kg.

Keywords: terpinen-4-ol; weaned piglets; colon; antioxidant function; immune function;
microbiome

1. Introduction

Once pathogenic microbes such as Salmonella and Escherichia coli are present in the
raising environment, they might stimulate the piglets’ immune systems, leading to inflam-
matory reactions and a greater frequency of diarrhea [1], which can hinder the growth of
piglets and result in subsequent economic losses. Consequently, preserving the integrity
and functionality of the intestines is essential for animal health [2]. Inflammatory bowel
disease (IBD) is a chronic gastrointestinal inflammatory condition characterized primarily
by weight loss and diarrhea, which can be induced by dioctyl sodium sulfosuccinate (DSS)
stimulation [3]. Although DSS and LPS trigger inflammatory responses through different
initial mechanisms, they are linked in some ways. DSS and LPS stimulation have similar in-
flammatory mediators including TNF-« and IL-18 [4]. In addition, DSS and LPS stimulation
can both cause a leaky gut effect. DSS may damage the integrity of the intestinal mucosal
barrier, thus causing the invasion of the components of the bacteria, including LPS, thus
indirectly triggering systemic inflammatory responses similar to those caused by LPS [5].
IBD involves lesions in the colonic mucosa and submucosa, leading to the loss of intestinal
barrier integrity [6]. Previous research has indicated that colon inflammation can be induced
by LPS stimulation, resulting in weight loss and diarrhea in mice [7]. The primary ingredient
in tea tree oil is TER, which has antibacterial, anti-inflammatory, and other properties [8].
Additionally, our previous study demonstrated that tea tree oil, a plant extract whose main
component is TER, can alleviate the inflammatory damage to the small intestine caused by
weaning, thereby improving growth performance and reducing the frequency of diarrhea in
piglets. Therefore, LPS was hypothesized to cause colonic inflammatory damage in piglets
and that the addition of TER may alleviate colonic inflammatory damage.

Intestinal barriers mainly include physical barriers, chemical barriers, microbial barri-
ers, and immune barriers [9], which interact with each other to maintain intestinal health.
Close intercellular connections and intestinal epithelial cells make up most of the physical
barriers [10]. Digestive enzymes and MUC2 are two examples of the substances that make
up the chemical barriers [11]. The primary components of the immunological barriers
are cytokines (IL-1B, TNF-«, IL-10, and IL-18) and antibodies (sIgA) released by intestinal
plasma cells [12]. An important component of the microbial barrier is the intestinal flora;
the intestinal flora maintains the stability of the intestinal microecosystem [13]. A previous
study suggested that DSS stimulation severely impaired morphology, decreased crypt
depth, decreased the number of goblet cells, and downregulated MUC2 expression, while
TER (a terpenoid) alleviated mucosal integrity and injury to the colon in mice [14]. Another
study also showed that DSS led to decreased SOD activity and increased MDA levels, while
ursolic acid (UA) (another terpenoid) alleviated these changes in antioxidant enzymes in
the colon of mice [15]. Previous research has shown that, following LPS stimulation, the
colons of mice exhibit a large decrease in the levels of anti-inflammatory cytokines such
as IL-10 and a dramatic increase in the levels of proinflammatory cytokines such as IL-18,
IL-18, and TNF-« [16]. Moreover, the addition of terpenoid-containing Lonicerae japonicae
flos may help offset the increase in proinflammatory cytokine synthesis and the decrease in
anti-inflammatory cytokine release [17]. Hence, it was hypothesized that, by controlling the
intestinal barrier function of the colon, TER may reduce the risk of diarrhea and enhance the
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ability of piglets to thrive. The intestinal morphology, goblet cell counts, MUC2 expression,
antioxidant enzyme activity, cytokine production, and intestinal microbial population in
the colon of immune-stressed weaned pigs were used in this investigation to assess the
TER regulation of the intestinal barrier function. This study was the first to investigate
the colonic function of immune-stressed weaned piglets. The results of this study may
provide a new reference for the application of TER as a new type of feed additive and for
the nutritional regulation of intestinal health in both piglets and humans with colitis.

2. Materials and Methods
2.1. Ethical Statement

All procedures of this experiment were carried out in accordance with the protocol
approved by the Experimental Animal Ethics Committee of Yangzhou University (approval
number: 202302040).

2.2. Animals and Experimental Design

Fifty 28-day-old piglets (weaned at 21 days) with comparable body weights (Duroc x
Landrace x Yorkshire, 7.5-8 kg) were divided into five groups at random, with half of the
groups being female and the other half being male: the LPS group, the low-, intermediate-,
and high-dose TER groups, and the CON group. The CON and LPS groups were fed a basal
diet, while the TER group was fed a basal diet supplemented with 30, 60, or 90 mg/kg TER.
At the end of the 21-day trial period, weaned piglets in the LPS- and TER-supplemented
groups were intraperitoneally injected with LPS at a dose of 100 ug/kg body weight,
whereas the control group received an injection of normal saline solution (0.9%). Six piglets
from each group were randomly selected (n = 6). Samples were taken 6 h after LPS or
saline stimulation.

This study was carried out at the piglet test site of Yiluxian Agricultural Technology
Limited Company in Shaobo Town, Yangzhou City, Jiangsu Province, China. Every experi-
mental piglet was reared in a single building. The room was maintained at 25-30 °C and
approximately 65% relative humidity. The piglets were fed four times a day at 7:00, 11:00,
15:00, and 19:00, and they had unlimited access to food and water. The experimental diets
of piglets in this study referred to the need of piglets in the Chinese National Standard of
the Nutrient Requirement of Swine (GB/T 39235-2020). The feed formula and nutritional
value are shown in Table 1.

Table 1. Composition and nutrient levels of the basal diet.

Ingredient Content
Raw materials, %

Corn 10.00
Fish meal

Puffed corn 37827
Soybean oil 1.67
Fermented soybean meal 8.00
Soybean preconcentrated protein 2.50
Whole soybeans 6.50
Whey powder 15.00
Flour 10.00
Rice husk powder 0.33
Glucose 2.50
Carrier rice husk powder 2.31
Calcium hydrogen phosphate 0.15

Lysine 0.43
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Table 1. Cont.

Ingredient Content
Methionine 0.30
Choline chloride 0.12
Salt 0.30
Premix () 1.39
Total 100.00 100.00
Nutritional levels ?

Digestible energy (kcal/kg) 3.33
Crude protein, % 18.83
Calcium, % 0.43
Total phosphorus, % 0.52
Lysine, % 1.44
Methionine, % 0.62
Threonine, % 1.00
Tryptophan, % 0.35

@ The premix provided the following per kg of the diet: Fe 53 mg, Gu 5 mg, Mn 13 mg, Zn 40 mg, Co 0.06 mg,
Se 0.23 mg, 1 0.33 mg, VA 13 500 IU, VD3 2 750 IU, VE 6.25, VK3 1.25 mg, thiamine 0.5 mg, riboflavin 3.75 mg,
pantothenic acid 6.25 mg, nicotinic acid 8.75 mg, adermin 0.5 mg, VB, 0.01 mg, biotin 0.013 mg, folic acid
0.125 mg, phytase 500 mg, sweetener 200 mg, sodium glutamate 1000 mg, mold adsorbent 500 mg, antioxidant
200 mg. (@ DE was a calculated value, while the other nutrient levels were measured values.

2.3. Sample Collection

After being stimulated with LPS for six hours, six piglets from each group were ran-
domly chosen and were sacrificed. The colon was removed from the weaned piglets by
opening their abdomens. The chyme was gently rinsed off with PBS, and the intestinal seg-
ment was longitudinally opened. Colon tissue samples were collected into 2 mL cryovials
and stored in a —80 °C freezer for subsequent determination of cytokine levels and gene ex-
pression. In addition, the intestinal segments were cut, immersed in 4% paraformaldehyde,
and then stored at 4 °C for subsequent histological examination.

2.4. Histological Study

Formaldehyde (4%) was used to treat the colon. Following dehydration, sectioning,
hematoxylin and eosin staining, and paraffin embedding were performed. As previously
mentioned, tissue slices were examined and imaged with a camera using optical microscopy
(Olympus IX53, Olympus Optical Co., Ltd., Tokyo, Japan) [18].

2.5. Goblet Cell Number Analysis

To examine the goblet cells, a periodic acid-Schiff (PAS) staining method targeting
polysaccharides was applied utilizing a commercially available kit from Solarbio Science &
Technology Co., Ltd. (Beijing, China). Observations were made at a magnification of 200 x
with an Olympus microscope, and data were captured via a Nikon H550L digital camera
across ten distinct viewing fields. In each of the 15 separate intestinal crypts, 100 enterocytes
were analyzed for the presence of goblet cells [19].

2.6. Immunohistochemical Analysis

As previously described, immunohistochemistry analysis was used to determine the
location of MUC2 proteins in the colon [20]. The tissue sections were treated with antibodies
specific for the MUC2 protein, which were obtained from Proteintech (Rosemont, IL, USA).
The primary MUC2 antibody was prepared at a dilution of 1:1500 and allowed to incubate
overnight at 4 °C. Using a 200x magnification Olympus fluorescein microscope with DP2-
BSW software, digital pictures were taken. For image analysis and processing, ImageProline
Plus 5.1 (Media Cybernetics, Rockville, MD, USA) was utilized. The relative MUC2 abundance
was quantified by calculating the ratio of the integrated optical density to the area.
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2.7. Determination of the Levels of Antioxidant Indicators

Superoxide dismutase (SOD; No: BC5165), malondialdehyde (MDA, No: BC0025),
catalase (CAT, No: BC0205), glutathione peroxidase (GSH-Px, No: BC1195), and total
antioxidant capacity (T-AOC, No: BC1315) were among the antioxidant enzymes whose
activity was measured in accordance with the manufacturer’s guidelines. All the kits used in
the experiment were purchased from Solarbio Science & Technology Co., Ltd., Beijing, China.

2.8. Cytokine Level Analysis by ELISA

A total of 0.1 g of intestinal mucosa sample was homogenized in an ice box after being
combined with 900 pL PBS. Afterwards, centrifugation was carried out for ten minutes at
4 °C at 6000x g. The supernatant was collected, and the levels of IL-15 (Solebao, SEKP-
0001), IL-10 (Solebao, MM-042301), and TNF-« (Solebao, SEKP-0009) were determined
according to the manufacturer’s instructions. All the kits used in the experiment were
purchased from Solarbio Science & Technology Co., Ltd., Beijing, China.

2.9. mRNA Expression Analysis by Real-Time PCR

In the colonic mucosa, the gene expression levels of CAT, SOD1, GPX1, NLRP3,
ASC, caspase-1, IL-1B, IL-18, and TNF-a were quantified. According to the manufacturer’s
instructions, frozen colon tissue was subjected to RNA extraction using TRIzol reagent.
The quality of the RNA was assessed via agarose gel electrophoresis. According to the
manufacturer’s instructions, a reverse transcription kit was used to produce complementary
cDNA from RNA. (Vazyme, R323.01). Primers were designed through an NCBI PubMed
query and synthesized by Shenggong Bioengineering Co., Ltd., Shanghai, China. The
primer sequences are provided in Table 2. Using the (3-actin gene as an internal reference,
the 2~ 22CT technique was used to quantify the relative expression of the target gene [21].
All reverse transcription and quantitative fluorescence reagents used in this study were
purchased from Novozen Biotechnology Co., Ltd., Nanjing, China.

Table 2. Primers used in this study.

Genes Accession No. Primer Sequence (5’ to 3')
a oo
cr s
s0D1 NM 001150422.1 R CATCACCTTCAGCCAGICCTT
o e, SR
NLRP3 NMO012567702 'R CICCICTTCCTCCTCCTCCICTITG.
Asc XMO03124468.5 RACCTTGCAGTCAGGTTCCA.
oot ey
s R
wn e
TNE-a NM214022 F CCACCACGCTCTTCTGCCTAC

R TTGAGACGATGATCTGAGTCCTTGG

2.10. Analysis of the 165 rDNA Microbiota in the Colon Contents

Whole bacterial DNA from the feces of the gut microbiota was extracted using the
CTAB technique. The forward primer 341 F (5'-CCTACGGGNGGCWGCAG-3') and reverse
primer 805 R (5-GACTACHVGGGTATCTAATCC-3') were used to amplify the bacterial
165 rRNA gene (V3-V4). Hangzhou Lianchuan Biotechnology Co., Ltd. (Hangzhou, China)
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used the Illumina MiSeq platform and the MiSeq Reagent Kit V3 to purify, quantify, pool,
and sequence the amplicons. The QIIME program (v1.8.0) was used to examine the data [22].

2.11. Statistical Analysis

The data were analyzed using Excel 2021 software and SPSS 19.0 software, and multiple
comparisons were made between the groups using Duncan’s test or one-way ANOVA. p < 0.05
represented significant differences, and p < 0.01 represented extremely significant differences.

3. Results
Study Number of goblet cells and expression of MUC2

The effects of TER on the morphology and structure of the colon in immune-stressed
piglets are shown in Figure 1. Compared with that in the CON group, the crypt depth in
the colon of piglets in the LPS group was significantly lower (p < 0.05). Compared with
piglets in the LPS group, piglets in the TER group had more complete colonic crypts, less
damage, and a significant increase in crypt depth (p < 0.05) (Figure 1B). However, the
number of goblet cells in the PMT group was significantly greater than that in the CON
group and the LPS group (p < 0.05) (Figure 1C). The immunohistochemistry results showed
that the expression of the MUC?2 protein in the colon of weaned piglets in the LPS group
was significantly lower (p < 0.05) than that in the colon of weaned piglets in the CON group,
while the expression of the MUC2 protein in the colon was significantly greater (p < 0.05) in
the TER-supplemented group than in the LPS group (Figure 1D).

Number of goblet cells
in crypts
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Figure 1. The effect of terpinen-4-ol on the colon morphology and structure of immune-stressed piglets.
(A) Colon tissue HE, PAS, and immunohistochemical staining (100x magnification). (B) Depth of crypt.

(C) Number of goblet cells. (D) MUC2 positive area. The data are represented as mean £ SD, n = 8.
Different letters indicate significant differences (p < 0.05).

Gene expression and antioxidant enzyme activity
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The effects of TER on antioxidant enzyme activity and gene expression in the colon
of immune-stressed piglets are shown in Figure 2. The piglets in the LPS group had
greater MDA content in their colons (p < 0.05) than those in the CON group. (Figure 2D),
while the activities of GSH-Px, SOD, and CAT decreased (p < 0.05). The MDA concentra-
tion in the colons of the PLT and PMT groups was lower than that in the colons of the
LPS group (p < 0.05), while the activities of GSH-Px, CAT, and SOD increased (p < 0.05)
(Figure 2A—C,E). Moreover, the gene expression of these antioxidant enzymes was also
measured. In the TER group, there was a significant increase (p < 0.05) in the expression of
the GPX1 and SOD genes compared with that in the CON group; however, the expression
of the CAT gene decreased. CAT, GPX1, and SOD gene expression in the TER group was
greater (p < 0.05) than that in the LPS group (Figure 2F-H).

(A) (B)

2.0 40— a 4
a . 354 2 a
=154 I < < 3o-i =
Qo o 254
o b b £
1.0 ) = 20/
£y S207 2
= >
(=] o 15+
805— 510_
o 54
0.0_ T T 0_ T T
o A & L o A L& A
S &R S &
(C) D) o
30 .
a ab p I - b
25+ ¢ T s
2 204 E
o d =
=) o d
E15/: 1
S, 154 £ 1- b
= <
< 10 [a) i
3 =
5_
0- I 1
0- T T D > \;\ Y
P PSS S
00 Vv Q Q Q
(E)  oa4- (F) . 20-
a 0
= - @ a
303_ ab b ab li g_§ 1.5 c b =4 b
1ET
E’oz,i;i 3.51.0'—‘"—ﬁ-
S 0.2 ga 104
3 53
o 2505
Eo1- §°
[]
0.0 . ! '
= T T A L KL
R S
o A & KL O VR
S SR

Figure 2. Cont.



Animals 2025, 15,9 8 of 19

(G) so- (H)

2.5 d
2 0 —

b
204
154 o 0.6
1.0 2% 0.4-
0.51 0.2
0.0- - - 0.0-
<
0‘\

N

B

of CAT in colon

Relative gene expression

Relative gene expression
of GSH-Px in colon

Figure 2. The effect of terpinen-4-ol on the activity and gene expression of antioxidant enzymes in
the colon of immune-stressed piglets. (A) SOD enzyme activity. (B) GSH-Px enzyme activity. (C) CAT
enzyme activity. (D) MDA enzyme activity. (E) T-AOC enzyme activity. (F) SOD gene expression.
(G) GSH-Px gene expression. (H) CAT gene expression. The data are represented as mean + SD, n =
8. Different letters indicate significant differences (p < 0.05).

Cytokine content and gene expression

The effects of TER on the cytokine content and gene expression in the colon in immune-
stressed piglets are shown in Figure 3. The colonic contents of IL-18 and TNF-« in the
LPS group were significantly greater than those in the CON group (p < 0.05), whereas the
colonic contents of IL-10 in the LPS group tended to decrease in comparison with those in
the CON group (0.05 < p < 0.1). Compared with those in the LPS group, the PLT and PMT
groups exhibited a substantial increase in IL-10 (p < 0.05) and a significant decrease in IL-13
and TNF-« (p < 0.05) (Figure 3A—C). The gene expression of cytokines was also measured.
Compared with those in the CON group, TNF-«, IL-18, and IL-18 gene expression in the
LPS group significantly increased (p < 0.05). Compared with those in the LPS group, the
relative expression levels of the TNF-«, IL-15, and IL-18 genes in the TER group were
significantly lower (p < 0.05) (Figure 3D-F).

©
(A) (B) 150+
50 2000~ a =
= a =
E a = E
=, 40- g i Fs))
£ Z o] i ﬁ % 100,
= 2 b =
o im =
g § 1000 - b g
5 £ 1000 5
O 20 b o
o O 504
3 cd c =4 @
L 10 ¢ < 500+ 5
g = =]
0- 0- 0-

(D) (E) (F)

3¢
o
]
Lod
o
]
o
N
o
]

Relative gene expression
of IL-18 in colon
o el b
o o G
1 1
Q-
Relative gene expression
of IL-1B in colon
o o
o CJ
1 1

-
o
1

[T
e
-
e
j—

aa
oo

e
o
1

0.5+

Relative gene expression
of TNF-ain colon
5
1

b
o
I

o A L& L
S TS

Figure 3. The effect of terpinen-4-ol on the content and gene expression of colitis factors in immune-
stressed piglets. (A) TNF-a content. (B) IL-1f content. (C) IL-10 content. (D) TNF-a gene expression
and (E) IL-18 gene expression. (F) IL-1  gene expression. The data are represented as mean + SD,
n = 8. Different letters indicate significant differences (p < 0.05).
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NLRP3 expression in the colon

The effects of TER on the gene expression of the NLRP3 inflammasome in the colon of
immune-stressed piglets are shown in Figure 4. Compared with those in the CON group,
the relative expression of the genes encoding NLRP3, ASC, and caspase-1 in the LPS group
increased (p < 0.05). Compared with those in the LPS group, the relative expression of the
NLRP3, ASC, and caspase-1 genes in the TER group decreased (p < 0.05) (Figure 4A-C).
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Figure 4. The effect of terpinen-4-ol on the expression of colitis-related genes in immune-stressed
piglets. (A) NLRP3 gene expression. (B) ASC gene expression. (C) Caspase-1 gene expression. The
data are represented as mean + SD, n = 8. Different letters indicate significant differences (p < 0.05).

Alpha and beta diversity analysis

The effects of TER on the alpha and beta diversity of the gut microbiota of the colon in
immune-stressed piglets are shown in Figure 5. The inclusion of TER led to an increase
in the Chaol and ACE indices compared with those in the LPS group; in contrast, the
CON group showed a decrease in both indices. The Shannon and Simpson indices did not
significantly differ across groups (p > 0.05) (Figure 5A-D).
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Figure 5. Terpinen-4-ol on the colon microbiota & and (3. The impact of diversity analysis. (A) Chaol

index. (B) Shannon index. (C) Simpson index. (D) ACE index. (E) Principal component analysis. The
data are represented as mean + SD, n = 8. Different letters indicate significant differences (p < 0.05).

Bacterial abundance in the colonic mucosa

The effects of TER on the bacterial abundance in the colonic mucosa of immune-
stressed piglets are shown in Figure 6. In terms of phyla, the three dominant phyla were
Firmicutes, Bacteroidetes, and Proteobacteria (Figure 6A). The findings demonstrated that
there was a substantial decrease in Firmicute abundance in the LPS group compared with
that in the CON group (p < 0.05) (Figure 6B), and the abundance in all TER-treated groups
was significantly greater than that in the LPS group. The abundance of the Bacteroidetes
phylum tended to decrease with increasing doses of TER (0.05 < p < 0.1) (Figure 6C). There
were no discernible differences in the abundances of the other bacteria between the groups
(p > 0.05) (Figure 6D-F).

At the genus level, the colonic content included bacterial taxa such as UCG-005, Para-
prevotella, unclassified Bacteroidales, Lactobacillus, Christensenellaceae, Prevotella, Collinsella,
Christensenellaceae, and UCG-002, among others (Figure 7A). By comparing the LPS group to
the CON group, the abundance of UCG-005 was substantially lower (p < 0.05), whereas in
the PMT group, it was significantly greater (p < 0.05) (Figure 7B). Compared with the CON
group, the abundance of Muribaculaceae_unclassified in the LPS group was significantly
elevated, while that in the PHT group was significantly reduced (p < 0.05) (Figure 7D).
Compared with the CON group, the abundance of Prevotella in the LPS group was signifi-
cantly decreased (p < 0.05) (Figure 7G). Compared with the CON group, the abundance of
Christensenellaceae_R-7_group in the LPS group was significantly increased, while that in
the TER group was significantly decreased (p < 0.05) (Figure 7I). Compared with the CON
group, the abundance of UCG-002 in the LPS group was significantly enhanced (p < 0.05)
(Figure 7]).
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Figure 6. The effect of terpinen-4-ol on the gut microbiota of immune-stressed piglets. (A) Bacterial
taxonomy analysis of gut microbiota at the phylum level. (B) Relative abundance of Firmicutes.
(C) Relative abundance of Bacteroidota. (D) Relative abundance of Proteobacteria. (E) Relative abun-
dance of Desulfobacteriota. (F) Relative abundance of Actinobacteriota. The data are represented as
mean + SD, n = 8. Different letters indicate significant differences (p < 0.05).
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Figure 7. The effect of terpinen-4-ol on the gut microbiota of immune-stressed piglets. (A) Taxonomic
analysis of gut microbiota at the genus level. (B) UCG_ 005 relative abundance. (C) Relative abun-
dance of Alloprevotella. (D) Muribaculaceae unclassified relative abundance. (E) Lactobacillus relative
abundance. (F) Lachnospiraceae unclassified relative abundance. (G) Prevotella relative abundance.
(H) Phascolarium relative abundance. (I) Christensenaceae R-7_group relative abundance. (J) UCG-002
relative abundance. The data are represented as mean + SD, n = 8. Different letters indicate significant
differences (p < 0.05).

4. Discussion

Intestinal health in piglets has always been a primary concern in the livestock pro-
duction industry. Immune stress leads to intestinal inflammation and damage and causes
diarrhea and growth inhibition, which in turn severely harms the health of piglets and
reduces the economic benefits of breeding [23,24]. Our earlier research showed that TER
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may successfully reduce small intestine intestinal inflammation, which can improve the
growth performance of weaned piglets. However, the effects of LPS on the intestinal barrier
function of the colon have not been investigated, and the regulatory effects of TER on the
barrier function of the colon in piglets remain unclear. Hence, the regulatory effects of
TER on intestinal barrier function in the colon of immune-stressed weaned piglets were
investigated in this study. The findings of this investigation might offer fresh evidence in
favor of TER use.

The rate of intestinal epithelial cell renewal is indicated by the depth of the crypt, with
undifferentiated cells continuously generated in crypts, migrating to the villi tips to mature,
and replacing shedding cells [25]. In this study, LPS stimulation resulted in a decrease
in crypt depth, while TER supplementation increased crypt depth in the colon of LPS-
stimulated piglets. Our results were in accordance with previous studies on DSS stimulation
model in mice. DSS may also damage the integrity of the intestinal mucosal barrier, thus
causing the invasion of the components of the bacteria including LPS, thus indirectly
triggering systemic inflammatory responses similar to those caused by LPS [5]. A previous
study showed that DSS stimulation could also cause a decrease in crypt depth in the colon,
thus inducing colitis in mice [26]. Berbonetia papyrifera leaf extract (containing terpenoids)
alleviated the reduction in colonic crypt depth in DSS-treated mice [27]. The findings of the
present study suggest that TER might alleviate the impairment of intestinal barrier function
induced by LPS through the regulation of intestinal epithelial cell regeneration in the colon
of weaned piglets. Healthy colonic crypts can also enhance the absorption efficiency of
nutrients and strengthen the immune system function, reducing the incidence of diseases,
thereby promoting rapid growth and development in piglets [28]. The increased crypt
depth in the colon of piglets may also explain the improved growth performance in the
60 mg/kg TER supplementation group to some extent.

Goblet cells, which are prevalent in the colon epithelium, secrete mucin, which is essen-
tial for intestinal epithelial function [29]. Muc2 is the primary mucin produced by intestinal
goblet cells and serves as a barrier between colonic epithelial cells and bacteria [30-32].
Decreased MUC2 expression, as observed in some bacterial infections, can compromise mu-
cosal integrity [33]. Weaning stress also impairs the intestinal physical barrier and reduces
the number of goblet cells in the colon [34]. In this study, the number of goblet cells and the
expression of MUC2 were decreased in the LPS group, indicating that the integrity of the
intestinal mucosa was disrupted after LPS stimulation. Additionally, previous studies have
shown that mice given DSS have fewer goblet cells, but animals with DSS-induced colitis
have significantly more goblet cells when administered appropriate doses of TER [14].
Previous studies have indicated that the administration of polyphenol extract (containing
terpenoids) from jujube to mice in the DSS group can significantly mitigate the decrease
in MUC2 expression [35]. Our results are consistent with those of previous studies. Previ-
ous studies suggest that an appropriate dose of TER has a protective effect on the colon;
however, high doses of TER appear to have a detrimental impact on intestinal health [14].
In this study, high doses of TER supplementation caused a decrease in goblet cells and
MUC2 in colon compared with that in the medium dose TER-supplemented group. The
reasons might be associated with TER at high concentrations having certain toxic effects on
the intestinal epithelial cells, including goblet cells. The results highlight the importance
of dose optimization when administering TER. And the results are in accordance with
our previous in vitro study [36]. In addition, improved goblet cell function and MUC2
expression can enhance intestinal health and nutrient absorption, thereby promoting piglet
growth and development [37], which may also explain the improved growth performance
(data not published) in the 60 mg/kg TER supplementation group.
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The antioxidant function of the body is usually reflected through indicators such as
SOD, GSH-Px, MDA, CAT, and T-AOC. An increase in the levels of SOD, GSH-Px, CAT, and
T-AOC, along with a decrease in the MDA level, indicates an increase in the antioxidant
capacity of the body [38]. In rats with ulcerative colitis, the colonic MDA level is elevated,
while the levels of GSH-Px and SOD are reduced [39]. Studies have also shown that LPS
stimulation leads to decreased T-AOC, CAT, and SOD activities and increased MDA content
in the jejunum of piglets [40]. The results of this study also show that LPS stimulation
decreases the T-AOC, CAT, and SOD activities and increases the MDA content in the colon
of piglets. The results of this study indicate that LPS stimulation causes an imbalance in
the oxidative equilibrium in the colon of piglets. In this study, we also observed a dose-
dependent biphasic effect of TER on oxidative stress markers. At low concentrations, TER
exhibited antioxidant properties, reducing MDA activity by neutralizing reactive oxygen
species (ROS) and enhancing antioxidant enzyme activities such as SOD, thereby decreasing
cellular oxidative stress [41]. However, at higher concentrations, TER induced oxidative
stress, increasing MDA activity. This suggests that at high doses, excessive ROS production
can overwhelm antioxidant defenses, leading to decreased SOD activity and promoting
lipid peroxidation [42]. These findings align with previous studies, indicating that proper
doses of TER can be protective, while high doses may cause cellular toxicity and oxidative
damage, a common pattern for various chemicals and drugs. In most cases, antioxidant
enzyme activity aligns with gene expression. However, the discrepancy between gene
expression and activity of antioxidant enzymes arose because antioxidant enzyme activity
is influenced not only by gene expression but also by post-translational modifications,
enzyme stability, and cellular redox state regulation. Even with increased gene expression,
the post-translational modifications or its binding affinity to substrates may vary, resulting
in activity changes that do not entirely correspond with gene expression [43]. In the present
study, 60 mg/kg of TER supplementation reduced the content of MDA and increased the
levels of GSH-Px, CAT, and SOD in the colon of immune-stressed piglets. Our earlier
research also showed that adding tea tree oil (or TER, the primary functional component)
to the ileum of pigs increased GSH-Px and SOD activity and decreased MDA levels [44].
The results of this study suggest that an appropriate dose of TER scavenges free radicals
and enhances the antioxidant capacity, thus improving the chemical barrier function of the
colon in immune-stressed piglets.

Numerous studies have emphasized the important role of NLRP3 in intestinal barrier
function [45]. When cells in the body are stimulated by exogenous microorganisms such as
viruses and bacteria, the NLRP3 protein recruits ASC and pro-caspase-1 to form the NLRP3
inflammasome [46]. NLRP3 then activates caspase-1, thereby promoting the maturation and
secretion of the inflammatory cytokines IL-18 and IL-18 [47]. A previous study reported
that LPS can induce the activation of NLRP3 and upregulate the expression of NLRP3
and pro-caspase-1 in mice [48]. Previous studies also showed that LPS induced increased
secretion of proinflammatory cytokines, including TNF-a and IL-18, in the jejunum of
weaned piglets [49]. Previous studies have also suggested that the gene expression of IL-18
and IL-18 is significantly increased after an intraperitoneal injection of LPS in the jejunum of
mice [50]. In this study, IL-18 gene expression decreased with PLT and PMT, but increased
with PHT. Our previous researches showed that a high concentration of tea tree oil (the main
functional component is TER) increased gene expression of IL1S in IPI-2I cells, which was
consistent with the results in this study [51]. In this study, IL-10 levels increased with low
and moderate doses of TER, but decreased with high doses. We speculated that at low and
moderate doses of TER, the immune system’s anti-inflammatory response was activated,
leading to an increase in IL-10 levels. At high doses, TER might exhibit certain cytotoxicity,
directly or indirectly impairing immune cell function, which resulted in the reduced
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synthesis of IL-10 and other cytokines, thereby suppressing the immune response [52].
The results of this study showed that LPS increased the secretion of proinflammatory
cytokines and upregulated the expression of proteins in the NLRP3 inflammasome in the
colon, which is in accordance with previous studies. These findings suggest that LPS
may trigger inflammation by activating the NLRP3 inflammasome. Additionally, prior
research has shown that TER dose-dependently reduces the expression of NLRP3, ASC,
and caspase-1 in the colon of mice after DSS stimulation [53]. The results of this study show
that TER inhibits the production of NLRP3, ASC, and caspase-1 and decreases the secretion
of proinflammatory cytokines in the colon of LPS-stimulated piglets, which suggests that
TER might alleviate LPS-induced intestinal inflammatory injury through the inhibition
of inflammasome pathways, thus improving the immune barrier function in the colon
of piglets.

Plant-derived extracts can improve gut health by modulating the composition of
the microbiome [54]. TER exhibits broad-spectrum antibacterial and anti-inflammatory
effects, which are crucial for maintaining intestinal homeostasis [55]. In this study, LPS-
induced dysbiosis was observed in the colon of piglets, characterized by an increase in
the abundance of Proteobacteria and Bacteroidota, and a decrease in Firmicutes. These mi-
crobial changes are commonly associated with inflammation and impaired gut health [56].
However, supplementation with TER restored a more balanced microbial composition by
increasing the abundance of Firmicutes and beneficial bacteria such as Phascolarctobacterium,
Alloprevotella, and UCG-005, while decreasing the abundance of potentially harmful taxa like
Bacteroidetes and Proteobacteria. The abundance of Proteobacteria and Bacteroidetes increased
and the abundance of Firmicutes decreased in the colon of DSS-stimulated mice, while
Scutellaria baicalensis Georgi polysaccharide supplementation restored the dysregulated
microbiota to normal levels [57]. The modulation of the gut microbiome by TER can be
explained by its antimicrobial properties, which likely contribute to reducing the levels of
harmful bacteria and promoting the growth of beneficial species. At the genus level, studies
have shown that the relative abundance of Alloprevotella was decreased in LPS-stimulated
piglets [58]. Additionally, plant-derived extracts, such as chito-oligosaccharides, have been
found to significantly increase the relative abundance of beneficial bacteria such as Phasco-
larctobacterium, Prevotella, and Prevotella_9 in the gut of piglets, thereby reducing disease
risk [59]. Furthermore, the increased abundance of Phascolarctobacterium has been linked
to enhanced antioxidant capacity [60] and a negative correlation with proinflammatory
cytokines such as IL-18 [61]. The research findings indicate that LPS significantly reduces
the abundance of UCG-005 and Prevotella. This suggests that LPS disturbs the intestinal
microecology and inhibits the growth of beneficial bacteria when inducing intestinal in-
flammatory responses. However, the addition of an appropriate dose of TER is observed
to increase the abundance of UCG-005 and Prevotella. Previsou studies have shown that
bacteria such as Phascolarctobacterium and Alloprevotella play roles in maintaining gut health
and regulating immune responses [62]. By increasing the abundance of beneficial bacteria
including Alloprevotella, Prevotella, and Phascolarctobacterium, TER may alleviate inflamma-
tion and oxidative stress in the gut, thereby strengthening the intestinal barrier function.
Through its impact on microbial diversity and composition, TER can help reduce intestinal
permeability and protect against inflammation-induced gut damage, which is commonly
observed in conditions such as IBD and stress-induced colitis [53]. The results of this
suggest that TER supplementation may also alleviate IBD and colitis in human beings, and
further studies are needed. By modulating microbial populations and enhancing beneficial
bacteria, TER may help restore a balanced gut microbiome, optimize intestinal barrier
function, reduce inflammation, and ultimately improve overall gut health.
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5. Conclusions

In summary, proper doses of TER supplementation increased the depth of the colonic
crypts, the number of goblet cells, and MUC2 expression, decreased proinflammatory
cytokine secretion, downregulated the expression of genes in the NLRP3 inflammasome,
reduced the proportions of Bacteroidetes and Proteobacteria, and increased the proportions of
Firmicutes, Phascolarctobacterium, Alloprevotella, and UCG-005, thus improving the intestinal
barrier function of the colon in LPS-stimulated piglets. An amount of 60 mg/kg TER
supplemented in the diets of weaned piglets is recommended based on the results of
this study.

Author Contributions: L.Y.: conceptualization, methodology, investigation, formal analysis, vi-
sualization, writing—original draft, writing—review and editing. G.Q.: writing—original draft,
methodology, investigation, validation. X.Y.: methodology, investigation, validation. ].Z.: method-
ology, investigation, validation. J.L.: investigation. H.W.: methodology. L.D.: conceptualization,
writing—review and editing, supervision, project administration, funding acquisition. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of
China for Youth (grant number 32302753), Practice and Innovation Program of Graduated students
in Jiangsu Province (grant number SJCX23_1992), and the Priority Academic Program Development
of Jiangsu Higher Education Institutions (PAPD).

Institutional Review Board Statement: All procedures of this experiment were carried out in
accordance with the protocol approved by the Experimental Animal Ethics Committee of Yangzhou
University (approval number: 202302040).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in this
article; further inquiries can be directed to the corresponding authors.

Conflicts of Interest: No conflicts of interest exist in the submission of this manuscript, and the
manuscript was approved by all authors for publication.

References

1.

Zheng, W.; Zhao, Z.; Yang, Y.; Ding, L.; Yao, W. The synbiotic mixture of lactulose and Bacillus coagulans protects intestinal barrier
dysfunction and apoptosis in weaned piglets challenged with lipopolysaccharide. J. Anim. Sci. Biotechnol. 2023, 14, 80. [CrossRef]
[PubMed]

Hu, R;; He, Z.; Liu, M.; Tan, J.; Zhang, H.; Hou, D.X.; He, J.; Wu, S. Dietary protocatechuic acid ameliorates inflammation and
up-regulates intestinal tight junction proteins by modulating gut microbiota in LPS-challenged piglets. . Anim. Sci. Biotechnol.
2020, 11, 92. [CrossRef] [PubMed]

Kim, J.J.; Shajib, M.S.; Manocha, M.M.; Khan, W.I. Investigating intestinal inflammation in DSS-induced model of IBD. J. Vis. Exp.
2012, 60, 3678. [CrossRef]

Yang, L.; Wu, G.; Wu, Q.; Peng, L.; Yuan, L. METTL3 overexpression aggravates LPS-induced cellular inflammation in mouse
intestinal epithelial cells and DSS-induced IBD in mice. Cell Death Discov. 2022, 8, 62. [CrossRef]

Ciorba, M.A.; Riehl, T.E.; Rao, M.S.; Moon, C.; Ee, X.; Nava, G.M.; Walker, M.R.; Marinshaw, ] M.; Stappenbeck, T.S.; Stenson, W.E.
Lactobacillus probiotic protects intestinal epithelium from radiation injury in a TLR-2/cyclo-oxygenase-2-dependent manner.
Gut 2012, 61, 829-838. [CrossRef]

Marchesi, ].R.; Adams, D.H.; Fava, F; Hermes, G.D.; Hirschfield, G.M.; Hold, G.; Quraishi, M.N.; Kinross, J.; Smidt, H.; Tuohy,
K.M.; et al. The gut microbiota and host health: A new clinical frontier. Gut 2016, 65, 330-339. [CrossRef]

Wilczak, J.; Blaszczyk, K.; Kamola, D.; Gajewska, M.; Harasym, ]J.P.; Jatosifiska, M.; Gudej, S.; Suchecka, D.; Oczkowski, M.;
Gromadzka-Ostrowska, J. The effect of low or high molecular weight oat beta-glucans on the inflammatory and oxidative stress
status in the colon of rats with LPS-induced enteritis. Food Funct. 2015, 6, 590-603. [CrossRef]

Li, H.M. Regulating Effects of Terpinen-4-ol on Growth Performance and Intestinal Damage of Weaned Piglets with Oxidative
Stress. Master’s Thesis, Yangzhou University, Yangzhou, China, 2024.


https://doi.org/10.1186/s40104-023-00882-9
https://www.ncbi.nlm.nih.gov/pubmed/37301956
https://doi.org/10.1186/s40104-020-00492-9
https://www.ncbi.nlm.nih.gov/pubmed/32944233
https://doi.org/10.3791/3678-v
https://doi.org/10.1038/s41420-022-00849-1
https://doi.org/10.1136/gutjnl-2011-300367
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1039/C4FO00638K

Animals 2025, 15,9 17 of 19

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Yang, J. The Protective Effects of Resveratrol on the Intestinal Health in Piglets Under Deoxynivalenol Exposure. Ph.D. Thesis,
South China Agricultural University, Guangzhou, China, 2019.

Yu, Q.H.; Yang, Q. Diversity of tight junctions (TJs) between gastrointestinal epithelial cells and their function in maintaining the
mucosal barrier. Cell Biol. Int. 2009, 33, 78-82. [CrossRef]

Ren, Z.; Guo, C.; Yu, S.; Zhu, L.; Wang, Y.; Hu, H.; Deng, J. Progress in Mycotoxins Affecting Intestinal Mucosal Barrier Function.
Int. ]. Mol. Sci. 2019, 20, 2777. [CrossRef]

Xu, K.J.; Li, L.J. Gut normal flora and intestinal immune system. Int. J. Epidemiol. Infect. Dis. 2005, 32, 181-183. (In Chinese)
Xing, L.K. Study on Intestinal Mucosal Barrier Function and Microecology in Patients with Hepatitis B Cirrhosis. Master’s Thesis,
Lanzhou University, Lanzhou, China, 2020.

Yong, Y.; Fang, B.; Huang, Y.; Li, J.; Yu, T.; Wu, L.; Hu, C; Liu, X;; Yu, Z.; Ma, X,; et al. Tea Tree Oil Terpinen-4-ol Protects Gut
Barrier Integrity by Upregulation of Tight Junction Proteins via the ERK1/2-Signaling Pathway. Front. Nutr. 2022, 8, 805612.
[CrossRef] [PubMed]

Liu, B.; Piao, X.; Guo, L.; Liu, S.; Chai, F; Gao, L. Ursolic acid protects against ulcerative colitis via anti-inflammatory and
antioxidant effects in mice. Mol. Med. Rep. 2016, 13, 4779-4785. [CrossRef] [PubMed]

Li, Y.; Ma, B.; Wang, Z.; Chen, Y.; Dong, Y. The Effect Mechanism of N6-adenosine Methylation (m6A) in Melatonin Regulated
LPS-induced Colon Inflammation. Int. J. Biol. Sci. 2024, 20, 2491-2506. [CrossRef]

Zang, 7Z.; Li, L.; Yang, M.; Zhang, H.; Naeem, A.; Wu, Z.; Zheng, Q.; Song, Y.; Tao, L.; Wan, Z.; et al. Study on the ameliorative
effect of honeysuckle on DSS-induced ulcerative colitis in mice. J. Ethnopharmacol. 2024, 325, 117776. [CrossRef]

Yu, L,; Liu, J.; Mao, J.; Peng, Z.; Zhong, Z.; Wang, H.; Dong, L. Dietary Palygorskite Clay-Adsorbed Nano-ZnO Supplementation
Improves the Intestinal Barrier Function of Weanling Pigs. Front. Nutr. 2022, 9, 857898. [CrossRef]

Dong, L.; Li, H.M.; Wang, S.N.; Wang, T.L.; Yu, L.H.; Wang, H.R. Meishan neonatal piglets tend to have higher intestinal barrier
function than crossbred neonatal piglets. Anim. Int. ]. Anim. Biosci. 2021, 15, 100037. [CrossRef]

Lv, X.; Chen, L.; Zhou, C.; Guo, Y.; Zhang, G.; Kang, J.; Tan, Z.; Tang, S.; Liu, Z. Dietary tea tree (Melaleuca alternifolia) oil
supplementation enhances the expressions of amino acid transporters in goat ileal mucosa and improves intestinal immunity.
Food Sci. Nutr. 2022, 10, 3749-3758. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2~#4¢T Method.
Methods 2001, 25, 402—408. [CrossRef]

Caporaso, ].G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, ED.; Costello, E.K,; Fierer, N.; Pefia, A.G.; Goodrich, ] K,;
Gordon, J.L; et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 2010, 7, 335-336.
[CrossRef]

Gabler, N.K,; Spurlock, M.E. Integrating the immune system with the regulation of growth and efficiency. J. Anim. Sci. 2008, 86
(Suppl. 14), E64-E74. [CrossRef]

Loépez-Colom, P; Yu, K,; Barba-Vidal, E.; Saco, Y.; Martin-Orte, S.M.; Castillejos, L.; Sola-Oriol, D.; Bassols, A. I-FABP, Pig-MAP
and TNF-o as biomarkers for monitoring gut-wall integrity in front of Salmonella Typhimurium and ETEC K88 infection in a
weaned piglet model. Res. Vet. Sci. 2019, 124, 426-432. [CrossRef] [PubMed]

Yang, H.; Xiong, X.; Wang, X; Tan, B.; Li, T,; Yin, Y. Effects of Weaning on Intestinal Upper Villus Epithelial Cells of Piglets. PLoS
ONE 2016, 11, €0150216. [CrossRef] [PubMed]

Pang, W. The Protective Effect and Mechanism of Compound SLL-1-43 on DSS Induced Acute and Chronic Ulcerative Colitis in
Mice. Master’s Thesis, Liaoning University, Shenyang, China, 2023.

Ru, M. The Alleviating Effect of the Extract from the Leaves of Geophyllum on DSS Induced Colitis in Mice. Master’s Thesis,
Jiangxi Agricultural University, Nanchang, China, 2023.

Wu, J.; Wang, J.; Lin, Z.; Liu, C,; Zhang, Y.; Zhang, S.; Zhou, M.; Zhao, J.; Liu, H.; Ma, X. Clostridium butyricum alleviates weaned
stress of piglets by improving intestinal immune function and gut microbiota. Food Chem. 2023, 405 Pt B, 135014. [CrossRef]
[PubMed]

Van Klinken, B.J.; Dekker, J.; Biiller, H.A.; Einerhand, A.W. Mucin gene structure and expression: Protection vs. adhesion. Am. J.
Physiol. 1995, 269 Pt 1, G613-G627. [CrossRef]

Tytgat, KM.; Biiller, H.A.; Opdam, EJ.; Kim, Y.S; Einerhand, A.W.; Dekker, J. Biosynthesis of human colonic mucin: Muc? is the
prominent secretory mucin. Gastroenterology 1994, 107, 1352-1363. [CrossRef]

Kim, Y.S.; Ho, S.B. Intestinal goblet cells and mucins in health and disease: Recent insights and progress. Curr. Gastroenterol. Rep.
2010, 12, 319-330. [CrossRef]

Linden, S.K.; Sutton, P,; Karlsson, N.G.; Korolik, V.; McGuckin, M.A. Mucins in the mucosal barrier to infection. Mucosal Immunol.
2008, 1, 183-197. [CrossRef]

Bengtsson, R.J.; Maclntyre, N.; Guthrie, J.; Wilson, A.D.; Finlayson, H.; Matika, O.; Pong-Wong, R.; Smith, S.H.; Archibald, A.L.;
Ait-Ali, T. Lawsonia intracellularis infection of intestinal crypt cells is associated with specific depletion of secreted MUC2 in
goblet cells. Vet. Immunol. Immunopathol. 2015, 168, 61-67. [CrossRef]


https://doi.org/10.1016/j.cellbi.2008.09.007
https://doi.org/10.3390/ijms20112777
https://doi.org/10.3389/fnut.2021.805612
https://www.ncbi.nlm.nih.gov/pubmed/35155524
https://doi.org/10.3892/mmr.2016.5094
https://www.ncbi.nlm.nih.gov/pubmed/27082984
https://doi.org/10.7150/ijbs.95316
https://doi.org/10.1016/j.jep.2024.117776
https://doi.org/10.3389/fnut.2022.857898
https://doi.org/10.1016/j.animal.2020.100037
https://doi.org/10.1002/fsn3.2972
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.2527/jas.2007-0466
https://doi.org/10.1016/j.rvsc.2019.05.004
https://www.ncbi.nlm.nih.gov/pubmed/31082572
https://doi.org/10.1371/journal.pone.0150216
https://www.ncbi.nlm.nih.gov/pubmed/27022727
https://doi.org/10.1016/j.foodchem.2022.135014
https://www.ncbi.nlm.nih.gov/pubmed/36442249
https://doi.org/10.1152/ajpgi.1995.269.5.G613
https://doi.org/10.1016/0016-5085(94)90537-1
https://doi.org/10.1007/s11894-010-0131-2
https://doi.org/10.1038/mi.2008.5
https://doi.org/10.1016/j.vetimm.2015.08.005

Animals 2025, 15,9 18 of 19

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Li, Y,; Lan, T.; Qiu, L.; Lin, L.; Dai, A.; Guo, H. Effects of Ginkgo biloba compound on the morphology of small intestinal mucosa
and the number of intraepithelial lymphocytes and goblet cells in weaned piglets under LPS stress. Chin. |. Anim. Sci. 2018, 12,
109-113. [CrossRef]

Yang, W. Study on the Effect of Jujube Polyphenol Extract on DSS Induced Ulcerative Colitis in Mice Based on Intestinal Flora
Interaction. Master’s Thesis, Ningxia University, Ningxia, China, 2024.

Dong, L.; Yuan, Q.; Qiu, G.; Zhang, Y.; Wang, H.; Yu, L. Protective Effects of Tea Tree Oil on Inflammatory Injury of Porcine
Intestinal Epithelial Cells Induced by Lipopolysaccharide In Vitro. Animals 2024, 14, 2577. [CrossRef]

Xiong, X.; Tan, B.; Song, M.; Ji, P; Kim, K,; Yin, Y.; Liu, Y. Nutritional Intervention for the Intestinal Development and Health of
Weaned Pigs. Front. Vet. Sci. 2019, 6, 46. [CrossRef] [PubMed]

Yuan, D.; Hussain, T.; Tan, B.; Liu, Y.; Ji, P;; Yin, Y. The Evaluation of Antioxidant and Anti-Inflammatory Effects of Eucommia
ulmoides Flavones Using Diquat-Challenged Piglet Models. Oxidative Med. Cell. Longev. 2017, 2017, 8140962. [CrossRef]
[PubMed]

Tahan, G.; Aytac, E.; Aytekin, H.; Gunduz, F; Dogusoy, G.; Aydin, S.; Tahan, V.; Uzun, H. Vitamin E has a dual effect of
anti-inflammatory and antioxidant activities in acetic acid-induced ulcerative colitis in rats. Can. J. Surg. J. Can. Chir. 2011, 54,
333-338. [CrossRef] [PubMed]

Paunkov, A.; Chartoumpekis, D.V.; Ziros, P.G.; Sykiotis, G.P. A Bibliometric Review of the Keap1/Nrf2 Pathway and its Related
Antioxidant Compounds. Antioxidants 2019, 8, 353. [CrossRef]

Cox, S.D.; Gustafson, J.E.; Mann, C.M.; Markham, J.L.; Liew, Y.C.; Hartland, R.P; Bell, H.C.; Warmington, ].R.; Wyllie, S.G. Tea
tree oil causes K+ leakage and inhibits respiration in Escherichia coli. Lett. Appl. Microbiol. 1998, 26, 355-358. [CrossRef]

Hilal, B.; Khan, M.M.; Fariduddin, Q. Recent advancements in deciphering the therapeutic properties of plant secondary
metabolites: Phenolics, terpenes, and alkaloids. Plant Physiol. Biochem. 2024, 211, 108674. [CrossRef]

Sadi, G.; Bozan, D.; Yildiz, H.B. Redox regulation of antioxidant enzymes: Post-translational modulation of catalase and
glutathione peroxidase activity by resveratrol in diabetic rat liver. Mol. Cell. Biochem. 2014, 393, 111-122. [CrossRef]

Dong, L.; Wang, S.; Liu, J.; Mao, J.; Peng, Z.; Huo, Y.; Yu, L. Effect of tea tree oil on antioxidant indexes of serum, liver and
intestinal mucosa of weaned piglets. J. Anim. Nutr. 2018, 4, 1440-1446.

Mak’Anyengo, R.; Duewell, P,; Reichl, C.; Horth, C.; Lehr, H.A; Fischer, S.; Clavel, T.; Denk, G.; Hohenester, S.; Kobold, S.; et al.
Nlrp3-dependent IL-1 inhibits CD103+ dendritic cell differentiation in the gut. JCI Insight 2018, 3, €96322. [CrossRef]
Fernandes-Alnemri, T.; Wu, ].; Yu, ] W,; Datta, P.; Miller, B.; Jankowski, W.; Rosenberg, S.; Zhang, J.; Alnemri, E.S. The pyroptosome:
A supramolecular assembly of ASC dimers mediating inflammatory cell death via caspase-1 activation. Cell Death Differ. 2007, 14,
1590-1604. [CrossRef]

Alcocer-Gomez, E.; Castejon-Vega, B.; Cordero, M.D. Stress-Induced NLRP3 Inflammasome in Human Diseases. Adv. Protein
Chem. Struct. Biol. 2017, 108, 127-162. [CrossRef] [PubMed]

Liu, X,; Jin, X;; Yu, D.; Liu, G. Suppression of NLRP3 and NF-«B signaling pathways by x-Cyperone via activating SIRT1
contributes to attenuation of LPS-induced acute lung injury in mice. Int. Immunopharmacol. 2019, 76, 105886. [CrossRef] [PubMed]
Liu, Y,; Xu, Q.; Wang, Y.; Liang, T.; Li, X.; Wang, D.; Wang, X.; Zhu, H.; Xiao, K. Necroptosis is active and contributes to intestinal
injury in a piglet model with lipopolysaccharide challenge. Cell Death Dis. 2021, 12, 62. [CrossRef]

Yin, P; Zou, W,; Li, J.; Jin, N.; Gao, Q.; Liu, F. Using high-throughput sequencing to explore the anti-inflammatory effects of
a-mangostin. Sci. Rep. 2019, 9, 15626. [CrossRef]

Zhang, Y.S. The Regulatory Effect of Tea Tree Oil on Immune Stress Induced by Lipopolysaccharide in Porcine Ileal Epithelial
Cells. Master’s Thesis, Yangzhou University, Yangzhou, China, 2020.

Nogueira, M.N.; Aquino, S.G.; Rossa Junior, C.; Spolidorio, D.M. Terpinen-4-ol and alpha-terpineol (tea tree oil components)
inhibit the production of IL-1§3, IL-6 and IL-10 on human macrophages. Inflamm. Res. Off. ]. Eur. Histamine Res. Soc. 2014, 63,
769-778. [CrossRef]

Zhang, Z.; Shen, P; Lu, X,; Li, Y;; Liu, J.; Liu, B,; Fu, Y,; Cao, Y.; Zhang, N. In Vivo and In Vitro Study on the Efficacy of
Terpinen-4-ol in Dextran Sulfate Sodium-Induced Mice Experimental Colitis. Front. Immunol. 2017, 8, 558. [CrossRef]

Gan, Z.; Wei, W.; Li, Y.; Wu, ].; Zhao, Y.; Zhang, L.; Wang, T.; Zhong, X. Curcumin and Resveratrol Regulate Intestinal Bacteria
and Alleviate Intestinal Inflammation in Weaned Piglets. Molecules 2019, 24, 1220. [CrossRef]

Gao, F; Zhou, H.; Shen, Z.; Zhu, G.; Hao, L.; Chen, H.; Xu, H.; Zhou, X. Long-lasting anti-bacterial activity and bacteriostatic
mechanism of tea tree oil adsorbed on the amino-functionalized mesoporous silica-coated by PAA. Colloids Surf. B Biointerfaces
2020, 188, 110784. [CrossRef]

Dinan, T.G.; Cryan, J.F. The Microbiome-Gut-Brain Axis in Health and Disease. Gastroenterol. Clin. N. Am. 2017, 46, 77-89.
[CrossRef]

Cui, L.; Guan, X,; Ding, W.; Luo, Y.; Wang, W.; Bu, W.; Song, J.; Tan, X; Sun, E.; Ning, Q.; et al. Scutellaria baicalensis Georgi
polysaccharide ameliorates DSS-induced ulcerative colitis by improving intestinal barrier function and modulating gut microbiota.
Int. . Biol. Macromol. 2021, 166, 1035-1045. [CrossRef]


https://doi.org/10.19556/j.0258-7033.2018-12-109
https://doi.org/10.3390/ani14172577
https://doi.org/10.3389/fvets.2019.00046
https://www.ncbi.nlm.nih.gov/pubmed/30847348
https://doi.org/10.1155/2017/8140962
https://www.ncbi.nlm.nih.gov/pubmed/28894511
https://doi.org/10.1503/cjs.013610
https://www.ncbi.nlm.nih.gov/pubmed/21933527
https://doi.org/10.3390/antiox8090353
https://doi.org/10.1046/j.1472-765X.1998.00348.x
https://doi.org/10.1016/j.plaphy.2024.108674
https://doi.org/10.1007/s11010-014-2051-1
https://doi.org/10.1172/jci.insight.96322
https://doi.org/10.1038/sj.cdd.4402194
https://doi.org/10.1016/bs.apcsb.2017.02.002
https://www.ncbi.nlm.nih.gov/pubmed/28427559
https://doi.org/10.1016/j.intimp.2019.105886
https://www.ncbi.nlm.nih.gov/pubmed/31520990
https://doi.org/10.1038/s41419-020-03365-1
https://doi.org/10.1038/s41598-019-52036-5
https://doi.org/10.1007/s00011-014-0749-x
https://doi.org/10.3389/fimmu.2017.00558
https://doi.org/10.3390/molecules24071220
https://doi.org/10.1016/j.colsurfb.2020.110784
https://doi.org/10.1016/j.gtc.2016.09.007
https://doi.org/10.1016/j.ijbiomac.2020.10.259

Animals 2025, 15,9 19 of 19

58.

59.

60.

61.

62.

Wen, X.; Wan, F; Wu, Y,; Liu, L,; Liu, Y.; Zhong, R.; Chen, L.; Zhang, H. Caffeic acid supplementation ameliorates intestinal injury
by modulating intestinal microbiota in LPS-challenged piglets. Food Funct. 2023, 14, 7705-7717. [CrossRef] [PubMed]

Yu, M.; Meng, T.; He, W,; Huang, H.; Liu, C.; Fu, X.; He, J.; Yin, Y,; Xiao, D. Dietary Chito-oligosaccharides Improve Intestinal
Immunity via Regulating Microbiota and Th17/Treg Balance-Related Immune Signaling in Piglets Challenged by Enterotoxigenic,
E. coli. ]. Agric. Food Chem. 2021, 69, 15195-15207. [CrossRef] [PubMed]

Jiang, Z.; Su, W.; Li, W.; Wen, C.; Du, S.; He, H.; Zhang, Y.; Gong, T.; Wang, X.; Wang, Y.; et al. Bacillus amyloliquefaciens 40 regulates
piglet performance, antioxidant capacity, immune status and gut microbiota. Anim. Nutr. 2022, 12, 116-127. [CrossRef]

Chen, Z.; Xiao, L.; Sun, Q.; Chen, Q.; Hua, W.; Zhang, J. Effects of Acremonium terricola Culture on Lactation Performance, Immune
Function, Antioxidant Capacity, and Intestinal Flora of Sows. Antioxidants 2024, 13, 970. [CrossRef]

Gomaa, E.Z. Human gut microbiota/microbiome in health and diseases: A review. Antonie Van Leeuwenhoek 2020, 113, 2019-2040.
[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/10.1039/D3FO02286B
https://www.ncbi.nlm.nih.gov/pubmed/37547959
https://doi.org/10.1021/acs.jafc.1c06029
https://www.ncbi.nlm.nih.gov/pubmed/34881888
https://doi.org/10.1016/j.aninu.2022.09.006
https://doi.org/10.3390/antiox13080970
https://doi.org/10.1007/s10482-020-01474-7

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Animals and Experimental Design 
	Sample Collection 
	Histological Study 
	Goblet Cell Number Analysis 
	Immunohistochemical Analysis 
	Determination of the Levels of Antioxidant Indicators 
	Cytokine Level Analysis by ELISA 
	mRNA Expression Analysis by Real-Time PCR 
	Analysis of the 16S rDNA Microbiota in the Colon Contents 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

