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a b s t r a c t

Previous studies have shown that maternal resveratrol improved growth performance and altered the
microbial composition of suckling piglets under hot summer conditions. However, it remains unclear
how maternal resveratrol improves growth performance of suckling piglets during high summer tem-
peratures. A total of 20 sows (Landrace � Large White; three parity) were randomly assigned to 2 groups
(with or without 300 mg/kg resveratrol) from d 75 of gestation to d 21 of lactation during high ambient
temperatures (from 27 to 30 �C). The results showed that maternal resveratrol supplementation
increased total daily weight gain of piglets under hot summer conditions, which is consistent with
previous studies. Furthermore, we found that maternal resveratrol improved the intestinal morphology
and intestinal epithelial proliferation in suckling piglets. Dietary resveratrol supplementation affected
the characteristics of exosome-derived microRNAs (miRNAs) in sow colostrum, as well as the genes
targeted by differentially produced miRNAs. MiRNAs are concentrated in the tight junction pathway. As a
result, the expression of intestinal tight junction proteins was increased in suckling piglets (P < 0.05).
Notably, maternal resveratrol increased the intestinal secretory immunoglobulin A (sIgA) levels of
suckling piglets via colostrum immunoglobin (P < 0.05), which could increase the abundance of bene-
ficial microbiota to further increase the concentration of short chain fatty acids (SCFA) in suckling piglets'
intestine (P < 0.05). Finally, our correlation analysis further demonstrated the positive associations be-
tween significantly differential intestinal microbiota, intestinal sIgA production and SCFA concentrations,
as well as the positive relation between total daily weight gain and intestinal health of suckling piglets.
Taken together, our findings suggested that maternal resveratrol could promote intestinal health to
improve piglet growth during high summer temperatures, which might be associated with the immu-
noglobin and exosome-derived miRNAs in sows' colostrum.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
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1. Introduction

In recent years, research has suggested that resveratrol may
serve as an excellent antioxidant, anti-inflammatory, and
metabolic-regulating dietary supplement for sows (Meng et al.,
2023). Previous studies have shown that dietary supplementation
of sowswith resveratrol during gestation and lactation can improve
the average daily gain, litter weight, and weaning weight of the
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Table 1
Ingredients and nutrient levels of the basal diet (air-dry basis, %).

Item Diet during gestation Diet during lactation

Ingredients
Corn 75.85 67.85
Soybean meal 8.50 23.00
Alfalfa powder 12.50 e

Fishmeal e 3.00
Soybean oil e 2.00
Lysine hydrochloride e 0.15
CaHPO4 0.80 1.10
Limestone 0.70 1.20
NaCl 0.40 0.45
Choline chloride 0.25 0.15
Premix1 1.00 1.00
Total 100.00 100.00
Calculated nutrient levels
DE, MJ/kg 3.15 3.48
NE, MJ/kg 2.33 2.53
CP 11.17 17.60
NDF 12.82 8.44
SID Lys 0.38 0.93
SID Met þ Cys 0.35 0.52
SID Thr 0.33 0.54
SID Trp 0.10 0.19
Total Ca 0.62 0.90
Total P 0.43 0.63
STTD 0.26 0.41
Analyzed nutrient levels
GE, kcal/kg 3321.45 3756.29
Ash 6.23 6.79
CP 13.23 16.99
NDF 13.04 12.00

DE ¼ digestible energy; NE ¼ net energy; CP ¼ crude protein; NDF ¼ neutral
detergent fiber; SID ¼ standardized ileal digestibility; STTD ¼ standard total in-
testinal digestibility; GE ¼ gross energy.

1 The premix provided the following per kilogram of the diet: vitamin A,
10,000 IU; vitamin D, 1,400 IU; vitamin E, 40 mg; vitamin K, 3.0 mg; vitamin B,
10.50 mg; vitamin B12, 0.04 mg; nicotinic acid, 45 mg; pantothenic acid, 20 mg; folic
acid, 1.2 mg; biotin, 0.20 mg; choline chloride, 550 mg; Cu, 80 mg; Fe, 100 mg; Zn,
100 mg; Mn, 50 mg; I, 0.3 mg; and Se, 0.25 mg.
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piglets (Meng et al., 2018, 2019). Similarly, we have previously
found that supplementation of resveratrol during late gestation and
lactation in sows increased the weight gain of the weaned litter of
piglets during hot summer temperatures (Zhao et al., 2022).
Furthermore, maternal resveratrol may improve growth perfor-
mance by regulating the gut health of suckling pigs, as the
gastrointestinal tract is critical for nutrient absorption and piglet
development (Guilloteau et al., 2010; Yin et al., 2017). Meng et al.
(2019) found that maternal resveratrol supplementation
improved the intestinal health of suckling pigs during gestation and
lactation by altering intestinal flora and reducing intestinal
inflammation. In our previous study, we also demonstrated that
maternal resveratrol supplementation can enhance the relative
abundance of beneficial microbiota, such as Lactobacillus, particu-
larly at high summer temperatures (Zhao et al., 2022). However, the
mechanism by which maternal resveratrol regulates intestinal
health to improve suckling piglet weight gain remains unknown.

Piglets have limited postnatal immunity and require the con-
sumption of sow colostrum, which is rich in immunoglobulins and
plays a critical role in promoting the maturation of the piglet im-
mune system (Xiong et al., 2019). Nutritional interventions during
the late stages of gestation and lactation in sows facilitate the
establishment of the piglet immune system by increasing the levels
of immunoglobulins present in colostrum (Li et al., 2021).
Furthermore, exosomes are also abundant in mammalian milk, and
milk-derived microRNAs (miRNAs) may influence the development
of the immune system and gut health in offspring (Melnik et al.,
2021; Miura et al., 2022; Sundaram et al., 2022). Previous studies
have demonstrated the presence and high concentration of
immune-related miRNAs in porcine milk exosomes, particularly in
colostrum (Gu et al., 2012; Xie et al., 2019, 2020). Furthermore,
protection of intestinal epithelial cells against infection with
porcine epidemic diarrhea virus has been demonstrated bymiRNAs
derived from milk exosomes (Liang et al., 2023). These results
suggest that colostrum-derived immunoglobulin and exosome-
derived miRNAs may be beneficial for the intestinal health and
growth performance of piglets during summer temperatures.
However, to our knowledge, there are no data on the effect of
maternal dietary resveratrol on the intestinal health and growth
performance of suckling piglets during high summer temperatures
by regulating colostrum immunoglobulin and exosome-derived
miRNAs.

Therefore, we hypothesize that resveratrol supplementation
during gestation and lactation may alter the intestinal health and
weight gain of suckling piglet, as well as their association with
colostrum immunoglobulin and exosome-derived miRNAs in sows
exposed to high summer temperatures. Moreover, this study pro-
vided a better understanding of the effects of resveratrol supple-
mentation on sows during gestation and lactation under hot
summer conditions.

2. Materials and methods

2.1. Animal ethics statement

All animal experimental protocols used in this study were ac-
cording to the guidelines for animal welfare and approved by the
Animal Care and Use Committee of Guangdong Academy of Agri-
cultural Sciences (GAASIAS-2020-010), China.

2.2. Animals and experimental design

According to our previous study (Zhao et al., 2022), 20 multip-
arous sows (Landrace� LargeWhite; three parity) were assigned to
two dietary treatments: a corn-soybean meal control diet, or a
37
control diet with 300 mg/kg resveratrol (99% purity, Shanghai
Aladdin Biochemical Technology Co. Ltd, China). The sows (n ¼ 10)
were fed the diets from d 75 of gestation to d 21 of lactation under
summer conditions (ambient temperature from 27 to 30 �C). The
body weight of each piglet was recorded at farrowing and weaning
periods and the total daily gain of piglets during the lactation was
calculated. The basal diet was formulated to meet the nutrient re-
quirements of swine according to NRC (2012). The ingredients and
nutritional levels of basal diet are shown in Table 1.

2.3. Feed chemical analyses

The chemical analyses of the basal diet at gestation phase and
lactation phase were performed. The crude protein was calculated
by multiplying nitrogen by the factor 6.25. The nitrogen was
measured according to the method 984.13 of AOAC (2007). The ash
was analyzed according to the method 942.05 of AOAC (2007).
Neutral detergent fiber was determined using the procedure
described by Van Soest et al. (1991). The gross energy content of the
basal diet was analyzed by using an isoperibol calorimeter (Parr
6300 Calorimeter, Moline, IL, USA) with benzoic acid as a standard.

2.4. Sample collection

After oxytocin injection, the colostrum was collected from all
mammary glands within 2 h of farrowing and then frozen at�80 �C
for further analysis. The blood sample from the sows was collected
from the ear vein on d 14 of lactation and centrifuged at 3,000 � g



Table 2
Primer sequences used in this study.

Gene Sequences (50/30) GenBank accession

Beta-actin Forward
Reverse

CTCCATCATGAAGTGCGACG
CCTGCTTGCTGATCCACATC

XM_003124280.5

P-IgR Forward
Reverse

CCAAGGACTACAAGGGCAGA
TGCTGTGTAGACGTGGACAT

NM_214159.1

J-chain Forward
Reverse

ATCATCCGCTCTGCTGAAGA
TCTGGGTGGCAGTAACGATT

XM_003356961.3

IL-4 Forward
Reverse

CACAGCGAGAAAGAACTCGTG
ATGCACGTGTGGTGTCTGTA

NM_214123.1

IL-5 Forward
Reverse

GCTGAGCCAGACAAGACTCCT
TGAAATCATCAAGTTCCCATCGC

XM_013995115.2

IL-6 Forward
Reverse

AATCTGGGTTCAATCAGGAGACCT
GGTTAGGGGTGGTGGCTTTG

NM_214399.1

IL-10 Forward
Reverse

AGAGGGGTGTCTACAAAGCC
AGAGGTACAGCAGGGTTTCC

NM_214041.1

TGFb1 Forward
Reverse

AATGCTGGAAAGCGGCAAC
GGAATCATTGCTGTATTTCTGGTA

NM_214015.2

TGFb2 Forward
Reverse

AAGCCAGAGTGGCTGAACAA
TCCCAGGTTCCTGTCTTTATGG

XM_021064293.1

TGFb3 Forward
Reverse

TACATCGACGGCAAGAACCT
CATCCTCACTGTCCACACCT

NM_214198.1

TGFbR1 Forward
Reverse

GGACTCAGCTTTGGTTGGTG
TGCCAGTCCTAAGTCTGCAA

NM_001038639.1

TGFbR2 Forward
Reverse

GGATGACTTGGCCAACAGTG
TGCTTTCAACACAGGGATGC

XM_021071493.1

BAFF Forward
Reverse

GATGCGGAGGAAACAGTCAC
AACCCGTTTCTTTGACCACG

XM_005668532.3

VAPC1 Forward
Reverse

GGCTAACTTCTTCTGGCTGC
TGAGGAGTTGATGGTGTCCC

XM_013981510.2

VAPC2 Forward
Reverse

GGACGACGTTCTGTACTCCA
CAGGAGGGTGTGCAGATACA

NM_001195117.1

iNOS Forward
Reverse

TCCAAGTCTTGCCTAGGAGC
CTCATCTCCCGTCAGCTGAT

XM_013981169.2

RALDH Forward
Reverse

ATCTTTGGCCCTGTTCAGGA
AACAGTCCCAGCTTGCATTG

XM_021094606.1

APRIL Forward
Reverse

TTCTGCATCTCGTTCCCACT
TAGAGTCTCCTGCCTTCCCT

XM_021066031.1

Occludin Forward
Reverse

ATGGCTGCCTTCTGCTTCAT
TCACTTTCCCGTTGGACGAG

XM_005672525.3

Claudin-1 Forward
Reverse

GTGACAACATTGTGACGGCC
TGGAAGGCGAAGGTTTTGGA

NM_001244539.1

ZO-1 Forward
Reverse

TGAGGAAGAAGCACACGACC
TCTGACCGCTGATCAGGAGA

XM_021098896.1

P-IgR¼ polymeric immunoglobulin receptor; IL¼ interleukin; TGF-b¼ transforming
growth factor-b; TGF-bR ¼ transforming growth factor-b receptor; BAFF ¼ B cell-
activating factor; VAPC ¼ vasoactive intestinal peptide receptor; iNOS ¼ inducible
nitric oxide synthase; RALDH ¼ retinal dehydrogenases; APRIL ¼ a proliferation-
inducing ligand; ZO-1 ¼ zonula occludens protein 1.
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for 15 min to obtain the serum. The serum was stored at �20 �C
until analyse for the detection of resveratrol and its derivatives. On
d 21 of lactation, piglets from two groups (n¼ 10) were slaughtered
and intestinal tissues (jejunum and ileum) and colonic contents
were collected. Middle segments of the jejunal samples and pos-
terior segments of the ileal samples (each 3 to 5 cm) were collected.
Each segment of the intestinal samples was divided into two parts
equally: one part was fixed with 4% paraformaldehyde for hema-
toxylin and eosin (H&E) staining and immunohistochemistry (IHC)
staining, and the other part was stored at �80 �C for further anal-
ysis of immune and barrier function-related indices.

2.5. Determination of the concentrations of resveratrol and its
derivates in serum and colostrum of sows

The concentrations of resveratrol and its derivates (oxy-
resveratrol and 3,40,5-trimethoxy-trans-stilbene) in serum and
colostrum from sows were determined and analyzed using
UPLCeOrbitrapeMS/MS combined with chemometrics, referring to
previous methods (Xin et al., 2018).

2.6. Morphological examination and immunohistochemistry

Following dehydration, paraffin embedding, sectioning, dew-
axing, H&E staining, dehydration, and sealing, the intestine
pieces were obtained (Xiong et al., 2022). For morphological
examination, the images were captured using a microscope
(Eclipse E100, Nikon, Tokyo, Japan with a Nikon DS-U3 imaging
system). The intestinal villus height (VH) and crypt depth (CD)
were assessed using Case Viewer software (3DHISTRCH Ltd.,
Budapest, Hungary) and the VH:CD ratio (VCR) was calculated.
Five fields were chosen at random for observation and mea-
surement in each slice. In addition, the antibody proliferating cell
nuclear antigen (PCNA) (ab29, Abacm) and polymeric immuno-
globulin receptor (P-IgR) (ab275020, Abacm) were used for IHC
and then the images were captured as aforementioned. Positive
results were shown in tan or yellow, and the color of the cell
nuclei was in purple-blue. Three photographs were selected
randomly for each section and the areas of positive products
were measured using Image J software (National Institutes of
Health, Bethesda, MD, USA).

2.7. Determination of short chain fatty acids (SCFA) concentrations

Colonic content samples from piglets were tested for SCFA
(acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric
acid and valeric acid) concentrations by gas chromatograph with a
mass spectrometer detector (7890A and 5975C inert XL EI/CI mass
spectrometric detector, Agilent Technologies, Santa Clara, CA, USA)
described in the previous study (Liu et al., 2022b). Briefly, 1 g of
colonic content was taken and mixed with 3 mL of ultrapure water,
which was centrifuged at 2,500 � g for 30 min after vortex oscil-
lation for 1 min. Subsequently, 1 mL of supernatant was transferred
in a centrifuge tube and reconstituted by adding 200 mL of
42 mmol/L crotonic acid and 200 mL of 10% metaphosphoric acid
solution, which was then mixed for 30 s thoroughly. The super-
natant was obtained by centrifugation at 10,000 � g for 10 min at
4 �C and then mixed with ether in equal proportions and left to
extract for 5 min. The ether layer was aspirated and injected into a
brown injection bottle and stored at �20 �C for further analysis.

2.8. Evaluation of immune indices

The concentrations of secretory immunoglobulin A (sIgA) in
intestinal tissue samples were detected using commercial enzyme-
38
linked immunosorbent assay kits (Cusabio, Wuhan, China). The
protein concentrations of samples were measured by a BCA protein
assay kit (CWBIO, China) for the calculation of sIgA concentrations
per milligram of protein.

2.9. Quantitative real-time PCR (qPCR)

The reagent box of tissue RNA purification kit (EZBioscience,
China) was used to extract the total RNA from intestinal tissue
samples in accordance with the manufacturer's protocol. The RNA
concentration was detected using a NanoDrop-ND1000 spectro-
photometer (Thermo Fisher Scientific, USA). After reverse tran-
scription with 4� Color Reverse Transcription Kit (EZBioscience,
China), qRT-PCR was performed on a QuantStudio 6 RealTime PCR
System (Thermo Fisher, USA) with 2� Color SYBR Green (EZBio-
science, China), which conditions were 95 �C for 10min followed by
40 cycles of amplification (95 �C for 15 s and 60 �C for 1 min). The
mRNA expression of the target genes relative to reference gene (b-
actin) were computed by 2�DDCT method. The primers used in this
study were created by Sangon Biotech Co. Ltd (Shanghai, China).
The sequences are shown in Table 2.



Table 3
Concentrations of resveratrol and its derivates in the serum and colostrum of sows in
resveratrol group (ng/mL).

Item Serum Colostrum

Resveratrol 74.9 ± 21.64 69.9 ± 12.07
Oxyresveratrol N.D N.D
3,40 ,5-Trimethoxy-trans-stilbene N.D N.D

N.D ¼ non-detected.
The data are shown as means ± SEM.
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2.10. Western blot analysis

Frozen jejunal tissue samples were lysed thoroughly in RIPA
buffer (Beyotime, China) containing 1% phenylmethanesulfonyl
fluoride at 4 �C (0.1 g sample/mL RIPA buffer) and then centrifuged
at 14,000 � g at 4 �C for 5 min, following the measuring of
extracted protein samples' concentrations using a BCA protein
assay kit (CWBIO, China). The extracted protein samples were
then diluted and denatured, and then separated by SDS-PAGE,
followed by transferring the protein to nitrocellulose mem-
branes. The membranes were incubated with the primary anti-
bodies against zonula occludens-1 (ZO-1) (HuaBio, China, cat. no.
ER41204), occludin (HuaBio, China, cat. no. R1510-33), junctional
adhesion molecule 1 (JAM-1) (HuaBio, China, cat. no. ET1610-90),
claudin-1 (HuaBio, China, cat. no. RT1141) and the internal refer-
ence antibody b-actin (HuaBio, China, cat. no. R1102-1) at 4 �C
overnight after blocking with 5% BSA (Beyotime, China). Following
the incubation with the appropriate secondary antibodies,
enhanced chemiluminescent solution (NCM Biotech, China) was
added to the membranes to visualize the protein bands in a
ChemiDoc XRS imaging system (Bio-Rad, Hercules, CA, USA). Im-
age J software (National Institutes of Health, Bethesda, MD, USA)
was used to measure the optical density of each band, which
represented the abundance of each target protein. The abundance
of each target protein relative to reference protein (b-actin) rep-
resented the relative expressions of each target protein in
samples.

2.11. MicroRNA sequencing and bioinformatic analysis

The methods of colostrum exosome-derived miRNAs isolation,
sequencing and bioinformatic analysis were according to a pre-
vious study (Liu et al., 2022a). Briefly, exosomes were isolated
from colostrum by ultracentrifugation. Subsequently, the total
exosome RNA isolation kit (Thermo Scientific) was used to
extract the total RNA in accordance with the manufacturer's in-
structions, following the preparation of small RNA library in line
with the protocol of Tru Seq Small RNA Sample Prep Kits (Illu-
mina). Then, we used differentially expressed gene sequencing
(DEGseq) (Wang et al., 2010) to calculate the expression of
miRNAs according to microarray-plot (Yang et al., 2002), aiming
to screen the differential miRNAs. The Q value was used to
perform multiple hypothesis testing corrections for each gene
with P-value. Differential miRNAs were considered significant
with two or more matching differences and a Q-value of less than
0.001. Finally, Kyoto encyclopedia of genes and genomes (KEGG)
(Kanehisa et al., 2008) was used to identify the pathway of sig-
nificant enrichment in target genes with differential miRNAs
compared among the whole genomic background. The formula is
as follows:

P¼1�
Xm�1

i¼0

�
M
i

��
N �M
n� i

�
�
N
n

� ;

where P ¼ P-value; N ¼ the number of genes with pathway anno-
tations among all genes; n ¼ the number of target genes with dif-
ferential miRNAs in N; M ¼ the number of genes annotated as a
specific pathway in all genes;m ¼ the number of target genes with
differential small RNA annotated as a particular pathway. A
pathway that Q value less than 0.05 was defined as the pathway
significantly enriched in the differential expressed genes. Volcano
39
map of differential miRNAs and KEGG enrichment bubble diagram
were plotted by https://www.bioinformatics.com.cn, an online
platform for data analysis and visualization.

2.12. Statistical analysis

The Student's t-test was used to analyze the difference between
the two groups by using GraphPad Prism 8. The association among
intestinal significantly differential microbiota, intestinal sIgA pro-
duction and SCFA concentrations, and the relationship between
total daily weight gain and indices of intestinal health in suckling
piglets during high summer temperatures were analyzed by
applying the Pearson procedure of GraphPad Prism 8. Data were
displayed as means ± standard error of the mean (SEM). P < 0.05
represented a statistically significant difference, and 0.05 � P < 0.1
represented a trend.

3. Results

3.1. Concentrations of resveratrol and its derivates in the serum and
colostrum of sows in the resveratrol group

To determine the role of maternal resveratrol in sucking
piglets, we explored the metabolism of resveratrol in sows. The
concentrations of resveratrol and its derivates in the serum and
colostrum of sows supplemented with resveratrol were detec-
ted. The results showed that resveratrol in the serum
(74.9 ± 21.64 ng/mL) and colostrum (69.9 ± 12.07 ng/mL), but
the derivates of resveratrol could not be detected (Table 3).
These results indicate that resveratrol cannot be metabolized to
its derivates in sows and the effect of maternal resveratrol on
sucking piglets is mainly through resveratrol instead of its
derivates.

3.2. Maternal supplementation with resveratrol improved the
intestinal health and increased the weight gain of suckling piglets
during high summer temperatures

Our previous study found that maternal resveratrol supple-
mentation improved litter gain at weaning during high summer
temperatures (Zhao et al., 2022). Similarly, we found that maternal
supplementation with resveratrol significantly enhanced total
daily gain of suckling piglets (P < 0.05) (Fig. 1A). Due to the
importance of the gut in the regulation of piglet growth and
development (Guilloteau et al., 2010; Yin et al., 2017), we next
detected intestinal morphology and intestinal epithelial prolifer-
ation in suckling piglets. We examined the morphology of the
jejunum (Fig. 1B) and ileum (Fig. 1C), and evaluated the VH and CD
of the jejunum (Fig. 1D) and ileum (Fig. 1E). The results showed
that maternal resveratrol supplementation significantly reduced
CD and enhanced VCR in suckling piglets' jejunum (P < 0.05).
Similarly, maternal resveratrol supplementation increased VH,

https://www.bioinformatics.com.cn


Fig. 1. Maternal resveratrol supplementation increases the weight gain and intestinal health of suckling piglets. (A) Total daily gain of piglets. (B and C) H&E staining of jejunum and
ileum. (D and E) VH, CD, and VCR of jejunum and ileum. VH ¼ villous height; CD ¼ crypt depth; VCR ¼ villous height to crypt depth ratio. (F and G) Proliferating cell nuclear antigen
(PCNA) IHC staining of jejunum and ileum. IHC ¼ immunohistochemistry. (H and I) The positive area of PCNA in the jejunum and ileum, respectively. All data were expressed as
means ± SEM of at least three independent experiments. *P < 0.05, **P < 0.01.
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decreased CD, and enhanced VCR in suckling piglets' ileum
(P < 0.05). Moreover, maternal resveratrol supplementation rela-
tively increased jejunal proliferation marker PCNA expression
(P ¼ 0.06) (Fig. 1F and H), showing that maternal resveratrol may
40
boost intestinal epithelial growth in suckling piglets. In conclusion,
these results suggest that maternal resveratrol supplementation
could improve the intestinal health, and thereby increase suckling
piglets' growth.



Fig. 2. Resveratrol supplementation affects the features of exosome-derived miRNAs in colostrum of sows. (A) Volcano map of differential miRNAs. (B) KEGG enrichment bubble
diagram of differential miRNAs target genes. miRNAs ¼ microRNAs; KEGG ¼ Kyoto encyclopedia of genes and genomes.

Fig. 3. Maternal resveratrol supplementation increases the expression of tight junction proteins in the jejunum of suckling piglets. (A) Relative mRNA expression of tight junction
proteins. (BeF) Relative protein expression of tight junction proteins. ZO-1 ¼ zonula occludens protein 1; JAM 1 ¼ junctional adhesion molecule 1. All data were expressed as
means ± SEM of at least three independent experiments. *P < 0.05, **P < 0.01.

C. Hong, Y. Huang, G. Yang et al. Animal Nutrition 17 (2024) 36e48
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3.3. Maternal supplementation with resveratrol increased the
expression of tight junction proteins in the intestine of suckling
piglets via colostrum exosome-derived miRNAs of sows during high
summer temperatures

Previous studies have shown that porcine milk exosomes and
miRNAs are beneficial for the intestinal health of suckling piglets
(Chen et al., 2016; Xie et al., 2019, 2020; Zeng et al., 2021a). We
hypothesized that resveratrol supplementation influences the in-
testinal health of suckling piglets by regulating colostrum
exosome-derived miRNAs in sows. Therefore, we used DEGseq to
identify differential miRNAs from sow colostrum exosomes. As
shown in Fig. 2, supplementation with resveratrol resulted in 31
upregulated miRNAs and 59 downregulated miRNAs in the differ-
ential miRNAs from sows' colostrum exosomes compared with
control group (Fig. 2A; Supplementary File: The list of differential
Fig. 4. Maternal resveratrol supplementation promotes the intestinal sIgA production of suc
immunoglobulin A. (CeD) The mRNA expression of sIgA secreted factors in the jejunum a
receptor; IHC ¼ immunohistochemistry. All data were expressed as means ± SEM of at lea
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miRNAs between the resveratrol group and control group). Notably,
KEGG analysis revealed that the target genes of the differential
miRNAswere enriched in several signaling pathways, especially the
tight junction pathway, which is essential for intestinal health and
homeostasis (Buckley and Turner, 2018) (Fig. 2B and Fig. S1).
Furthermore, the differential miRNAs were enriched in most tight
junction pathway genes (e.g., ZO, occludin, JAM, and claudin)
(Fig. S1).

We next detected the intestinal tight junction proteins in
suckling piglets. As shown in Fig. 3, maternal resveratrol supple-
mentation significantly increased the mRNA expression of ZO-1
(Fig. 3A) (P < 0.01) as well as the protein levels of JAM-1 (Fig. 3E)
and claudin-1 (Fig. 3F) in the jejunum (P < 0.05). In conclusion,
these results indicate that maternal resveratrol supplementation
improves the intestinal tight junction proteins of suckling piglets
via colostrum exosome-derived miRNAs of sows.
kling piglets. (AeB) The sIgA concentration in the jejunum and ileum. sIgA ¼ secretory
nd ileum. (E) The P-IgR IHC staining of jejunum. P-IgR ¼ polymeric immunoglobulin
st three independent experiments. *P < 0.05, **P < 0.01.
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3.4. Maternal supplementation with resveratrol promotes the
intestinal sIgA production of suckling piglets through colostrum
immunoglobulins of sows during high summer temperatures

Our previous study has shown that dietary resveratrol supple-
mentation significantly increased the contents of colostrum im-
munoglobulins in sows (Zhao et al., 2022). Maternal diets influence
the makeup of cytokines like immunoglobulins in colostrum and
milk, which can then be passed on to piglets and alter their immune
system development (Rooke and Bland, 2002; Nguyen et al., 2007).
Previous studies have shown that immunoglobulins can be poly-
merized to secretory immunoglobulins, e.g., sIgA, which can be
carried across intestinal epithelial cells into gut secretions by P-IgR
(Rogier et al., 2014; Turula and Wobus, 2018; Wang et al., 2020).
Fig. 5. Maternal resveratrol supplementation increases the mRNA expression of sIgA related
in the jejunum and ileum. IL ¼ interleukin. (CeD) The mRNA expression of TGF-relate
bR ¼ transforming growth factor-b receptor. (EeF) The mRNA expression of B cell prolifera
RALDH ¼ retinal dehydrogenases; BAFF ¼ B cell-activating factor; VAPC ¼ vasoactive intestin
means ± SEM of at least three independent experiments. *P < 0.05, **P < 0.01.
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Thus, we hypothesize that maternal resveratrol supplementation
could increase the intestinal sIgA synthesis of suckling piglets
through the transfer of colostrum immunoglobulins. As expected,
we found that maternal supplementation with resveratrol signifi-
cantly increased the sIgA secretion in the jejunum (Fig. 4A) and
ileum (Fig. 4B) (P < 0.05). Furthermore, maternal resveratrol sup-
plementation significantly enhanced P-IgR gene expression in the
jejunum (Fig. 4C) and ileum (Fig. 4D), and P-IgR protein abundance
in the jejunum (Fig. 4E) (P < 0.05).

Next, the mRNA expression of sIgA-related factors, such as Th2
cytokines, transforming growth factor (TGF)-related factors, and
cell proliferation-related factors, was then evaluated. For Th2 cy-
tokines, resveratrol dramatically increases IL-10 mRNA expression
in the jejunum (P < 0.05) (Fig. 5A), while has little effect on the
factors in the intestine of suckling piglets. (AeB) The mRNA expression of Th2 cytokines
d factors in the jejunum and ileum. TGF-b ¼ transforming growth factor-b; TGF-
tion related factors in the jejunum and ileum. APRIL ¼ a proliferation-inducing ligand;
al peptide receptor; iNOS ¼ inducible nitric oxide synthase. All data were expressed as
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expression of ileal Th2 cytokines (P> 0.05) (Fig. 5B). For TGF-related
factors, maternal resveratrol has higher TGF-b3 (P < 0.05) and rising
trend of TGF-b1 mRNA expressions in the jejunum (P ¼ 0.08), and
higher TGF-b2 and TGF-bR2 mRNA expressions in the ileum
(P < 0.05) (Fig. 5D). Also, maternal resveratrol significantly
enhanced APRIL, BAFF, VAPC1 and iNOS mRNAs expressions in the
jejunum (P < 0.05) (Fig. 5E), and markedly increased APRIL, VAPC1
and iNOS mRNAs in the ileum (P < 0.05) (Fig. 5F).

Collectively, these results suggest that maternal resveratrol
supplementation increased sow colostrum immunoglobulins as
well as the expression of various sIgA-related factors such as TGF-
related factors and P-IgR in the intestine of suckling piglets,
which promoted the intestinal sIgA production of suckling piglets.

3.5. Maternal supplementation with resveratrol increased the
concentration of SCFA in the colonic content of suckling piglets
through immunoglobulin-microbiota axis during high summer
temperatures

Our previous study has shown that dietary resveratrol supple-
mentation significantly increases the relative abundance of pro-
biotics (Zhao et al., 2022), especially Alloprevotella in suckling
piglets, which is associated with SCFA synthesis (Yang et al., 2019;
Zhang et al., 2020). Therefore, we hypothesize that dietary resver-
atrol supplementation may also increase the concentration of SCFA
in suckling piglets. As expected, maternal resveratrol supplemen-
tation significantly increased the level of isovaleric acid in the
colonic content (P < 0.05) (Fig. 6E), and relatively increased the
levels of acetic acid (P ¼ 0.05) (Fig. 6A), propionic acid (P ¼ 0.08)
(Fig. 6B), isobutyric acid (P ¼ 0.08) (Fig. 6C), butyric acid (P ¼ 0.07)
(Fig. 6D) and valeric acid (P ¼ 0.09) (Fig. 6F) in the colonic content.
Fig. 6. Maternal resveratrol supplementation promotes the SCFA production in the colonic c
The level of isobutyric acid. (D) The level of butyric acid. (E) The level of isovaleric acid. (F
means ± SEM of at least three independent experiments. *P < 0.05.
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Our previous study also found that the relative abundance of
Lactobacillus and Alloprevotella were positively correlated with
colostrum IgM content (Zhao et al., 2022). Therefore, these results
indicate that maternal resveratrol supplementation increases the
concentration of SCFA in the colonic content of suckling piglets
through immunoglobulin-microbiota axis.

3.6. Spearman's correlation analysis of significantly differential
intestinal microbiota, intestinal sIgA production and SCFA
concentrations of suckling piglets during high summer temperatures

The results from Fig. 7AeC showed the correlation analyses of
significantly differential intestinal microbiota (data from Zhao et al.,
2022) and intestinal sIgA production, significantly differential in-
testinal microbiota and intestinal SCFA concentration, as well as
intestinal sIgA production and intestinal SCFA concentration,
respectively. Bacilli (class), Lactobacillales (order), Lactobacillaceae
(family) and Lactobacillus (genus), were positively (P < 0.05) asso-
ciated with the sIgA concentrations and P-IgR gene expression in
the jejunum and ileum (Fig. 7A). As shown in Fig. 7B, Bacilli (class),
Lactobacillales (order), Lactobacillaceae (family) and Lactobacillus
(genus) were positively (P < 0.05) associated with the concentra-
tions of acetic acid, propionic acid, butyric acid and isovaleric acid.
Moreover, Alloprevotella (genus) was positively (P < 0.05) associ-
ated with the concentrations of acetic acid, butyric acid and iso-
valeric acid. As shown in Fig. 7C, positive associations were
observed among intestinal sIgA concentration and SCFA content:
the jejunal sIgA concentration with the concentrations of acetic
acid, butyric acid and isovaleric acid (P < 0.05); the jejunal P-IgR
gene expression with the concentrations of acetic acid and iso-
valeric acid (P < 0.05); the ileal sIgA concentration with the
ontent of suckling piglets. (A) The level of acetic acid. (B) The level of propionic acid. (C)
) The level of valeric acid. SCFA ¼ short chain fatty acids. All data were expressed as



Fig. 7. Spearman's correlation analysis among intestinal differential microbiota with data from Zhao et al. (2022), intestinal sIgA concentration and SCFA content in suckling piglets.
(A) Correlation analysis of intestinal differential microbiota with sIgA concentration. (B) Correlation analysis of intestinal differential microbiota with SCFA content. (C) Correlation
analysis of intestinal sIgA concentration with SCFA content. P- ¼ phylum; C- ¼ class; O- ¼ order; F- ¼ family; G- ¼ genus; sIgA ¼ secretory immunoglobulin A; P-IgR ¼ polymeric
immunoglobulin receptor; SCFA ¼ short chain fatty acids. In the heatmap of the correlation coefficient, the red represents positive correlations and the blue represents negative
correlations. *P < 0.05, **P < 0.01.
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concentrations of acetic, propionic, butyric and isovaleric acid
(P < 0.05); the ileal J-chain gene expressionwith the concentrations
of propionic acid and isobutyric acid concentrations (P < 0.01); and
the ileal P-IgR gene expression with the concentration of valeric
acid (P < 0.05). These results further evidenced the relationships
among immunoglobulin, microbiota and SCFA in the intestine of
piglets.

3.7. Spearman's correlation analysis between total daily weight
gain and intestinal health indices of suckling piglets during high
summer temperatures

The results of the analysis of total daily weight gainwith indices
of intestinal health such as intestinal morphology, tight junctions,
sIgA production and SCFA content in suckling piglets are shown in
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Fig. 8. The results showed that total daily gain was positively
associated with ileal VCR, jejunal sIgA concentration, ileal P-IgR
gene expression, isovaleric acid and valeric acid content of the
colon in suckling piglets (P < 0.05).

4. Discussion

This present study demonstrated that maternal resveratrol
improved the intestinal health and weight gain of suckling piglets
through immunoglobin and exosome-derived microRNAs in sow
colostrum during high summer temperatures. The living envi-
ronment andmaternal transmission, such as colostrum, promoted
the growth performance of suckling piglets during lactation. High
ambient temperatures damaged the intestinal integrity and bar-
rier function of piglets, resulting in poor growth (Pearce et al.,



Fig. 8. Spearman's correlation analysis of total daily gain with intestinal morphology,
tight junctions, sIgA concentration and SCFA content in suckling piglets. VH ¼ villous
height; CD ¼ crypt depth; VCR ¼ villous height to crypt depth ratio; ZO-1 ¼ zonula
occludens protein 1; sIgA ¼ secretory immunoglobulin A; P-IgR ¼ polymeric immu-
noglobulin receptor; SCFA ¼ short chain fatty acids. In the heatmap of the correlation
coefficient, the red represents positive correlations and the blue represents negative
correlations. *P < 0.05, **P < 0.01.
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2013). During the perinatal period, sows are particularly suscep-
tible to high temperatures, resulting in heat stress (Sasaki et al.,
2018). Heat stress would reduce the feed intake of sows, which
further decrease the production and quality of milk (Renaudeau
et al., 2003; Silva et al., 2009). Due to the colostrum and milk
are the guarantee for suckling piglets intestinal development and
growth during lactation (Declerck et al., 2017; Devillers et al.,
2011; Mach et al., 2015), heat stress would result in nutritional
imbalance in sows and also have detrimental effects on the in-
testinal health and growth of suckling piglets (Guo et al., 2020).
Therefore, nutritional strategies are used to alleviate heat stress in
sows and improve the development and growth of piglets during
high summer temperatures (Cottrell et al., 2015; Li et al., 2021,
2022). In the present study, we found that maternal resveratrol
supplementation improved the intestinal health and further
increased the total daily gain of piglets during high summer
temperatures. In addition, our study also found that maternal
resveratrol improved the intestinal morphology, such as the in-
crease of ileal VH and VCR in suckling piglets under hot summer
conditions, which is consistent with the study of Meng et al.
(2019). Maternal resveratrol may increase intestinal VH to
enhance the efficiency of intestinal absorption for nutrients in
suckling piglets, thereby improve the growth of suckling piglets.
However, whether maternal resveratrol supplementation could
improve the efficiency of intestinal absorption of suckling piglets
needs further investigation.

Our previous study found that maternal resveratrol supple-
mentation increased the colostrum immunoglobulins (IgA, IgG
and IgM) (Zhao et al., 2022). The colostrum immunoglobulins
contribute to the development of intestinal sIgA and are essential
for mucosal immunity and intestinal homeostasis (Mantis et al.,
2011; Geuking et al., 2012; Corth�esy, 2013). Various factors, e.g.,
Th2 cytokines and TGF-related factors, are associated with sIgA
secretion (Mantis et al., 2011; Bemark et al., 2012; Pabst, 2012).
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Previous studies showed that functional amino acids, e.g., gluta-
mine and leucine, increased the intestinal sIgA secretion and
expression of sIgA-related proteins to improve intestinal health of
mice (Ren et al., 2016; Song et al., 2020; Wu et al., 2016). Notably,
resveratrol can also increase intestinal sIgA secretion in mice
(Song et al., 2022). Similarly, we found that maternal resveratrol
supplementation significantly increased the intestinal sIgA
secretion and expression of sIgA-related factors, e.g., P-IgR, and
TGF-related factors, in piglets in the present study. In addition, our
previous study demonstrated that maternal resveratrol supple-
mentation increased the relative abundance of probiotics such as
Lactobacilli in suckling piglets (Zhao et al., 2022), which is
consistent with Hsu et al. (2020). Our results also showed that
maternal resveratrol increase the production of SCFA (metabolic
product of microbes) in the colonic contents of suckling piglets.
These results indicate that maternal resveratrol may improve the
intestinal health of piglets through the immunoglobulin-
microbes-SCFA axis. However, the underlying mechanisms of
the interactions among immunoglobulin, microbes and SCFA in
the intestine of piglets remain unclear and require further
investigation.

Our findings show that maternal resveratrol improved intes-
tinal tight junctions in suckling piglets by regulating colostrum
exosome-derived miRNAs in sows, providing a better under-
standing of the effects of resveratrol supplementation on sows
and piglets. Furthermore, pig milk small extracellular vesicles
enhanced P-IgR expression to stimulate intestine sIgA production
via suppression of its derived miR-221-5p (Zeng et al., 2021b). In
addition to the tight junction pathway, our KEGG analysis
revealed that the target genes of the colostrum exosome-derived
miRNAs were abundant in some intestinal immune network genes
that involved in IgA synthesis, such as TGF-b and APRIL (Fig. S2).
These results suggest that colostrum exosome-derived miRNAs in
sows could influence the production of intestinal sIgA of suckling
piglets.

In this study, we determined the concentrations of resveratrol
and its derivatives in the serum and colostrum of sows in the
resveratrol group. Previous studies have shown that dietary
resveratrol has beneficial effects on the intestinal health of piglets
by strengthening the intestinal barrier (Cao et al., 2019; Wang et al.,
2022). Therefore, it is also possible that resveratrol in colostrum
directly influences the intestinal health of piglets. The direct effect
of resveratrol on the intestinal health of nursing pigs needs to be
further investigated using a piglet model fed with milk containing
resveratrol.

5. Conclusion

In conclusion, the results of this study suggested that
maternal supplementation with resveratrol from late gestation to
lactation (from d 75 of gestation to d 21 of lactation) during high
ambient temperatures could improve intestinal health and
weight gain of suckling piglets, which might be associated with
the exosome-derived miRNAs and immunoglobulins in sow
colostrum.

Author contributions

Hao Xiao and Zongyong Jiang conceived the project. Kaiguo
Gao and Xiaolu Wen performed the sample preparation.
Changming Hong and Yujian Huang analyzed and interpreted the
data, prepared the original draft. Changming Hong, Yujian Huang,
Guan Yang, Li Wang, Xuefen Yang, Zongyong Jiang and Hao Xiao
revised this paper. All authors contributed to the article and
approved the final version.



C. Hong, Y. Huang, G. Yang et al. Animal Nutrition 17 (2024) 36e48
Declaration of competing interest

We declare that we have no financial and personal relationships
with other people or organizations that can inappropriately influ-
ence our work, and there is no professional or other personal in-
terest of any nature or kind in any product, service and/or company
that could be construed as influencing the content of this paper.
Acknowledgments

This study was jointly supported by the special fund for Scien-
tific Innovation Strategy-Construction of High-Level Academy of
Agriculture Science (R2020PY-JG009, R2022PY-QY007, 202106TD),
China Agriculture Research System-CARS-35, the Project of Swine
Innovation Team in Guangdong Modern Agricultural Research
System (2022KJ126), Special Fund for Rural Revitalization Strategy
of Guangdong (2023TS-3), China.
Appendix supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.aninu.2024.01.002.
References

AOAC. Official Methods of Analysis. 18th ed. Gaithersburg, MD: AOAC International;
2007.

Bemark M, Boysen P, Lycke NY. Induction of gut IgA production through T cell-
dependent and T cell-independent pathways. Ann N Y Acad Sci 2012;1247:
97e116.

Buckley A, Turner JR. Cell biology of tight junction barrier regulation and mucosal
disease. Cold Spring Harb Perspect Biol 2018;10:a029314.

Cao S, Shen Z, Wang C, Zhang Q, Hong Q, He Y, et al. Resveratrol improves intestinal
barrier function, alleviates mitochondrial dysfunction and induces mitophagy
in diquat challenged piglets1. Food Funct 2019;10:344e54.

Chen T, Xie MY, Sun JJ, Ye RS, Cheng X, Sun RP, et al. Porcine milk-derived exosomes
promote proliferation of intestinal epithelial cells. Sci Rep 2016;6:33862.

Corth�esy B. Role of secretory IgA in infection and maintenance of homeostasis.
Autoimmun Rev 2013;12:661e5.

Cottrell JJ, Liu F, Hung AT, DiGiacomo K, Chauhan SS, Leury BJ, et al. Nutritional
strategies to alleviate heat stress in pigs. Anim Prod Sci 2015;55:1391.

Declerck I, Sarrazin S, Dewulf J, Maes D. Sow and piglet factors determining vari-
ation of colostrum intake between and within litters. Animal 2017;11:1336e43.

Devillers N, Le Dividich J, Prunier A. Influence of colostrum intake on piglet survival
and immunity. Animal 2011;5:1605e12.

Geuking MB, McCoy KD, Macpherson AJ. The function of secretory IgA in the
context of the intestinal continuum of adaptive immune responses in host-
microbial mutualism. Semin Immunol 2012;24:36e42.

Gu Y, Li M, Wang T, Liang Y, Zhong Z, Wang X, et al. Lactation-related microRNA
expression profiles of porcine breast milk exosomes. PLoS One 2012;7:e43691.

Guilloteau P, Zabielski R, Hammon HM, Metges CC. Nutritional programming of
gastrointestinal tract development. Is the pig a good model for man? Nutr Res
Rev 2010;23:4e22.

Guo H, He J, Yang X, Zheng W, Yao W. Responses of intestinal morphology and
function in offspring to heat stress in primiparous sows during late gestation.
J Therm Biol 2020;89:102539.

Hsu CN, Hou CY, Chang-Chien GP, Lin S, Yang HW, Tain YL. Perinatal resveratrol
therapy prevents hypertension programmed by maternal chronic kidney dis-
ease in adult male offspring: implications of the gut microbiome and their
metabolites. Biomedicines 2020;8:567.

Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, et al. KEGG for
linking genomes to life and the environment. Nucleic Acids Res 2008;36:
D480e4.

Li Q, Yang S, Zhang X, Liu X, Wu Z, Qi Y, et al. Maternal nutrition during late
gestation and lactation: association with immunity and the inflammatory
response in the offspring. Front Immunol 2021;12:758525.

Li Q, Yang S, Chen F, Guan W, Zhang S. Nutritional strategies to alleviate oxidative
stress in sows. Anim Nutr 2022;9:60e73.

Liang JQ, Xie MY, Hou LJ, Wang HL, Luo JY, Sun JJ, et al. MiRNAs derived from milk
small extracellular vesicles inhibit porcine epidemic diarrhea virus infection.
Antiviral Res 2023;212:105579.

Liu B, Kong Y, Shi W, Kuss M, Liao K, Hu G, et al. Exosomes derived from differ-
entiated human ADMSC with the Schwann cell phenotype modulate peripheral
nerve-related cellular functions. Bioact Mater 2022a;14:61e75.
47
Liu S, Xiong Y, Cao S, Wen X, Xiao H, Li Y, et al. Dietary stevia residue extract
supplementation improves antioxidant capacity and intestinal microbial
composition of weaned piglets. Antioxidants 2022b;11:10.

Mach N, Berri M, Estell�e J, Levenez F, Lemonnier G, Denis C, et al. Early-life estab-
lishment of the swine gut microbiome and impact on host phenotypes. Environ
Microbiol Rep 2015;7:554e69.

Mantis NJ, Rol N, Corth�esy B. Secretory IgA's complex roles in immunity and
mucosal homeostasis in the gut. Mucosal Immunol 2011;4:603e11.

Melnik BC, Stremmel W, Weiskirchen R, John SM, Schmitz G. Exosome-derived
microRNAs of human milk and their effects on infant health and development.
Biomolecules 2021;11:851.

Meng Q, Guo T, Li G, Sun S, He S, Cheng B, et al. Dietary resveratrol improves
antioxidant status of sows and piglets and regulates antioxidant gene expres-
sion in placenta by Keap1-Nrf2 pathway and Sirt1. J Anim Sci Biotechnol
2018;9:34.

Meng Q, Sun S, Luo Z, Shi B, Shan A, Cheng B. Maternal dietary resveratrol alleviates
weaning-associated diarrhea and intestinal inflammation in pig offspring by
changing intestinal gene expression and microbiota. Food Funct 2019;10:
5626e43.

Meng Q, Li J, Wang C, Shan A. Biological function of resveratrol and its application in
animal production: a review. J Anim Sci Biotechnol 2023;14:25.

Miura H, Jimbo I, Oda M, Noguchi M, Kawasaki K, Osada-Oka M, et al. Effect of
porcine colostral exosomes on T cells in the peripheral blood of suckling piglets.
Animals 2022;12:2172.

Nguyen TV, Yuan L, Azevedo MSP, Jeong KI, Gonzalez AM, Saif LJ. Transfer of
maternal cytokines to suckling piglets: in vivo and in vitro models with im-
plications for immunomodulation of neonatal immunity. Vet Immunol Immu-
nopathol 2007;117:236e48.

NRC (National Research Council). Nutrient Requirements of Swine. 11th ed. Wash-
ington, DC: National Academic Press; 2012.

Pabst O. New concepts in the generation and functions of IgA. Nat Rev Immunol
2012;12:821e32.

Pearce SC, Mani V, Boddicker RL, Johnson JS, Weber TE, Ross JW, et al. Heat stress
reduces intestinal barrier integrity and favors intestinal glucose transport in
growing pigs. PLoS One 2013;8:e70215.

Ren W, Wang K, Yin J, Chen S, Liu G, Tan B, et al. Glutamine-induced secretion of
intestinal secretory immunoglobulin A: a mechanistic perspective. Front
Immunol 2016;7:503.

Renaudeau D, Noblet J, Dourmad JY. Effect of ambient temperature on mammary
gland metabolism in lactating sows. J Anim Sci 2003;81:217e31.

Rogier EW, Frantz AL, Bruno MEC, Kaetzel CS. Secretory IgA is concentrated in the
outer layer of colonic mucus along with gut bacteria. Pathogens 2014;3:
390e403.

Rooke JA, Bland IM. The acquisition of passive immunity in the new-born piglet.
Livest Prod Sci 2002;78:13e23.

Sasaki Y, Fujie M, Nakatake S, Kawabata T. Quantitative assessment of the effects of
outside temperature on farrowing rate in gilts and sows by using a multivariate
logistic regression model. Anim Sci J 2018;89:1187e93.

Silva BAN, Noblet J, Donzele JL, Oliveira RFM, Primot Y, Gourdine JL, et al. Effects of
dietary protein level and amino acid supplementation on performance of mixed-
parity lactating sows in a tropical humid climate. J Anim Sci 2009;87:4003e12.

Song B, Zheng C, Zha C, Hu S, Yang X, Wang L, et al. Dietary leucine supplementation
improves intestinal health of mice through intestinal sIgA secretion. J Appl
Microbiol 2020;128:574e83.

Song X, Liu L, Peng S, Liu T, Chen Y, Jia R, et al. Resveratrol regulates intestinal
barrier function in cyclophosphamide-induced immunosuppressed mice. J Sci
Food Agric 2022;102:1205e15.

Sundaram TS, Giromini C, Rebucci R, Pistl J, Bhide M, Baldi A. Role of omega-3
polyunsaturated fatty acids, citrus pectin, and milk-derived exosomes on in-
testinal barrier integrity and immunity in animals. J Anim Sci Biotechnol
2022;13:40.

TurulaH,Wobus CE. The Role of the Polymeric Immunoglobulin receptor and secretory
immunoglobulins during mucosal infection and immunity. Viruses 2018;10.

Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral detergent
fiber, and nonstarch polysaccharides in relation to animal nutrition. J Dairy Sci
1991;74(10):3583e97.

Wang L, Feng Z, Wang X, Wang X, Zhang X. DEGseq: an R package for identifying
differentially expressed genes from RNA-seq data. Bioinformatics 2010;26:136e8.

Wang Y, Wang G, Li Y, Zhu Q, Shen H, Gao N, et al. Structural insights into secretory
immunoglobulin A and its interaction with a pneumococcal adhesin. Cell Res
2020;30:602e9.

Wang Y, Hong C, Wu Z, Li S, Xia Y, Liang Y, et al. Resveratrol in intestinal health and
disease: focusing on intestinal barrier. Front Nutr 2022;9:848400.

Wu M, Xiao H, Liu G, Chen S, Tan B, Ren W, et al. Glutamine promotes intestinal sIgA
secretion through intestinal microbiota and IL-13. Mol Nutr Food Res 2016;60:
1637e48.

Xie MY, Hou LJ, Sun JJ, Zeng B, Xi QY, Luo JY, et al. Porcine milk exosome
miRNAs attenuate LPS-induced apoptosis through inhibiting TLR4/NF-kB
and p53 pathways in intestinal epithelial cells. J Agric Food Chem 2019;67:
9477e91.

Xie MY, Chen T, Xi QY, Hou LJ, Luo JY, Zeng B, et al. Porcine milk exosome miRNAs
protect intestinal epithelial cells against deoxynivalenol-induced damage.
Biochem Pharmacol 2020;175:113898.

https://doi.org/10.1016/j.aninu.2024.01.002
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref1
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref1
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref2
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref2
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref2
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref2
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref3
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref3
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref4
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref4
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref4
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref4
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref5
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref5
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref6
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref6
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref6
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref6
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref7
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref7
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref8
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref8
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref8
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref9
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref9
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref9
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref10
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref10
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref10
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref10
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref11
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref11
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref12
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref12
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref12
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref12
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref13
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref13
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref13
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref14
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref14
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref14
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref14
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref15
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref15
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref15
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref15
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref16
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref16
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref16
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref17
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref17
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref17
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref18
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref18
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref18
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref19
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref19
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref19
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref19
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref20
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref20
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref20
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref21
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref21
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref21
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref21
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref21
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref22
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref22
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref22
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref22
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref23
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref23
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref23
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref24
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref24
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref24
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref24
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref25
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref25
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref25
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref25
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref25
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref26
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref26
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref27
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref27
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref27
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref29
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref29
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref29
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref29
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref29
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref28
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref28
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref30
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref30
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref30
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref31
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref31
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref31
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref32
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref32
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref32
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref33
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref33
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref33
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref34
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref34
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref34
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref34
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref35
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref35
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref35
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref36
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref36
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref36
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref36
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref37
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref37
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref37
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref37
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref38
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref38
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref38
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref38
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref39
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref39
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref39
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref39
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref40
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref40
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref40
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref40
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref41
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref41
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref42
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref42
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref42
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref42
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref43
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref43
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref43
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref44
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref44
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref44
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref44
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref45
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref45
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref46
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref46
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref46
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref46
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref47
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref47
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref47
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref47
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref47
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref48
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref48
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref48


C. Hong, Y. Huang, G. Yang et al. Animal Nutrition 17 (2024) 36e48
Xin Z, Ma S, Ren D, Liu W, Han B, Zhang Y, et al. UPLC-Orbitrap-MS/MS combined
with chemometrics establishes variations in chemical components in green tea
from Yunnan and Hunan origins. Food Chem 2018;266:534e44.

Xiong X, Tan B, Song M, Ji P, Kim K, Yin Y, et al. Nutritional intervention for
the intestinal development and health of weaned pigs. Front Vet Sci
2019;6:46.

Xiong Y, Cao S, Xiao H, Wu Q, Yi H, Jiang Z, et al. Alterations in intestinal microbiota
composition coincide with impaired intestinal morphology and dysfunctional
ileal immune response in growing-finishing pigs under constant chronic heat
stress. J Anim Sci Biotechnol 2022;13:1.

Yang F, Li J, Pang G, Ren F, Fang B. Effects of diethyl phosphate, a non-specific
metabolite of organophosphorus pesticides, on serum lipid, hormones,
inflammation, and gut microbiota. Molecules 2019;24.

Yang YH, Dudoit S, Luu P, Lin DM, Peng V, Ngai J, et al. Normalization for cDNA
microarray data: a robust composite method addressing single and multiple
slide systematic variation. Nucleic Acids Res 2002;30:e15.
48
Yin L, Yang H, Li J, Li Y, Ding X, Wu G, et al. Pig models on intestinal development
and therapeutics. Amino Acids 2017;49:2099e106.

Zeng B, Chen T, Luo JY, Zhang L, Xi QY, Jiang QY, et al. Biological characteristics and
roles of noncoding RNAs in milk-derived extracellular vesicles. Adv Nutr
2021a;12:1006e19.

Zeng B, Wang H, Luo J, Xie M, Zhao Z, Chen X, et al. Porcine milk-derived small
extracellular vesicles promote intestinal immunoglobulin production through
P-IgR. Animals 2021b;11:1522.

Zhang L, Liu S, Li M, Piao X. Effects of maternal 25-hydroxycholecalciferol during the
last week of gestation and lactation on serum parameters, intestinal
morphology and microbiota in suckling piglets. Arch Anim Nutr 2020;74:
445e61.

Zhao Y, Huang Y, Gao K, Wen X, Hu S, Wang L, et al. Maternal resveratrol regulates
the growth performance, antioxidant capacity, and intestinal health of suckling
piglets through intestinal microorganisms at high summer temperatures. Front
Nutr 2022;9:971496.

http://refhub.elsevier.com/S2405-6545(24)00004-0/sref49
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref49
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref49
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref49
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref50
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref50
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref50
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref51
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref51
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref51
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref51
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref52
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref52
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref52
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref53
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref53
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref53
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref54
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref54
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref54
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref55
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref55
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref55
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref55
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref56
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref56
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref56
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref57
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref57
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref57
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref57
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref57
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref58
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref58
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref58
http://refhub.elsevier.com/S2405-6545(24)00004-0/sref58

	Maternal resveratrol improves the intestinal health and weight gain of suckling piglets during high summer temperatures: Th ...
	1. Introduction
	2. Materials and methods
	2.1. Animal ethics statement
	2.2. Animals and experimental design
	2.3. Feed chemical analyses
	2.4. Sample collection
	2.5. Determination of the concentrations of resveratrol and its derivates in serum and colostrum of sows
	2.6. Morphological examination and immunohistochemistry
	2.7. Determination of short chain fatty acids (SCFA) concentrations
	2.8. Evaluation of immune indices
	2.9. Quantitative real-time PCR (qPCR)
	2.10. Western blot analysis
	2.11. MicroRNA sequencing and bioinformatic analysis
	2.12. Statistical analysis

	3. Results
	3.1. Concentrations of resveratrol and its derivates in the serum and colostrum of sows in the resveratrol group
	3.2. Maternal supplementation with resveratrol improved the intestinal health and increased the weight gain of suckling piglets  ...
	3.3. Maternal supplementation with resveratrol increased the expression of tight junction proteins in the intestine of suckling  ...
	3.4. Maternal supplementation with resveratrol promotes the intestinal sIgA production of suckling piglets through colostrum imm ...
	3.5. Maternal supplementation with resveratrol increased the concentration of SCFA in the colonic content of suckling piglets th ...
	3.6. Spearman's correlation analysis of significantly differential intestinal microbiota, intestinal sIgA production and SCFA co ...
	3.7. Spearman's correlation analysis between total daily weight gain and intestinal health indices of suckling piglets during hi ...

	4. Discussion
	5. Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix supplementary data
	References


