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During weaning, piglets are susceptible to intestinal injuries caused by a range of infections, which result in
serious economic losses for pig producers. Caffeic acid (CA) is a plant-derived phenolic acid that exhibits
potential as a dietary supplement for enhancing intestinal health. There is, however, limited information
available about the potential benefits of CA supplementation on intestinal injury and growth performance in
piglets. A 28-day study was conducted to examine the effectiveness of CA supplementation in protecting
against intestinal injury induced by intraperitoneal injection of Escherichia coli lipopolysaccharide (LPS) in
piglets. Twenty-four piglets (7.43 + 0.79 kg body weight; Duroc x Landrace X Large White; barrows) were
randomly divided into 4 groups: the control group, the LPS group, the LPS + CA group, and the CA group.
Piglets were administered with LPS or saline on d21 and d28 of the experiment. Supplementation with CA
improved intestinal barrier function in LPS-challenged piglets by enhancing intestinal morphology and
integrity, as well as increasing the expression of Claudin-1 and ZO-1. Meanwhile, CA supplementation
improved the systemic and colonic inflammation responses, oxidative stress, and apoptosis induced by LPS.
CA supplementation improved the alpha diversity and structure of the intestinal microbiota by increasing
the abundance of beneficial microbiota. Additionally, it was found that it improves metabolic disorders of
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colonic bile acids (BAs) and short-chain fatty acids (SCFAs) in LPS-challenged piglets, including an increase
in primary BAs and isovalerate. In conclusion, CA supplementation could enhance intestinal integrity and
barrier function by modifying intestinal microbiota and its metabolites, which could lead to a reduction in

rsc.li/food-function inflammatory responses and oxidative stress and ultimately enhanced growth performance in piglets.
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1. Introduction

The intestine is the primary place for digestion and absorp-
tion, and also the largest immune organ, which plays an
essential role in maintaining normal immune defense func-
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tion. However, young animals are susceptible to intestinal
injury as a result of their compromised immune function and
intestinal dysfunction, ultimately elevating their suscepti-
bility to intestinal diseases."””> During weaning, piglets face
various physiological and environmental challenges, which
make them susceptible to intestinal injury and diarrhoea.
This vulnerability can lead to reduced growth performance
and even death, resulting in significant economic losses for
the breeding industry annually.’ Thus, the preservation of
intestinal integrity and functionality is imperative for the
well-being of animals and the optimization of pig farming.
Previous studies have proved that the intestinal microbiota
and its metabolites, including BAs and SCFAs, are essential
in the regulation of intestinal health and are essential for the
physiology, metabolism, and immune system development of
hosts.> Additionally, as the most extensive and intricate
micro-ecological system in the body, the intestinal microbiota
and its metabolites serve as a critical connection between
diet and the host. Accordingly, intestinal microbial modu-
lation may be a potential new strategy for preventing intesti-
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nal injury and its related disorders. Recent studies have pro-
vided mounting evidence that polyphenolic plant extracts can
exert a beneficial impact on the metabolic functions of
certain microorganisms, ultimately leading to an enhance-
ment of host health.®™®

Caffeic acid (3,4-dihydroxycinnamic acid, CA) is a polyphe-
nol compound that is extensively present in plants, including
fruits and vegetables, and exhibits various promising biologi-
cal activities.® Numerous pharmacological activities and phys-
iological functions of CA have been reported, including antiox-
idative, anti-inflammatory, anti-apoptotic, and antibacterial
activities, and it has the potential to attenuate intestinal
injury.'®'* Meanwhile, we have demonstrated that plant poly-
phenols modulate the intestinal microbiota and its metab-
olites in mice, resulting in beneficial biological effects.®"?
Furthermore, a recent study found that CA can mitigate non-
alcoholic fatty liver disease in mice by modulating the gut
microbiota.'* However, there exists a dearth of information
concerning the precise mechanisms through which CA sup-
plementation can enhance intestinal health in piglets, particu-
larly concerning the protective function of intestinal barriers.
Hence, this investigation aims to examine and clarify the
potential mechanism by which CA supplementation amelio-
rates intestinal injury and promotes intestinal health in a
piglet model.

Herein, we hypothesized that CA supplementation could
potentially modulate intestinal microbiota and its metabolites,
thereby improving intestinal barrier function and mitigating
intestinal injury. To test this hypothesis, a series of experi-
ments were conducted using the piglet model to study the
effect of CA supplementation on the intestinal microbiota and
its metabolites. Furthermore, a lipopolysaccharide (LPS)-
induced intestinal injury model was used to evaluate the
potential of CA supplementation to modulate the intestinal
microbiota and its metabolites and improve intestinal injury.
Collectively, this study provides valuable insights into the regu-
lation of CA supplementation on intestinal barrier function
and intestinal microecology.

2. Materials and methods
2.1 Ethics statement

All animal procedures were performed in accordance with the
Guidelines for the Care and Use of Laboratory Animals of the
Chinese Academy of Agriculture Sciences and approved by the
Animal Ethics Committee of the Institute of Animal Science,
the Chinese Academy of Agricultural Sciences (Ethics Code
Permit 1AS2021-227).

2.2 Animals and experiments

Twenty-four piglets (7.43 + 0.79 kg body weight (BW); Duroc x
Landrace x Large White; barrows) were randomly divided into
4 groups after adaptive feeding for 4 days: (1) the control
group (CON), (2) the LPS group (LPS), (3) the LPS + CA group
(CAL), and (4) the CA group (CA). All piglets in each group
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were provided with basal diets with or without 500 mg per kg
of CA, and the experimental period was 28 days. On the 21st
and 28th days, piglets were weighed to calculate average daily
gain (ADG), and piglets in the LPS and CAL groups were
administered intraperitoneal injections of LPS (80 ug per kg
of BW, Escherichia coli 055:B5, Sigma), while piglets in the
CON and CA groups received the same volume of saline. All
piglets were able to drink and eat freely during the experi-
ment. The basal diet (Table S11) was formulated to meet the
nutrient requirements for piglets as recommended by the
NRC 2012."° CA (purity > 99%) was obtained from Hangzhou
Viablife Biotech Co., Ltd. The experimental scheme is shown
in Fig. S1.f

2.3 Blood and intestinal sample collection

On the 28th day, three hours after administering LPS or saline,
blood was collected from the anterior vena cava and serum
was obtained through centrifugation at 1800g for 10 min. After
the collection of blood, all piglets were subjected to anaesthe-
sia with pentobarbital sodium and euthanized through exsan-
guination. A 2 c¢cm colonic segment was preserved for morpho-
logical analysis in a solution of 4% paraformaldehyde or 2.5%
glutaraldehyde. The colonic mucosa or digesta was collected,
immediately flash-frozen in liquid nitrogen, and then stored at
—80 °C until detection.

2.4 Intestinal morphology

The colonic segments fixed in 4% paraformaldehyde were
used to determine morphology using the H&E staining kit and
to determine goblet cells using PAS-AB staining kits. The H&E
and PAS-AB staining kits were purchased from Beijing Solarbio
Science & Technology Co., Ltd. Following the process of de-
hydration, embedding, sectioning, and staining, the colonic
sections were examined using a Leica microscope. The crypt
depth and the goblet cell number were quantified with Image]
software. Additionally, the colonic segments fixed in 2.5% glu-
taraldehyde solution were prepared for transmission electron
microscopy (TEM) analysis. Ultrathin sections were made by
professionals from Wuhan Servicebio Technology Co., Ltd.

2.5 Serum cytokines, antioxidants, and biochemical indexes

Serum cytokines (IL-1p, IL-6, TNF-a, IL-10), antioxidants
(T-AOC, SOD, GSH-Px, CAT, MDA, H,0,), permeability indi-
cators (p-Lac, DAO), and LPS were measured using biochemical
assay kits (Jiancheng Biochemical, Nanjing, China).

2.6 RNA extraction and quantitative real-time (qRT)-PCR

Total RNA was extracted from the colonic mucosa with an
RNeasy kit (Genebetter, Beijing, China), and the same amount
of RNA was used for reverse transcription into cDNA with a
PrimeScript RT reagent kit (Takara, Shiga, Japan). qRT-PCR
was performed using a TB Green kit (Takara, Shiga, Japan) on
an ABI Q7 Real-Time PCR system. Gene expression was calcu-
lated using the 2724 method with f-actin and GAPDH as
internal reference genes. The primer sequences are shown in
Table S2.7

This journal is © The Royal Society of Chemistry 2023
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2.7 Bacterial 16S rRNA gene amplicon sequencing

Total bacterial DNA was extracted from the colonic digesta
with a MagPure Soil DNA LQ kit (Magen, Guangdong, China).
To analyze bacterial diversity, the V3-V4 variable regions
of 16S rRNA genes were amplified using primers 343F
(5"TACGGRAGGCAGCAG-3') and 798R (5-AGGGTATCTAATCCT-3’),
followed by sequencing on the Illumina NovaSeq 6000 (OE
Biotech Company; Shanghai, China). Bioinformatics analysis
was conducted using OECloud tools at https:/cloud.oebiotech.cn.
The raw reads were deposited in the Sequence Read Archive (SRA)
database (accession number: PRJNA960710) of the NCBI.

2.8 Quantification of bile acids (BAs) and short chain fatty
acids (SCFAs)

The BAs were extracted from colonic digesta according to the
method used in the previous study.” Briefly, approximately
50 mg of lyophilized colonic digesta was suspended in 50 mM
sodium acetate and incubated on an orbital shaker for 1 h
(150g, 45 °C). Following centrifugation of the sample at
20 000g for 15 min, the supernatant was mixed with sodium
acetate buffer at a ratio of 1:3 and subsequently passed
through a Bond Elute C18 cartridge (Agilent, CA, USA). Then
the cartridge was washed with 25% ethanol, and the BAs were
eluted using 5 mL of methanol. It was blow-dried with nitro-
gen, and the residue was reconstituted with 1 ml of methanol.
The quantification of BAs was performed using LC-MS/MS
(Waters, Milford, USA) after filtering through a 0.45 um filter.
Based on our previous studies, we quantified SCFAs using gas
chromatography (GC)."® Briefly, approximately 1 g of colonic
digesta was dissolved in distilled water, subjected to a 30 min
shake, and incubated at 4 °C overnight. The extracted super-
natant was obtained through -centrifugation at 12000g for
10 min. 25% metaphosphoric acid was added to the extracted
supernatant at a ratio of 1:9 and left for 3 h at room tempera-
ture. Following vortexing and centrifugation, the supernatant
was filtered through a 0.45 pm filter and subsequently analysed
for SCFAs using an Agilent 7890N GC (Agilent, Santa Clara, USA).

2.9 Statistics

The experimental data were analysed by ANOVA with Tukey’s
test (JMP 10.0, NC, USA). Different letters represent a signifi-
cant difference. Significance was declared if P < 0.05, and a
tendency was considered if 0.05 < P < 0.10.

3. Results

3.1 Caffeic acid supplementation altered the growth
performance

During the entire three-week duration of the experiment
before the LPS challenge, the D21 body weight (BW) and
average daily gain (ADG) were significantly higher in piglets
fed the CA diet than in those fed the basal diet (n = 12, P <
0.01, Fig. 1A). From day 21 to 28, piglets in the LPS challenge
had significantly lower ADG and D28 BW, whereas piglets
treated by CA had significantly higher D28 BW (P < 0.01).

This journal is © The Royal Society of Chemistry 2023
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There was a significant increase in D28 BW and ADG of piglets
in the CAL group compared with the LPS group (P < 0.01).

3.2 Caffeic acid supplementation altered colonic morphology
and barrier function

The intestinal morphological characteristics are shown in
Fig. 1B. In the LPS group, H&E-stained colonic sections demon-
strated remarkable destruction of the colonic mucosa and
surface epithelium and decreased crypt depth, which was not
observed in other groups. Notably, intestinal injuries caused by
the LPS challenge were improved in the CAL group (Fig. 1B and
C). It was clear that the colonic ultrastructure was broken and
damaged after the LPS challenge: the microvilli became shorter
or were even broken, the ultrastructure of the tight junction was
disrupted, and part of the cell structure was deformed, particu-
larly swelling of the mitochondria. CA supplementation could
maintain normal ultrastructural integrity and improve LPS-
induced colonic ultrastructure disruption (Fig. 1B). Meanwhile,
the LPS challenge caused a significant increase in serum p-Lac
and DAO levels compared with the CON group. The increased
serum p-Lac and DAO levels induced by the LPS challenge were
prevented in the CAL group (P < 0.05; Fig. 1E). Additionally, the
LPS-induced decrease in the mRNA expression of tight junction
proteins (TJP) ZO-1 and Claudin-1 was restored by CA (P < 0.05;
Fig. 1F). Besides, PAS-AB staining results revealed that the LPS
challenge decreased goblet cell numbers, but CA supplemen-
tation significantly increased goblet cell numbers in the colon
(P < 0.05; Fig. 1B and D).

3.3 Caffeic acid supplementation altered serum and colonic
cytokine levels

The LPS challenge significantly increased the serum concen-
tration of IL-1p, IL-6, and TNF-«, but decreased IL-10 (P < 0.05;
Fig. 2A). CA supplementation restored the concentration of
IL-1B, IL-6, and TNF-a, and significantly increased IL-10 (P <
0.05; Fig. 2A). The LPS challenge also increased the mRNA
expression of IL-1f, IL-6, and TNF-a, and decreased IL-10 (P <
0.05; Fig. 2C), whereas CA supplementation significantly
improved the changes of cytokine mRNA expressions induced
by LPS in the colon (P < 0.05; Fig. 2C). In addition, the LPS
challenge markedly shifted the mRNA expression of TLR4 and
NF-xB, which was restored by the CA supplementation (P <
0.05; Fig. 2C). The level of LPS in the LPS group was signifi-
cantly higher than that in all other groups (P < 0.05; Fig. 2A).

3.4 Caffeic acid supplementation reduced oxidative stress

The LPS challenge significantly decreased the levels of T-AOC,
CAT, SOD, and GSH-Px, but increased the concentration of
H,0, in the serum (P < 0.05; Fig. 2B). The CA supplementation
restored the levels of T-AOC, CAT, SOD, and GSH-Px compared
with the LPS group, and the concentration of H,0, was signifi-
cantly decreased (P < 0.05; Fig. 2B). Moreover, the LPS chal-
lenge decreased the mRNA expression of NQO1 (P = 0.08),
SOD1 (P < 0.05), and GPX2 (P = 0.09) but increased HO-1 (P =
0.08) in the colon compared with the CON group, while CA
supplementation restored these changes (Fig. 2D).
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Fig. 1 Growth performance (A) and colonic morphology and barrier function. (B) Representative photomicrographs of colon sections. (C) Crypt
depth and (D) goblet cell numbers in the colon. (E) The serum DAO and D-lac levels. (F) The colonic mRNA expression of Occludin, Claudin-1 and
ZO-1. TEM, transmission electron microscope. Values are means + SE. ** means 0.001 P < 0.01. Different letters represent significant differences
among experimental groups (P < 0.05).

3.5 Caffeic acid supplementation altered the colonic
apoptosis-related gene expression

The LPS challenge significantly increased the mRNA expression
of Bax and Fas, and Bax/Bcl-2 in the colon of piglets (P < 0.05;

7708 | Food Funct,, 2023,14, 7705-7717

Fig. 2E). CA supplementation showed potential in improving the
expression disorder of apoptosis-related genes, and significantly
increased Bcl-2 and decreased Bax and Fas, and Bax/Bcl-2 in the
colon (P < 0.05; Fig. 2E). No significant difference was observed
for caspase3 and caspase9 mRNA abundance among the groups.

This journal is © The Royal Society of Chemistry 2023
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3.6 Caffeic acid supplementation changed colonic
microbiota

intestinal microbiota more similar to that of the CON group
(Fig. 3A). Meanwhile, the PCoA plot showed a distinct cluster
of the LPS group was formed compared to the CON and CAL

In the CAL group, more OTUs were shared with the CON groups (Fig. 3B). Furthermore, the LPS challenge significantly
group than with the LPS group, indicating a structure of decreased the Shannon index, while CA supplementation sig-
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Fig. 3 Microbial composition in colonic digesta. (A) Venn diagram of OTU distribution. (B) PCoA plot based on binary Jaccard distances at the OTU
level. (C) The alpha diversity indices of colonic microbiota in each group. (D) Microbiota composition at the phylum level. (E) Microbiota composition
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nificantly increased the PD whole tree and

Shannon index shift induced by LPS (P < 0.05; Fig. 3C).
Approximately 97% of the total colonic bacterial community
was made up of Bacteroidota and Firmicutes (Fig. 3D). At the

genus level, Prevotella, Prevotellaceae_NK3B31
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restored the

_group, and

Muribaculaceae were the three main genera. Furthermore,
analysis revealed significant differences in colonic microbiota
at the genus level (Fig. 3E). The relative abundance of
Rikenellaceae_RC9_gut_group was significantly increased, but
Alloprevotella and Prevotellaceae_UCG-001 were significantly
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decreased by the LPS challenge (P < 0.05; Fig. 3F and G).
Meanwhile, the LPS challenge tended to decrease the relative
abundance of Prevotellaceae_ NK3B31_group (P = 0.06; Fig. 3F
and G). Additionally, CA supplementation showed a tendency
to increase the relative abundances of Alloprevotella,
Prevotellaceae_UCG-001, and [Eubacterium]_coprostanoligen-
es_group, and decrease the relative abundance of Prevotella
(0.05 < P < 0.1; Fig. 3F and G). Compared with the LPS group,
the relative abundance of Rikenellaceae_RC9_gut_group was
lower in the CAL group, whereas the relative abundances of
Alloprevotella and Prevotellaceae_UCG-001 were greater (P <
0.05; Fig. 3F and G).
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3.7 Caffeic acid supplementation altered BA and SCFA levels

A total of 22 BAs were detected in the colonic digesta of
piglets, of which about 96% BAs existed in free form (Fig. 4A).
BAs in the secondary BAs (SBAs) or primary BAs (PBAs) were,
respectively, hyodeoxycholic acid (HDCA, 83.79%) or hyocholic
acid (HCA, 7.07%), which consisted of about 97% of total
colonic digesta BAs with chenodeoxycholic acid (CDCA,
1.82%), LCA, lithocholic acid (LCA, 1.37%), glycol-ursodeoxy-
cholic acid (GUDCA, 1.27%), and glycol-CDCA (GCDCA,
1.02%). Overall, compared with other groups, the concen-
tration of PBAs in the LPS group increased significantly (P <
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0.05), while total BAs (TBAs) and SBAs did not significantly
differ among the groups (Fig. 4C). Eleven highly differentially
abundant BAs among the groups of piglets were further identi-
fied (Fig. 4B and D). Specifically, the LPS challenge decreased
the concentration of tauroursodeoxycholic acid (TUDCA), taur-
ohyodeoxycholic acid (THDCA), tauro-o-muricholic acid
(Tw-MCA), taurocholic acid (TCA) and LCA, but increased urso-
deoxycholic acid (UDCA), p-muricholic acid (B-MCA), HCA,
CDCA, and cholic acid (CA*; P < 0.05). The LPS-induced
increased concentrations of UDCA, f-MCA, HCA, CDCA, and
CA* were alleviated by the CA supplementation. The concen-
trations of UDCA, p-MCA, HCA, CDCA, and CA* in the CAL
group were similar to those in the CON group (Fig. 4D).
Moreover, an additional assessment of SCFA levels in the
colon was conducted, revealing a noteworthy elevation of
colonic isovalerate in the LPS group, while piglets treated with
CA displayed a reduced concentration of isovalerate (P < 0.05;
Fig. 4E).

3.8 Correlation analysis between colonic microbiota and its
metabolites and biochemical parameters

We furthermore performed correlation analyses to elucidate
the potential associations between colonic microbiota and its
metabolites and biochemical parameters, encompassing intes-
tinal barrier indicators (p-Lac, DAO, and TJP), inflammatory
cytokines, oxidative status indices, and apoptosis-related genes
in weaned piglets (Fig. 5). In terms of intestinal barrier indi-
cators, the results indicate a negative correlation between
TUDCA and serum DAO, while UDCA and p-MCA show a posi-
tive correlation. Additionally, Rikenellaceae RC9_gut_group,
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HCA, and isovalerate exhibited a negative correlation with
colonic ZO-1, whereas Alloprevotella was positively but UDCA
was negatively correlated with colonic Claudin-1 (P < 0.05). In
terms of inflammatory cytokines,
Rikenellaceae_RC9_gut group, UDCA, and isovalerate were posi-
tively  correlated with  serum  IL-1p.  Additionally,
Rikenellaceae_RC9_gut_group and UDCA were positively corre-
lated, while Alloprevotella was negatively correlated with serum
IL-6. Furthermore, Rikenellaceae_RC9_gut group, UDCA, and
B-MCA were positively correlated, while Alloprevotella was nega-
tively correlated with serum TNF-a. The study also observed a
negative correlation between Alloprevotella and colonic IL-1
and a positive correlation between HCA and colonic IL-1f.
UDCA was positively correlated with colonic IL-6. Finally,
Rikenellaceae_RC9_gut group and HCA were negatively corre-
lated but Alloprevotella and Prevotellaceae_UCG-001 were posi-
tively correlated with colonic IL-10 (P < 0.05). In terms of oxi-
dative indexes, LCA exhibited a positive association, whereas
UDCA, B-MCA, CDCA, and isovalerate exhibited a negative
association with serum T-AOC. Additionally, THDCA exhibited
a positive association, while UDCA and B-MCA exhibited a
negative association with serum CAT. Furthermore, UDCA,
HCA, and CA* exhibited a negative association, whereas
Prevotellaceae_UCG-001, TUDCA, and TCA exhibited a positive
association with serum SOD. Lastly, CDCA and CA* exhibited a
negative association with serum GSH-Px (P < 0.05). In terms of
colonic apoptosis-related genes, Rikenellaceae_RC9_gut_group
and UDCA exhibited a positive correlation, while Alloprevotelia,
TUDCA, and THDCA displayed a negative correlation with
colonic Bax. Additionally, Prevotellaceae_UCG-001 was posi-
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Fig. 5 Correlation analysis between colonic microbiota and its metabolisms and biochemical parameters. Significance is presented as *P < 0.05 and

**0.05<P<0.01
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tively associated with colonic Bcl-2, HCA demonstrated a posi-
tive correlation with colonic Fas, and TUDCA exhibited a nega-
tive correlation with colonic caspase3 (P < 0.05).

4. Discussion

During weaning, piglets are vulnerable to intestinal injury
caused by incomplete intestinal function development and
alterations in their nutritional and environmental conditions.
This can result in substantial growth retardation and conse-
quential economic losses in pig production. Consequently, it
is crucial to identify effective therapeutic drugs to improve
intestinal injury. The present study used LPS to construct a
piglet intestinal injury model. CA is a kind of natural plant
polyphenol, which has the potential effect of reducing intesti-
nal injury, but its mechanism is still unclear. Here, we showed
that CA supplementation significantly improved the growth
performance, immune response, and oxidative stress while
enhancing intestinal integrity in LPS-challenged piglets.
Furthermore, the administration of CA was found to amelio-
rate the dysbiosis of intestinal microbiota and modulate the
microbial metabolites. More specifically, CA supplementation
promoted the contents of beneficial bacteria and metabolites
to maintain intestinal microecology, and further improved
intestinal barrier function. In general, we showed that CA has
the potential to serve as a viable nutritional intervention for
mitigating intestinal injury in piglets.

CA is renowned for its exceptional therapeutic properties,
such as its efficacy as a hepatoprotective, neuroprotective, and
antidiabetic agent. However, there is a dearth of information
about the effect of CA supplementation on the growth per-
formance of piglets. As far as we know, this is the first study to
demonstrate this effect in piglets. Our findings showed that
CA supplementation significantly improves the growth per-
formance of piglets before the LPS challenge. Other studies on
plant polyphenols have demonstrated the same results in
piglets, such as chlorogenic acid'” and ellagic acid.'® In that
regard, the findings from a recent study on the growth per-
formance of beluga are very interesting. Ahmadifar et al
(2022) found significantly higher digestive enzyme activity,
such as amylase, lipase, and pepsin activities, and better
growth performance in the CA-treated group.'® Concurrently,
our findings suggest that the provision of CA supplementation
yields advantageous effects on intestinal health status, thereby
implying a potential correlation between enhanced growth per-
formance in piglets and an improved intestinal milieu, leading
to heightened intestinal digestion and absorption, ultimately
resulting in improved growth performance. It should be noted
that these digestive enzymes in piglets could be further
studied in the future to confirm our views. Moreover, our data
illustrated that CA supplementation alleviated the LPS-induced
decline in growth performance in piglets.

In this study, histomorphometry analyses showed that CA
treatment significantly improved intestinal injury in LPS-
induced piglets, such as intestinal rupture and shedding,
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destruction of microvilli and organelles, and changes in goblet
cells and crypts. Interestingly, we found that the CD of piglets
fed with CA increased compared with that of the control
group, which may be related to the increase in feed intake.*®
Previous research has indicated a positive correlation between
food intake and colonic recess depth. However, since our study
did not measure food intake, it remains uncertain whether
this relationship holds true in our specific investigation. It is
speculated that CA promotes the development of the colonic
crypt. Serum p-Lac and DAO can be used as indicators of intes-
tinal integrity, as they are normally present in very small
amounts in blood circulation, but their amounts are enhanced
when the mucosa is damaged. The present study demon-
strated that the LPS challenge led to a significant increase in
DAO and p-Lac levels, which were subsequently restored by
supplementing with CA. These findings indicate that CA may
have protective effects against intestinal barrier injury in
response to LPS stimulation. Additionally, we observed that
the mRNA expression of TJP also changed significantly.
Consistent with previous research, CA supplementation has
been shown to enhance Occludin, Claudin-1, and ZO-1 abun-
dance in the DSS-induced colitis mouse model.® These results
indicate that CA could partially protect intestinal barrier func-
tion by enhancing TJP expression. Taken together, CA sup-
plementation has a protective effect on the intestinal integrity
and barrier function of piglets.

In young animals and infants, the etiology of intestinal
injury is attributed to the activation of inflammatory responses
by various factors, including oxidative stress, toxic compounds,
and pathogenic bacteria.>* Polyphenolic compounds, such as
flavonoids, phenolic acids, and phenolic alcohols, have been
proven to mitigate inflammation by regulating the TLR4/NF-kB
signalling pathway.”> The present study revealed that the
administration of LPS resulted in an up-regulation of TLR4
and NF-kB, whereas CA supplementation led to a down-regu-
lation of NF-xB expression. Based on this, we speculate that CA
may confer beneficial effects on intestinal health by mitigating
the inflammatory response. Subsequently, it was observed that
IL-1p, IL-6, and TNF-a were up-regulated following the LPS
challenge in piglets, which could be indicative of compro-
mised intestinal integrity. However, CA supplementation ame-
liorated the deleterious effects of LPS and promoted IL-10
expression, aligning with the alteration trend of inflammatory
cytokines in the serum. It has been found that when the level
of intestinal inflammation increases, the intestinal mucosal
barrier is damaged,** which promotes endotoxins and inflam-
matory cytokines to enter the bloodstream, which was con-
firmed by the increase of serum cytokines and LPS in this
study. Taken together, weaned piglets with CA supplemen-
tation showed significant improvement in intestinal inflammation.

Intestinal injury is often linked to oxidative stress, as seen
in weaned piglets who are exposed to various harmful stimuli
that cause intestinal injury and post-weaning diarrhoea in
pigs.>* Our data indicate that a challenge with LPS increases
H,0, levels and decreases T-AOC, CAT, SOD, and GSH-Px.
However, CA supplementation has been shown to improve the
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levels of these antioxidant enzymes, which is in agreement
with the findings of Wan et al.® A recent study also found that
CA can protect HTR-8/SVneo cells from oxidative stress and
genotoxicity induced by H,0,.*® The obtained data revealed
their promising antioxidant behaviour. In terms of mecha-
nism, it has been shown that CA alleviates oxidative stress by
regulating the Nrf2/HO-1 pathway, thus preventing colitis.® We
noticed that CA caused up-regulation of the downstream genes
NQO1, SOD1, and GPX2, although it did not reach a significant
level. Interestingly, we observed that LPS caused an increase in
the expression of HO-1, while CA restored HO-1 in the colon.
HO-1 is an enzyme that can be induced and is recognized for
its anti-inflammatory and antioxidant properties. Recent
research has revealed that exposure to an inflammatory stimu-
lus increased microglial HO-1, leading to oxidative stress and
increased inflammatory markers, including IL-1f. Notably,
these changes were prevented in aged HMOX1M-KO and WT
mice treated with the HO-1 inhibitor.>® This suggests that the
possible relationship between LPS/CA and HO-1 requires
further studies. Collectively, CA supplementation serves as a
protective measure against LPS-induced intestinal injury in
piglets by augmenting antioxidant functions.

Recent research has demonstrated that alterations in apop-
tosis, whether increased or decreased, can result in heightened
intestinal permeability and compromised barrier function,
ultimately leading to intestinal dysfunction.>” Past studies
have revealed that CA can mitigate the apoptosis of hemato-
poietic stem cells induced by ionizing radiation by preventing
the up-regulation of caspase3 and the down-regulation of anti-
apoptotic factors Bcl-2.>® The current investigation revealed
that the administration of LPS resulted in an elevation of pro-
apoptotic factors Bax and Fas, as well as Bax/Bcl-2. Conversely,
the supplementation of CA led to a reduction in these pro-
apoptotic genes and an increase in Bcl-2. Furthermore, similar
results have been found in other plant polyphenols, such as
tea polyphenols.”® These findings suggest that CA may miti-
gate LPS-induced apoptosis of intestinal epithelial cells by
down-regulating apoptosis-related gene expression in the
colon of piglets. Overall, our study provides the first evidence
in a piglet model that CA possesses the ability to suppress
excessive apoptosis of intestinal epithelial cells.

The present study revealed that CA could improve intestinal
injury in a piglet model, but the potential mechanism remains
unclear. Many studies have shown that intestinal microbiota
and its metabolites play a crucial role in health and diseases. A
recent review has indicated that the health benefits of plant
polyphenols are contingent upon the composition of the intes-
tinal microbiota.>® In our previous investigation, we observed
that CA mitigated inflammation by regulating the colonic
microbiota composition in mice with DSS-induced colitis.®
Consequently, we hypothesized that the intestinal microbiota
and its metabolites may mediate the advantageous effects of
CA on intestinal health. As anticipated, our findings indicate
that CA supplementation effectively restored the LPS-induced
alterations in the intestinal microbiota, encompassing
microbial composition and alpha diversity. Specifically, we
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observed a surge in Rikenellaceae_RC9_gut_group following LPS
exposure, which was subsequently mitigated by CA supplemen-
tation. Our investigation further revealed that the increase of
Rikenellaceae_RC9_gut_group was accompanied by the aggrava-
tion of intestinal inflammation and injury, as evidenced by the
correlation  between  IL-10, ZO-1, and Bax with
Rikenellaceae_ RC9_gut_group. A positive correlation was also
found between Rikenellaceae RC9_gut group and inflammatory
cytokines. It appears that the current studies on
Rikenellaceae_RC9_gut_group mostly focused on glycolipid
metabolism. However, there is a lack of consensus on its
impact on the intestinal barrier. For instance, previous
research has demonstrated that the prevalence of
Rikenellaceae_ RC9_gut group increases in mice fed a high-fat
diet, and this has been linked to abnormal glucose and lipid
metabolism.>’ In summary, the present study reveals that
Rikenellaceae_ RC9_gut group serves as a biomarker of intesti-
nal injury and is most prevalent in the LPS group.
Furthermore, our findings indicate that the abundance of
Alloprevotella and Prevotellaceae_UCG-001 is lower in LPS-chal-
lenged piglets, while CA supplementation has the opposite
effect. It has been proved that Alloprevotella is negatively corre-
lated with inflaimmation, insulin resistance, and obesity.*?
Additionally, Alloprevotella correlated positively with Claudin-1
expression but negatively with pro-inflammatory cytokines,
indicating that CA supplementation may have beneficial pro-
perties for intestinal barrier and inflammation. So far, the role
played by Prevotellaceae UCG-001 remains controversial. One
study showed that in colitis mice, the abundance of
Prevotellaceae_UCG-001 ~decreased significantly.”> In the
present study, Prevotellaceae UCG-001 had a positive corre-
lation with the level of SOD, IL-10, and Bax, indicating that
Prevotellaceae_UCG-001 was an important beneficial player in
intestinal health. Consequently, CA supplementation may
reduce intestinal inflammation and injury by regulating intes-
tinal microbiota balance.

The intestinal microbiota has been found to exert an influ-
ence on host intestinal homeostasis, primarily through meta-
bolic pathways involving BAs and SCFAs. Recent studies have
shown that BAs function as signalling molecules and are inte-
gral to regulating intestinal homeostasis and overall host
health. For instance, a recent review posits that the intestinal
microbiota-BAs axis represents a promising therapeutic
target for addressing inflammatory bowel diseases (IBD) and
colorectal cancer (CRC).>* Moreover, some studies have
shown that plant polyphenols could regulate the composition
of BAs and metabolic diseases.>®> We found that metabolism
of intestinal BAs was disordered in the case of intestinal
injury such as primary BAs being significantly increased, and
CA treatment restored intestinal BA composition. Compared
to healthy individuals, the primary BA level of IBD patients is
higher, and the secondary BA level is lower, which led to a
more pronounced inflammatory response in Caco-2 cells.?®
Notably, HCA, CDCA, and UDCA increased, while LCA and
TUDCA decreased after LPS stimulation. CDCA, a prevalent
primary BA in mammals, has been previously linked to pro-
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inflammatory properties.’” HCA, which is converted by CDCA
in the liver and specific primary BAs in pigs, has been shown
to be critically involved in maintaining glucose homeosta-
sis.>® Yet, there are few reports on its regulation of intestinal
injury. Our study found that the increase of HCA in the colon
was positively correlated with IL-15 and Fas, showing pro-
inflammatory and pro-apoptotic properties. UDCA is a sec-
ondary BA converted by intestinal microbiota metabolizing
CDCA, although UDCA supplementation has already been
reported to improve the disruption of intestinal barrier func-
tion and colonic inflammation during colitis.** Meanwhile,
currently available evidence in this study suggests that UDCA
may be related to apoptosis, oxidative stress, and inflam-
mation. UDCA is conveyed from the intestine to the liver via
enterohepatic circulation, where it undergoes conjugation
with taurine to generate TUDCA, which is subsequently trans-
ported back into the intestine. The primary BAs are converted
into LCA by intestinal bacterial 7a-dehydroxylation. TUDCA
and LCA exhibit antagonistic properties towards intestinal
inflammation and demonstrate an inhibitory effect on experi-
mental colitis.*®*! It is thus possible that CA alleviates intes-
tinal injury by regulating the bacterial transformation of BAs.
In addition, SCFAs have been demonstrated to regulate the
immune response and have therapeutic potential for protec-
tion against various inflammatory diseases. Our previous
research showed that CA supplementation elevated butyrate
levels, thereby mitigating DSS-induced colitis in mice.?
Butyrate has been shown to exert anti-inflammatory effects in
multiple disease models.*> However, the current study
observed notable alterations in the level of isovalerate, but
not in the level of butyrate. At present, there has been less
research into the effects of isovalerate on intestinal health. It
is known that the main factor of isovaleric acidaemia in chil-
dren is the severe metabolic disorder caused by the accumu-
lation of isovalerate due to the lack of isovaleryl-CoA dehydro-
genase.”® The present study revealed that isovalerate exhibi-
ted a positive correlation with pro-inflammatory cytokines
and a negative correlation with antioxidant enzymes. These
findings suggest that the administration of CA may enhance
intestinal barrier function and growth performance by modu-
lating intestinal microbiota and its metabolites.

5. Conclusions

In summary, dietary CA supplementation could augment intes-
tinal barrier function, ameliorate intestinal injury and
enhance the growth performance in LPS-challenged piglets.
Furthermore, dietary CA supplementation could improve the
intestinal microbiota dysbiosis and abnormal metabolism of
BAs and SCFAs caused by the LPS challenge, thereby contribut-
ing to a reduction in inflammatory responses and oxidative
stress in piglets. This study offers a novel approach for utiliz-
ing CA as a functional food ingredient and enhancing intesti-
nal health and growth performance through dietary
interventions.

This journal is © The Royal Society of Chemistry 2023
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