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Intestinal infections in piglets are the main causes of morbidity before and after weaning.

Studies have not explored approaches for combining pre-weaning and post-weaning

nutritional strategies to sustain optimal gut health. The current study thus sought to

explore the effects of early-life nutrition interventions through administration of synthetic

milk on growth performance and gut health in piglets from 3 to 30 days of age. Twelve

sows were randomly allocated to control group (CON) and early-life nutrition interventions

group (ENI). Piglets were fed with the same creep diet from 7 days of age ad libitum.

Piglets in the ENI group were provided with additional synthetic milk fromDay 3 to Day 30.

The results showed that early-life nutrition interventions improved growth performance,

liver weight, spleen weight, and reduced diarrhea rate of piglets after weaning (P< 0.05).

Early-life nutrition interventions significantly upregulated expression of ZO-1, Occludin,

Claudin4, GALNT1, B3GNT6, and MUC2 in colonic mucosa at mRNA level (P < 0.05).

Early-life nutrition interventions reduced activity of alkaline phosphatase (AKP) in serum

and the content of lipopolysaccharides (LPS) in plasma (P < 0.05). The number of goblet

cells and crypt depth of colon of piglets was significantly higher in piglets in the ENI group

relative to that of piglets in the CON group (P< 0.05). The relativemRNA expression levels

of MCP-1, TNF-α, IL-1β, and IL-8, and the protein expression levels of TNF-α, IL-6, and

IL-8 in colonic mucosa of piglets in the ENI group were lower compared with those of

piglets in the CON group (P < 0.05). Relative abundance of Lactobacillus in colonic

chyme and mucosa of piglets in the ENI group was significantly higher relative to that of

piglets in the CON group (P < 0.05). Correlation analysis indicated that abundance of

Lactobacillus was positively correlated with the relative mRNA expression levels of ZO-1,

Claudin4, andGALNT1, and it was negatively correlatedwith the level ofMCP-1 in colonic

chyme and mucosa. In summary, the findings of this study showed that early-life nutrition

interventions improved growth performance, colonic barrier, and reduced inflammation

in the colon by modulating composition of gut microbiota in piglets. Early-life nutrition

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2021.783688
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2021.783688&domain=pdf&date_stamp=2022-01-03
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:zhongruqing@caas.cn
https://doi.org/10.3389/fnut.2021.783688
https://www.frontiersin.org/articles/10.3389/fnut.2021.783688/full


Luo et al. Nutrition Intervention Improve Gut Health

intervention through supplemental synthetic milk is a feasible measure to improve the

health and reduce the number of deaths of piglets.

Keywords: early-life nutrition interventions, growth performance, intestinal barrier, inflammatory cytokines,

short-chain fatty acids (SCFAs), gut microbiota

INTRODUCTION

Stress is a major cause of death in piglets. Approximately 10
million piglets die each year due to stress all over the world (1).
Piglets are subjected to a number of stressors, such as an abrupt
separation from the sow, transportation and handling stress,
social hierarchy stress, comingling with pigs from other litters,
and a different physical environment (room, building, farm, and
water supply) during pre- and post-weaning periods (2). Changes
in food are also an important source of stress. Creep feed is often
provided to piglets in swine industries to improve post-weaning
growth performance of piglets and improve acclimatization of
piglets to solid feed before weaning. The process of dietary
gradual transition from sow milk to solid feed is an important
stressor for piglets owing to the significant differences between
creep feed and sow milk (3). Piglets are subjected to bear risk
of viruses and pathogens from solid feed, resulting in intestinal
diseases, especially diarrhea (3). Moreover, dietary transition
often leads to disorder in digestive function, which in turn causes
low growth performance (4). Notably, low-birth-weight piglets
may die easier in the transition period (5).

Gut microbiome plays a fundamentally significant role in the
health of the host (6). Increase in the abundance of beneficial
intestinal microflora can reduce occurrence of stress caused
by sudden dietary transition by reducing the frequency of
diarrhea and intestinal inflammation in the host (7). Studies
report that nutritional interventions canmodulate the abundance
of intestinal microbes, and reduce the risk of gastrointestinal
infections (3). Early-life nutrition intervention in piglets has
been widely explored in recent years. Several studies have
explored effects of oral supplementation, including prebiotics
and functional amino acids, for neonatal piglets and the findings
show that these oral supplementations increase abundance and
colonization of beneficial bacteria, and improve gut health of
the host (8). For example, dietary supplementation with 1%
amino acid blend improved intestinal functions, and reduced
incidence of diarrhea in piglets (9). Moreover, yeast glycoprotein
supplementation increases relative abundance of Lactobacillus in
the colon of piglets (10). In addition, synthetic milk modulates
mucosal immunology and abundance of microbiota in neonatal
piglets (11). Notably, synthetic milk reduces the abundance
of Escherichia and diarrhea frequency in piglets after weaning
(7). Therefore, early-life nutritional intervention has significant
potential in reducing the risk of gastrointestinal infections in
piglets. Furthermore, it promotes growth performance in piglets
(12). Tan et al. (13) reported that pigs with high-feed efficiency
exhibit large numbers of beneficial bacteria in their gut.

Moreover, synthetic milk plays a nutritional role in piglets.
Milk production in sows may not satisfy the demand of piglets
when litters comprise more piglets relative to the number

of productive sow teats. Therefore, some piglets face severe
starvation stress during lactation which ultimately result in
poor growth performance or even death (14). Piglets should
thus be supplied with additional nutritional interventions
to improve growth performance. A previous study reported
that administration of synthetic milk increased body weight
of weaning piglets by 18% (8). In addition, synthetic milk
significantly reduces pre-weaning mortality (15). However, only
a limited number of studies have explored effects of nutritional
interventions on intestinal microbes and growth performance.
Moreover, previous studies reported a wide variation in the
timing of administration of the supplements, the category of
piglets, the type of supplements, and supplementation dosage
(3). Therefore, further studies should explore pre-weaning and
post-weaning nutritional strategies that sustain optimal growth
performance and intestinal health throughout the weaning
process for piglets. The present study thus proposes the
hypothesis: early-life nutrition interventions improve growth
performance and intestinal health by modulating gut microbiota
abundance in piglets. This study thus sought to explore the effects
of early-life nutrition interventions on growth performance
and gut health of piglets, through determination of body
weight, diarrhea rate, weight of visceral organs, effect on
intestinal barrier, expression levels of inflammatory cytokines
in the colon, profiles of microbial metabolites, and colonic
microbiota composition.

MATERIALS AND METHODS

Ethics Statement
All procedures in the current study including animal experiments
and sample collection were approved by the Experimental
Animal Welfare and Ethical Committee of the Institute of
Animal Science, Chinese Academy of Agricultural Sciences
(No. IAS2020-104).

Experimental Design
A total of 12 healthy sows (3–4 years old, 5th−6th parity)
obtained from a commercial farm (Henan, China) along with
their litters were assigned to two groups: the control group
(CON) and the early-life nutrition intervention group (ENI).
Each group comprised a total of 6 sows, and 11 piglets were
selected from each litter. The piglets among the two groups
had similar initial body weight (initial BW = 1.73 ± 0.03 kg).
All sows with suckling piglets were separately housed in closed
farrowing pens and provided with similar commercial diets and
water ad libitum. The environment of the pigpens was kept clean,
ventilated, and regularly disinfected.

All piglets were fed with the same standard creep diet (Table 1)
from 7 to 30 days of age. Newborn piglets in the CON group
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TABLE 1 | Composition and nutrient levels of dietsa.

Ingredient composition, % Diet

CON

Corn 57.00

Full-fat soybean 6.00

Soybean meal 20.00

Fish meal 5.00

Dried whey 5.00

Soybean oil 1.00

CaHPO4 0.50

NaCl 0.30

Limestone 0.51

Choline chloride 0.09

Lysine HCl 0.40

Met 0.10

Thr 0.10

Glucose 1.50

Suger 1.50

Premixb 1.00

Nutrient levels, %

DE (MJ/kg) 14.44

CP 20.68

Lys 1.18

Met 0.37

Total Ca 0.70

Total P 0.55

aDE, digestible energy; CP, crude protein.
bThe premix provided the following per kg of diets: VA: 18,000 IU; VD3: 4500 IU;

VE 22.5mg; VK3: 4.5mg; VB1: 4.32mg; VB2: 12mg; VB6: 4.86mg; VB12: 0.03mg;

nicotinamide: 41.58mg; calcium pantothenate: 33.12mg; folic acid: 1.764mg; biotim:

0.48mg; Cu: 20mg; Fe: 140mg; Zn: 140mg; Mn: 40mg; I: 0.5mg; Se: 0.3 mg.

The synthetic milk was added to the ENI group based on the standard creep diets.

The proximate composition of the synthetic milk (% dry matter): crude protein, 19.50%;

crude lipid, 17.50%; crude ash, 6.00%; crude fiber, 0.00%; calcium, 0.60%; phosphorus,

0.60%; potassium, 1.40%; sodium, 0.50%; Lys, 1.90%; Met+Cys, 0.95%; Thr, 1.00%;

Trp, 0.32%.

were only fed with the standard creep diet. Newborn piglets in
the ENI group were provided with additional synthetic milk, a
supplementary for breast milk from Day 3 to Day 30 of age.
All piglets were weaned on Day 21. Piglets in the ENI group
were allowed free access to synthetic milk before 22 days of age,
whereas the amount of synthetic milk was reduced from 22 to
30 days. Piglets were fed with synthetic milk through feeders.
The synthetic milk and feeders were purchased from Libaowei
Nutrition Technology Co., Ltd (Guangdong, China). Synthetic
milk was treated with ultrahigh temperature methods. Details on
the feedingmode and the nutritional constituents of the synthetic
milk are presented in Figure 1A and Table 1, respectively. The
living weight of all piglets was recorded on Day 3, 21 and Day
30 of age. Incidence of diarrhea of piglets was recorded every
day during the experimental period and the diarrhea rate was
calculated as follows: Diarrhea rate (%) = (the number of piglets
with diarrhea × diarrhea days) / (total number of piglets × total
observational days)× 100 (16).

Sample Collection
Four piglets randomly selected from each group were weighed
at the end of the experiment (Day 30 of the pigs’ age). Blood
samples of 5ml were collected from the anterior vena cava of the
piglets. Blood samples were coagulated for 30min, then serum
was obtained by centrifugation at 3,000 g for 10min at ambient
temperature. Furthermore, plasma was collected using heparin
as an anticoagulant, and the plasma sample was centrifuged for
10min at 3,000 g. The piglets were euthanized under anesthesia
after collection of blood samples. The length of the colon and the
whole intestine was determined. Further, the weight of livers and
spleen was determined. Samples of colonic chyme and mucosa
were collected, immediately transferred to liquid nitrogen, and
stored at −80◦C for subsequent analysis. Colon tissue samples
were fixed in Carnoy’s solution.

Genes Expression Analysis
Total RNA was extracted using TRIzol reagent (Ambion,
UT) from colonic mucosa samples. RNA integrity was by
electrophoresis using 1.0% agarose gel. Nano Drop R© ND-1000
spectrophotometer (Nano-Drop Technologies, Wilmington, DE)
was used to determine quality of RNA. cDNA was synthesized
from RNA using a reverse transcription kit. cDNA samples were
stored at −20◦C for quantitative real-time PCR (qRT-PCR). All
primers were designed by the National Center for Biotechnology
Information (NCBI). Primer sequences are presented in Table 2.
Primers were purchased from Sangon Biotech (Shanghai, China).
qRT-PCR assays were performed using TB Green Premix Ex Taq
(TaKaRa, Kusatsu, Japan) at a final volume of 20 µL containing
10 µl of 2 × Top Green qPCR SuperMix (TransStart R©, Beijing,
China), and 7.8 µl of ddH2O, 0.4 µl of each primer, 1 µl of
diluted cDNA, and 0.4 µl of Passive Reference Dye (50×). xZO-
1, Claudin4, Occludin, TNF-α, IL-1β , MCP-1, IL-8, GALNT1,
B3GNT6, MUC2 mRNA expression levels were explored in
colonic mucosa. Expression levels of the target genes were
normalized to the housekeeping genes β-actin and GAPDH as
endogenous controls. qRT-PCR reaction was programmed as
follows: 94◦C for 30 s, and followed by 40 cycles for 5 s at 94◦C,
30 s at 60◦C and 10 s at 72◦C. Relative expression levels of all
genes were determined using the 2−11CT method (17).

AKP, LPS, and ELISA
AKP activity in serum was determined using commercial reagent
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). LPS level in plasma was determined using the
commercially available Tachypleus amebocyte lysate kit (Chinese
Horseshoe Crab Reagent Manufactory Co., Ltd, Xiamen, China)
following the quantitative Chromogenic Limulus Amebocyte
Lysate assay method.

Protein expression levels of IL-8, IL-6, and TNF-α proteins
in the colonic mucosa were determined using ELISA assay kits
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. A microplate reader (BioTek-ELx808, BioTek
Instruments, Inc., Texas) was used to read the protein bands.
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FIGURE 1 | Effects of early-life nutrition interventions on growth performance and visceral organs in piglets. CON, control group, ENI, early-life nutrition interventions

group. (A) The feeding mode diagram. (B) The weight changes of piglets at 3, 21, and 30 days of age in each group. (C) The diarrhea rate of pre-weaning and

post-weaning of piglets. (D) The liver weight of piglets in each group. (E) The spleen weight of piglets in each group. (F) The relative weights of liver to living body

weight. (G) The relative weights of spleen to living body weight. (H) The length of colon in each group. (I) The length of whole intestine. Data are expressed as mean ±

SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

Tissue Sample and Intestinal Morphology
Analysis
Colon tissue was immersed and fixed with Carnoy’s solution
for 24 h. Colon samples were then removed from formalin and
embedded in paraffin. Subsequently, the paraffin blocks were
sectioned to obtain 5µm thick sections using a semi-automatic
microtome (LONGSHOU, China). Sections were stained with
hematoxylin and eosin (H&E) stain (18), and viewed under an

optical microscope. The crypt depth was determined following a
method described by Wang et al. (19).

Further, 5µm thick sections were obtained as described above

and analyzed using the PAS-AB kit (Beijing Solarbio Technology

Co., Ltd, Beijing, China) instructions. Sections were viewed
under an optical microscope, and the amount of goblet cells
was determined using a method reported by Cantero-Recasens
et al. (20).
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TABLE 2 | The nucleotide sequences of primer.

Target gene Forward sequence (5
′

- 3
′

) Reverse sequence (5
′

- 3
′

)

ZO-1 CTCCAGGCCCTTACCTTTCG GGGGTAGGGGTCCTTCCTAT

Claudin4 CAACTGCGTGGATGATGAGA CCAGGGGATTGTAGAAGTCG

Occludin CAGGTGCACCCTCCAGATTG TATGTCGTTGCTGGGTGCAT

TNF-α TAAGGGCTGCCTTGGTTCAG AGAGGTTCAGCGATGTAGCG

IL-1β ATTCAGGGACCCTACCCTCTC CTTCTCCACTGCCACGATGA

MCP1 AAACGGAGACTTGGGCACAT GCAAGGACCCTTCCGTCATC

IL-8 TACGCATTCCACACCTTTC GGCAGACCTCTTTTCCATT

GALNT1 GAGCCCAGTGATGGATGGAT GGGAACACTTGGCCTTTCAG

B3GNT6 CTGGAGTGTTGTCCAGCCAT AGCTAAGGAGCAGCGTCAAG

MUC2 CGCATGGATGGCTGTTTCTG ATTGCTCGCAGTTGTTGGTG

GAPDH GGGCATGAACCATGAGAAGT GGGCATGAACCATGAGAAGT

β-actin GCGTAGCATTTGCTGCATGA GCGTGTGTGTAACTAGGGGT

Analysis of SCFAs Levels
Approximately 0.1 g of colonic chyme and mucosa samples
were separately obtained from each sample. The samples were
suspended in 1mL of ddH2O in 1.5-mL screw capped vials for
analysis of concentration of SCFAs. Concentrations of SCFAs
were determined by gas chromatography as described by Wu
et al. (21).

DNA Extraction, 16S RRNA Gene
Amplification, Sequencing and Analysis
Approximately 0.5–1 g of colonic chyme and colonic mucosa
samples were separately obtained from each sample, and
microbial community genomic DNA was extracted using
E.Z.N.A. R© soil DNA Kit (D5625-02, Omega Bio-Tek Inc.,
Norcross, GA) according to the manufacturer’s instructions.
Genomic DNA samples were stored at −80◦C for subsequent
analysis. Purity and DNA concentration were determined
through 1% agarose gel electrophoresis and NanoDrop2000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA), respectively. V3-V4 regions of bacterial 16S rRNA
gene were amplified using the following primer set: 338F
(5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-
GGACTACHVGGGTWTCTAAT-3’). The reaction system was
comprised of 4 µl of 5 × FastPfu Buffer, 2 µl of 2.5mM dNTPs,
0.8 µl of each primer (5µM), 0.4 µl of FastPfu polymerase and
10 µl of DNA template. The reactions were performed using
GeneAmp R© 9700 thermal cycler (Applied Biosystems, Foster
City, CA). Amplification process was as follows: denaturation for
3min at 95◦C followed by 27 cycles of 95◦C for 30 s, 55◦C for
30 s, 72◦C for 45 s, and a final extension of 10min at 72◦C. The
amplified fragments were analyzed by electrophoresis on a 2%
agarose gel. The products were then purified with AxyPrep DNA
Gel Extraction Kit (Axygen Bioscience, CA) according to the
manufacturer’s instructions. Raw microbial sequence data were
analyzed and processed at the Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China). Sequences were analyzed and
assigned to operational taxonomic units (OTUs; 97% identity).
The alpha-diversity whose coverage is based on the Chao and
Shannon index within each sample was determined by QIIME

tool (Version 174 1.7.0) (22). Beta diversity was evaluated by
computing the unweighted Unifrac distance and visualized using
principal coordinates analysis (PCoA) plots. LDA effect size
(LEfSe) was used to explore biomarkers that exhibited statistical
differences. The datasets presented in this study were submitted
to the NCBI Sequence Read Archive (SRA) database. The name
of the repository and accession number is [PRJNA779481].

Statistical Analysis
Growth performance, organs weight, intestinal length and
morphology, colonic permeability, mRNA expression, and
concentrations of SCFAs data were subjected to analysis of
variance using SPSS (23.0) software. Student’s t-test was used
to determine differences between two groups. The results
were presented as means ± SEM. The relationships among
the intestinal barrier, inflammatory cytokines, and bacterial
species were explored using Pearson’s correlation analysis and a
correlation matrix was generated. Figures were generated using
GraphPad 8.0 software. ∗ was used to indicate a statistically
significant difference (P < 0.05), and ∗∗ indicated a highly
significant difference (P < 0.01). The P values ranging from 0.05
to 0.1 were also recorded.

RESULTS

Body Weight, Diarrhea Rate, and Organ
Development in Piglets
The results showed that the body weight of piglets in both groups
gradually increased from Day 3 to Day 30. The body weight
of piglets in the ENI group was significantly higher relative to
that of piglets in the CON group at the age of 30 (P < 0.05)
(Figure 1B). Diarrhea rate of piglets in the ENI group was lower
compared with the rate of piglets in the CON group, and the
difference was statistically significant at the post-weaning stage
(P < 0.05) (Figure 1C). Piglets in the ENI group had higher
liver and spleen weight and higher relative weights of liver and
spleen to living body weight compared with those of piglets in the
control group (P < 0.05) (Figures 1D–G). The colon of piglets in
the CON group was longer relative to that of piglets in the ENI
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FIGURE 2 | Effects of early-life nutrition interventions on the intestinal barrier of the colon in piglets. CON, control group, ENI, early-life nutrition interventions group. (A)

The content of LPS in plasma. (B) The activity of AKP in serum. (C) The mRNA expression levels of ZO-1, Occludin, and Claudin4 in the colon. (D) The mRNA

expression levels of GALNT1, B3GNT6, and MUC2 in the colon. Data are expressed as mean ± SEM (n = 4). The independent-samples t-test was used to compare

data between two groups. *P < 0.05.

group, however, the differences were not statistically significant
(Figures 1H,I).

Intestinal Morphology and Intestinal
Barrier of Colonic Mucosa in Piglets
The results showed that the activity of AKP in serum and the level
of LPS in plasma of piglets in the ENI group were significantly
lower compared with those of piglets in the CON group (P
< 0.05) (Figures 2A,B). The findings indicated that early-life
nutrition intervention significantly upregulated expression of
ZO-1, Occludin, Claudin4, GALNT1, B3GNT6, and MUC2 genes
in colonic mucosa at the mRNA level (Figures 2C,D).

Analysis of intestinal morphology did not show any noticeable
pathologic changes in the two groups; however, the number of
goblet cells and crypt depth of piglets was significantly higher in
the ENI group compared with that of the CON group (P < 0.05)
(Figures 3A–C).

Intestinal Inflammation in Colonic Mucosa
of Piglets
Relative mRNA expression levels of MCP-1, TNF-α, IL-1β, and
IL-8 in the ENI group were lower relative to those in the
CON group, however, only the difference in relative mRNA
expression level of MCP-1 was statistically significant (P < 0.05)
(Figure 4A). Protein expression levels of inflammatory cytokines
(TNF-α (P = 0.066), IL-6, and IL-8) in the colonic mucosa
showed a similar trend as the relative mRNA expression levels
of inflammatory cytokines (Figure 4B).

Concentrations of SCFAs in Colonic
Mucosa and Chyme
Concentrations of acetic acid, propionic acid, isobutyric acid,
butyric acid, and valeric acid in colonic mucosa and colonic
chyme of piglets in the ENI group were higher relative to those
of piglets in the CON group (Figures 5A–D,F), however, the
differences were not statistically significant. Concentration of

isovaleric acid in colonic chyme of piglets in the ENI group was
lower compared with that of piglets in the CON group, however,
the difference was not statistically significant (Figure 5E).

Composition of Gut Microbes in Colonic
Chyme and Mucosa Samples From Piglets
Fresh colonic chyme and colonic mucosa were obtained from
piglets, and 16 s rRNA gene sequencing analysis was performed
to explore the effects of early-life nutrition interventions on the
structures and composition of the gut microbiota. The findings
showed no significant difference in Chao index and Shannon
index in colonic mucosa between the two group (Figures 6C,D).
However, Chao index and Shannon index in colonic chyme of
piglets in the CON group were higher compared with those
of piglets in the ENI group (P < 0.05) (Figures 6A,B). PCoA
analysis showed significant differences in phylum and genus
composition between ENI and CON groups (Figures 6E–H).

Microbial community composition at the phylum and genus
level of the two groups is presented in Figures 7A,B,E,F. The
results showed that colonic chyme samples comprised 6 major
phyla including Firmicutes, Actinobacteria, Bacteroidota,
Proteobacteria, Spirochaetota, and Campilobacterota
(Figure 7A). The findings showed that colonic mucosa samples
mainly comprised Desulfobacterota, Deferribacterota, Firmicutes,
Actinobacteria, Bacteroidota, Proteobacteria, Spirochaetota,
and Campilobacterota at the phylum level (Figure 7E). The
proportion of Firmicutes in colonic chyme was higher in the
ENI group compared with that in the CON group, whereas
the proportion of Bacteroidota in colonic chyme was higher in
the CON group relative to that in the ENI group (P < 0.05)
(Figure 7C). Notably, the proportion of the top 6 bacteria in
colonic mucosa was not significantly different between the two
groups (Figure 7G).

Composition of the gut microbiota in the colonic chyme and
colonic mucosa was further analyzed at the genus level. The
proportion ofCatenibacterium in colonic chymewas significantly
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FIGURE 3 | Effects of early-life nutrition interventions on the morphology of the colon and the number of goblet cells. CON, control group, ENI, early-life nutrition

interventions group. (A). HE and PAS staining of colon tissue. (B) The crypt depth of the colon. (C) The number of goblet cells of the colon. Data are expressed as

mean ± SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

FIGURE 4 | Effects of early-life nutrition interventions on inflammation in the piglet colon. CON, control group, ENI, early-life nutrition interventions group. (A) The

mRNA expression levels of MCP-1, TNF-α, IL-1β, and IL-8 in colon. (B) The protein expression levels of TNF-α, IL-6, and IL-8 in piglets. Data are expressed as mean

± SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.
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FIGURE 5 | Effects of early-life nutrition interventions on concentrations of SCFAs in the colonic mucosa and colonic chyme. CON, control group, ENI, early-life

nutrition interventions group. (A) Acetate acid. (B) Propionic acid. (C) Isobutyric acid. (D) Butyric acid. (E) Isovaleric acid. (F) Valeric acid. Data are expressed as mean

± SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

higher in the ENI group (P < 0.05), whereas the proportion
of norank-f-Muribaculaceae in colonic chyme was lower in the
ENI group compared with that of the CON group (P < 0.05)
(Figure 7D) The proportion of the top 10 bacteria in colonic

mucosa was not significantly different between the two groups

(Figure 7H). LEfSe analysis was performed and presented as
LDA score ≥2.0 to further explore the differences in microbiota

composition between the two groups. The results showed that

61 biomarkers (blue bar) were enriched in colonic chyme in

the CON group compared with the levels in the ENI group.
Notably, LEfSe analysis showed that only 5 biomarkers (red bar)

were enriched in colonic chyme of the ENI group, including

Lachnospiraceae, Lachnospirales, Firmicutes, Lactobacillaceae,

and Lactobacillus (Figure 8A). Analysis of colonic mucosa

showed a total of 23 biomarkers in the CON and ENI groups.
The results showed that piglets in the ENI group had a higher
composition ofmicrobiota comparedwith that in the CON group
(Figure 8B). Notably, Lactobacillus was enriched in colonic
mucosa and chyme.

Relationship Among Intestinal Microbiota,
Intestinal Barrier and Immune-Related
Indexes
The potential association among intestinal microbiota, intestinal
barrier, and immune-related indexes in colonic chyme and
mucosa was explored. The results showed that the proportion
of Lactobacillus in colonic chyme was negatively correlated
with the relative mRNA expression level of MCP-1 and was
positively correlated with the relative mRNA expression levels
of ZO-1, Claudin4, and GALNT1 (Figure 9A). The proportion
of Escherichia-Shigella was positively correlated with the relative
mRNA expression level of IL-8. Moreover, proportions of
Parabacteroides and Actinobacillus were positively correlated
with the relative mRNA expression level of IL-1β , whereas
the proportion of Clostridium-sensu-stricto-6 was negatively
correlated with the relative mRNA expression levels of ZO-1
and Occludin.

Correlation analysis of the intestinal microbiota, intestinal
barrier, and immune-related indexes in colonic mucosa showed
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FIGURE 6 | The analysis of gut microbiota diversity in the colonic chyme and colonic mucosa of piglets. CON, control group, ENI, early-life nutrition interventions

group. (A) The Chao index of microbiota in colonic chyme. (B) The Shannon index of microbiota in colonic chyme. (C) The Chao index of microbiota in colonic

mucosa. (D) The Shannon index of microbiota in colonic mucosa. (E) PCoA analysis of microbiota in colonic chyme at the phylum level. (F) PCoA analysis of

microbiota in colonic chyme at the genus level. (G) PCoA analysis of microbiota in colonic mucosa at the phylum level. (H) PCoA analysis of microbiota in colonic

mucosa at the genus level. Data are expressed as mean ± SEM (n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

similar results to those of colonic chyme (Figure 9B). The
results showed that the proportion of Lactobacillus was
negatively correlated with the relative mRNA expression level
of MCP-1, and was positively correlated with the relative
mRNA expression levels of ZO-1, Claudin4, and GALNT1. The
proportion of Escherichia-Shigella was positively correlated with
the relative mRNA expression levels of IL-8. The proportion of
Parabacteroides was positively correlated with the relative mRNA
expression level of IL-1β (Figure 10).

DISCUSSION

Previous studies report that dietary changes can alter the
composition of gut microbes in suckling piglets and these
changes can be adjusted by early-life nutrition interventions (3,
23). For example, Sugiharto et al. (11) reported that provision of
synthetic milk to suckling piglets improved the gut microbiome
composition, as well as increased concentration of SCFAs in
the colon. Similar findings were observed in the present study.
The proportion of Firmicutes and Bacteroidetes was significantly
different between the ENI and CON groups. Studies report that
change in microbiota composition is significantly associated with
diet composition. A diet rich in protein and fat increases the
ratio of Firmicutes to Bacteroides in the intestines of animals
or humans (24). The synthetic milk used in the current study
contained high crude protein and crude fat content, which may

be an important reason for the increase in Firmicutes proportion
in the intestine and a decrease in Bacteroides proportion. Most
previous studies mainly focused on microbiota composition
in chyme and fecal samples, and only a few studies explored
the composition of mucosa-associated microbiota (25). Changes
in mucosa-associated microbiota may have significant effects
on host growth and development (25). Therefore, microbiome
composition in chyme andmucosa was explored and a significant
difference was observed between the two sites, both at phylum
and genus levels. This disparity can be attributed to different
substrate availability, and rapid decrease in oxygen gradient from
the outer mucosal layer to the lumen (26, 27). Although the
microbiome composition was different in chyme and mucosa
samples in this study, Lactobacillus was the dominant genus in
the ENI group. Lactobacillus genus is commonly found in food
and intestinal tracts and is a typical probiotic with significant
beneficial effects on gut health. Lactobacillus effectively inhibits
colonization of harmful bacteria in the intestine (28). A high
proportion of Lactobacillus can be attributed to administration of

early-life nutritional interventions, resulting in low proportions

of harmful bacteria, such as Escherichia-Shigella, Actinobacillus,
Clostridium-sensu-stricto-6, Pasteurellaceae, and Parabacteroides.

The period from birth to 30 days old is a transition period

during which the piglet diet is changed from sow milk to solid
foods, and this period represents a delicate moment for piglets
(29, 30). Weaned piglets are more likely to suffer from body
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FIGURE 7 | Gut microbiota community composition in the colonic chyme and colonic mucosa of piglets. CON, control group, ENI, early-life nutrition interventions

group. (A) The relative abundances of microbiota in colonic chyme at the phylum level. (B) The relative abundances of microbiota in colonic chyme at the genus level.

(Continued)

Frontiers in Nutrition | www.frontiersin.org 10 January 2022 | Volume 8 | Article 783688

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Luo et al. Nutrition Intervention Improve Gut Health

FIGURE 7 | (C) The top 6 bacteria in colonic chyme at the phylum level statistical comparison of the relative abundances. (D) The top 10 bacteria in colonic chyme at

the genus level statistical comparison of the relative abundances. (E) The relative abundances of microbiota in colonic mucosa at the phylum level. (F) The relative

abundances of microbiota in colonic mucosa at the genus level. (G) The top 6 bacteria in colonic mucosa at the phylum level statistical comparison of the relative

abundances. (H) The top 10 bacteria in colonic mucosa at the genus level statistical comparison of the relative abundances. Data are expressed as mean ± SEM

(n = 4). The independent-samples t-test was used to compare data between two groups. *P < 0.05.

FIGURE 8 | The differentially abundant taxa among the two groups by LEfSe analysis. CON: control group, ENI: early-life nutrition interventions group. (A) LEfSe

analysis of microbiota in colonic chyme. (B) LEfSe analysis of microbiota in colonic mucosa.

weight loss, appetite slough, and digestive function disorder
during this period (31). Several studies have been conducted
to explore the changes that occur during this period as they
affect production in the pig industry (32). Studies report that
supplementation of additional formula milk improves growth
performance, and reduces incidence of pre-weaning and post-
weaning diarrhea of piglets (7), and the findings show that gut
microbiota play a key role in these changes. The findings of

the present study showed that early-life nutrition interventions
improve body weight gain and reduce diarrhea incidence at
pre-weaning and post-weaning periods of piglets. Early-life
nutrition interventions significantly increased the ratio of liver
to body weight and ratio of spleen to body weight. The ratio
of liver to body weight is widely used as a parameter for
general assessment of liver size or regrowth. The spleen is a
major hematopoietic tissue, and the increased ratio of spleen
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FIGURE 9 | The correlation of intestinal microbiota, intestinal barrier, and immune-related indexes. (A) The correlation of intestinal microbiota, intestinal barrier, and

immune-related indexes in colonic chyme. (B) The correlation of intestinal microbiota, intestinal barrier, and immune-related indexes in colonic mucosa. *P < 0.05.

FIGURE 10 | Early-life nutrition interventions improved growth performance and intestinal health via the gut microbiota in piglets: a possible mechanism.

to body weight is correlated with the hematopoietic function
of the spleen (33). This finding indicates that the condition of
the piglets improved after administration of early-life nutrition

interventions. Lactobacillus was enriched in colonic mucosa and
chyme of piglets. These findings indicate that early-life nutrition
interventions supported growth of beneficial bacteria in the gut
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before and after weaning thus reducing the risk of gastrointestinal
infections, and improved body weight of piglets (3). Moreover,
the proportion of Firmicutes was increased, whereas the
proportion of Bacteroidetes was significantly decreased in the
ENI group relative to that of the CON group. Previous studies
report that the ratio of Firmicutes to Bacteroidetes is an indicator
of obesity (34). Firmicutes are more efficient in absorbing
energy compared with Bacteroidetes, thus they promote more
efficient absorption of calories resulting in weight gain (35).
This finding partially explains the observation that piglets in
the ENI group exhibited better growth performance compared
with the CON group. In addition, studies report that milk
substitutions improve feed intake of piglets (36), which is often
used as a measure of growth performance (37). Therefore,
increase in the weight of piglets in the ENI group can be
attributed to improved feed intake induced by the early-life
nutrition interventions.

The intestine is one of the largest organs in organisms
and plays a role in defending other organs against harmful
agents, and plays key roles in digestion and absorption of
dietary nutrients in the body (38). Nutrients are received from
the outside to the intestine to support the life of animals,
and various harmful pathogens and toxins may attack the
host through the intestine (39). The intestinal barrier plays
an important role in life activities and prevents these harmful
substances from penetrating the intestinal tissue (40). The
results in the current study showed that the relative mRNA
expression levels of tight junction proteins, barrier defense-
related proteins, and key glycosyltransferases were higher in
piglets in the ENI group relative to the levels in piglets
in the CON group. High expression levels of these markers
implied that synthetic milk improves the gut barrier function,
and maintains the intestine at a relatively healthy level (41).
Previous studies used milk as a substitute for sow milk and
the findings showed that it improved intestinal function and
upregulated expression of tight junction proteins. For example,
Jin et al. (42) reported that milk supplementation changes
mRNA expression levels of ZO-1, Occludin, and Claudin-1. The
synthetic milk may potentially harbor specific growth factors
which improved expression of tight junction proteins (42).
Moreover, Lactobacillus may have upregulated gene expression
of tight junction proteins (43). Previous studies report that
Lactobacillus plays a key role in positively protecting the gut
barrier (44). Pearson correlation analysis was conducted to
explore the relationships among the abundances of major gut
flora with the expression of tight junction proteins. Abundance
of Lactobacillus was positively correlated with expression levels
of tight junction proteins explored in the present study. The
MUC2 gene plays an important role in intestinal barrier
protection and is produced and secreted by intestinal goblet
cells (45). Several factors regulate the secretory processes of
MUC2 including cytokines, toxins, microbiota-metabolites, and
microbes such as Lactobacillus (46). The findings of the current
study showed that early-life nutrition interventions increased the
abundance of Lactobacillus in the colon. The production and
secretion of MUC2 may have been stimulated by Lactobacillus
(47). Abundance of Lactobacillus was positively correlated with

the relative mRNA expression levels of MUC2. Furthermore,
early-life nutrition interventions downregulated expression of
inflammatory cytokines in the present study. This was attributed
to increased expression ofMUC2, and decreased enteric leakiness
which in turn reduced contact of intestinal epithelial cells
with harmful substances, and ultimately decreased frequency
of inflammation (48). Previous human and animal studies
indicated that LPS is a strong inducer of proinflammatory
cytokines, and is produced by harmful microorganisms (49).
LPS stimulation upregulates expression of TNF-α, MCP-1, and
IL-10 (50). In the present study, Pearson correlation analysis
showed that abundances of Escherichia-Shigella, Parabacteroides,
Actinobacillus, and Clostridium-sensu-stricto-6 were positively
correlated with expression levels of inflammatory cytokines. The
lower inflammatory cytokines of piglets in the ENI group can be
attributed to the effects of the early-life nutrition interventions
that reduced abundances of proinflammatory bacteria such as
Escherichia-Shigella (51). Previous studies indicate that intestinal
crypt hyperplasia can cause a series of intestinal disorders
(52). The crypt depth of the colon was increased by early-
life nutritional intervention in the present trial. Although
similar results were reported by Greeff et al. (8), the study
did not fully explore the mechanism underlying increase in
crypt length. Further studies should be conducted to explain
this phenomenon.

CONCLUSION

In summary, early-life nutrition interventions through
administration of synthetic milk increased growth performance,
improved gut health, and reduced the diarrhea rate of piglets
in the present study. Intestinal microbes, mainly beneficial
bacteria such as Lactobacillus, play an important role in
these changes. Implementation of this approach and further
studies can improve pig production through reduction of
antimicrobial infections thus improving mortality and morbidity
of piglets.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be
found in online repositories. The names of the
repository/repositories and accession number(s)
can be found below: https://www.ncbi.nlm.nih.
gov; PRJNA779481.

ETHICS STATEMENT

The animal study was reviewed and approved by Experimental
Animal Welfare and Ethical Committee of the Institute
of Animal Science, Chinese Academy of Agricultural
Sciences. Written informed consent was obtained from
the owners for the participation of their animals in
this study.

Frontiers in Nutrition | www.frontiersin.org 13 January 2022 | Volume 8 | Article 783688

https://www.ncbi.nlm.nih.gov
https://www.ncbi.nlm.nih.gov
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Luo et al. Nutrition Intervention Improve Gut Health

AUTHOR CONTRIBUTIONS

CL and BX designed the experiment. CL, BX, DS, and JL carried
out the experiment. CL, BX, and JL wrote the manuscript. RZ,
LC, and HZ revised the manuscript. All authors contributed to
the article and approved the submitted version.

FUNDING

This research was supported by the Agricultural Science
and Technology Innovation Program (CAAS-ZDRW202006-02,
ASTIPIAS07) and Central Public-Interest Scientific Institution
Basal Research Fund (No. 2021-YWF-ZYSQ-01).

REFERENCES

1. Syrovnev GI, Mykytyuk VV, Khmeleva EV. The presence of a potential patient

of Colibacterisis in the population of pigs of local selection of ukrainian meat

breed. J Anim Breed Genet. (2020) 59:115–23. doi: 10.31073/abg.59.13

2. Campbell JM, Crenshaw JD, Polo J. The biological stress of early weaned

piglets. J Anim Sci Biotechnol. (2013) 4:19. doi: 10.1186/2049-1891-4-19

3. Huting AMS, Middelkoop A, Guan X, Molist F. Using nutritional strategies

to shape the gastro-intestinal tracts of suckling and weaned piglets. Animals.

(2021) 11:402. doi: 10.3390/ani11020402

4. Vente-Spreeuwenberg M, Verdonk J, Bakker G, Beynen AC, Verstegen

M. Effect of dietary protein source on feed intake and small intestinal

morphology in newly weaned piglets. Livest Prod Sci. (2004) 86:169–

77. doi: 10.1016/S0301-6226(03)00166-0

5. Croxen MA, Finlay B. Molecular mechanisms of Escherichia coli

pathogenicity. Nat Rev Microbiol. (2010) 8:26–38. doi: 10.1038/nrmicro2265

6. Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, et al. The first

microbial colonizers of the human gut: composition, activities, and health

implications of the infant gut microbiota. Microbiol Mol Biol Rev. (2017)

81:e00036–17. doi: 10.1128/MMBR.00036-17

7. Shi C, Zhu Y, Niu Q, Wang J, Wang J, Zhu W. The changes of colonic

bacterial composition and bacterial metabolism induced by an early food

introduction in a neonatal porcine model. Curr Microbiol. (2018) 75:745–

51. doi: 10.1007/s00284-018-1442-z

8. de Greeff A, Resink JW, van Hees HM, Ruuls L, Klaassen GJ, Rouwers SM,

et al. Supplementation of piglets with nutrient-dense complex milk replacer

improves intestinal development and microbial fermentation. J Anim Sci.

(2016) 94:1012–9. doi: 10.2527/jas.2015-9481

9. Yi D, Li B, Hou Y, Wang L, Zhao D, Chen H, et al. Dietary supplementation

with an amino acid blend enhances intestinal function in piglets.Amino Acids.

(2018) 50:1089–100. doi: 10.1007/s00726-018-2586-7

10. Qin L, Ji W,Wang J, Li B, Hu J, Wu X. Effects of dietary supplementation with

yeast glycoprotein on growth performance, intestinal mucosal morphology,

immune response and colonic microbiota in weaned piglets. Food Funct.

(2019) 10:2359–71. doi: 10.1039/C8FO02327A

11. Sugiharto S, Poulsen AS, Canibe N, Lauridsen C. Effect of bovine

colostrum feeding in comparison with milk replacer and natural feeding

on the immune responses and colonisation of enterotoxigenic Escherichia

coli in the intestinal tissue of piglets. Br J Nutr. (2015) 113:923–

34. doi: 10.1017/S0007114514003201

12. Uryu H, Tsukahara T, Ishikawa H, Oi M, Otake S, Yamane I, et al.

Comparison of productivity and fecal microbiotas of sows in commercial

farms.Microorganisms. (2020) 8:1469. doi: 10.3390/microorganisms8101469

13. Tan Z, Wang Y, Yang T, Ao H, Chen S, Xing K, et al. Differences

in gut microbiota composition in finishing Landrace pigs with low and

high feed conversion ratios. Antonie Van Leeuwenhoek. (2018) 111:1673–

85. doi: 10.1007/s10482-018-1057-1

14. Rutherford KMD, Baxter EM, D’Eath RB, Turner SP, Arnott G, Roehe R. The

welfare implications of large litter size in the domestic pig I: biological factors.

AnimWelfare. (2013) 22:199–218. doi: 10.7120/09627286.22.2.199

15. Novotni-Dankó G, Balogh P, Huzsvai L, Gyori Z. Effect of feeding liquid

milk supplement on litter performances and on sow back-fat thickness

change during the suckling period. Arch Anim Breed. (2015) 58:229–

35. doi: 10.5194/aab-58-229-2015

16. Yu J, Song Y, Yu B, He J, Zheng P, Mao X, et al. Tannic acid

prevents post-weaning diarrhea by improving intestinal barrier

integrity and function in weaned piglets. J Anim Sci Biotechnol. (2020)

11:87. doi: 10.1186/s40104-020-00496-5

17. Cheng L, Yi W, Sheng T, Yi L, Cheng Y, Cun C, et al. Effects of

replacing fish meal with mussel (Cristaria plicata) meat on growth,

digestive ability, antioxidant capacity and hepatic IGF-I gene expression in

juvenile Ussuri catfish (Pseudobagrus ussuriensis). Aquac Res. (2019) 50:826–

35. doi: 10.1111/are.13953

18. Zhong G, Shao D, Wang Q, Tong H, Shi S. Effects of dietary supplemented

of γ-amino butyric acid on growth performance, blood biochemical

indices and intestinal morphology of yellow-feathered broilers exposed

to a high temperature environment. Ital J Anim Sci. (2020) 24:431–

8. doi: 10.1080/1828051X.2020.1747953

19. WangM, Zhang S, Zhong R, Wan F, Zhang H. Olive fruit extracts supplement

improve antioxidant capacity via altering colonic microbiota composition in

mice. Front Nut. (2021) 8:645099. doi: 10.3389/fnut.2021.645099

20. Cantero-Recasens G, Butnaru CM, Valverde MA, Naranjo JR, Brouwers

N, Malhotra V. KChIP3 coupled to Ca(2+) oscillations exerts a

tonic brake on baseline mucin release in the colon. Elife. (2018)

7:e39729. doi: 10.7554/eLife.39729.016

21. Wu W, Xie J, Zhang H. Dietary fibers influence the intestinal SCFAs and

plasma metabolites profiling in growing pigs. Food Funct. (2016) 7:4644–

54. doi: 10.1039/C6FO01406B

22. Qin S, Guan S, Mei Z, Shi J, Xu C, Hao J, et al. Dietary fucoidan improves

metabolic syndrome in association with increased Akkermansia population

in the gut microbiota of high-fat diet-fed mice-ScienceDirect. J Funct Foods.

(2017) 28:138–46. doi: 10.1016/j.jff.2016.11.002

23. Zheng L, Duarte ME, Sevarolli Loftus A, Kim SW. Intestinal health of

pigs upon weaning: challenges and nutritional intervention. Front Vet Sci.

(2021)8:628258. doi: 10.3389/fvets.2021.628258

24. Magne F, Gotteland M, Gauthier L, Zazueta A, Pesoa S, Navarrete P, et al.

The Firmicutes/Bacteroidetes ratio: a relevant marker of gut dysbiosis in obese

patients? Nutrients. (2020)12:1474. doi: 10.3390/nu12051474

25. Bishnu, Adhikari, Woo S, Kim, Min Y, Kwon. Characterization of microbiota

associated with digesta and mucosa in different regions of gastrointestinal

tract of nursery pigs. Int J Mol Sci. (2019)20:1630. doi: 10.3390/ijms20071630

26. Zhao W, Wang Y, Liu S, Huang J, He M. The dynamic distribution of porcine

microbiota across different ages and gastrointestinal tract segments. PLoS

ONE. (2015)10:e0117441. doi: 10.1371/journal.pone.0117441

27. Albenberg L, Esipova TV, Judge CP, Bittinger K, Wu GD. Correlation

between intraluminal oxygen gradient and radial partitioning

of intestinal microbiota in humans and mice. Gastroenterology.

(2014)147:1055–63. doi: 10.1053/j.gastro.2014.07.020

28. Keita N, Yasuyuki S, Kazuki Y, Tsutomu K, Shinji T, Yuji Y, et al. Lactobacillus

gasseri SBT2055 reduces infection by and colonization of Campylobacter

jejuni. PLoS ONE. (2014) 9:e108827. doi: 10.1371/journal.pone.0108827

29. Sang IL, Kim IH. Nucleotide-mediated SPDEF modulates TFF3-mediated

wound healing and intestinal barrier function during the weaning process. Sci

Rep. (2018) 8:4827. doi: 10.1038/s41598-018-23218-4

30. Baldassarre ME, Mauro AD, Caroli M, Schettini F, Laforgia

N. Premature birth is an independent risk factor for early

adiposity rebound: longitudinal analysis of BMI data from

birth to 7 years. Nutrients. (2020) 12:3654. doi: 10.3390/nu121

23654

31. Zhang S, Jung JH, Kim HS, Kim BY, Kim IH. Influences of phytoncide

supplementation on growth performance, nutrient digestibility, blood

profiles, diarrhea scores and fecal microflora shedding in weaning pigs.

Asian-Australas J A Sci. (2012) 25:1309–15. doi: 10.5713/ajas.2012.12170

32. Liao S, Tang S, Chang M, Qi M, Li J, Tan B, et al. Chloroquine downregulation

of intestinal autophagy to alleviate biological stress in early-weaned piglets.

Animals. (2020) 10:290. doi: 10.3390/ani10020290

Frontiers in Nutrition | www.frontiersin.org 14 January 2022 | Volume 8 | Article 783688

https://doi.org/10.31073/abg.59.13
https://doi.org/10.1186/2049-1891-4-19
https://doi.org/10.3390/ani11020402
https://doi.org/10.1016/S0301-6226(03)00166-0
https://doi.org/10.1038/nrmicro2265
https://doi.org/10.1128/MMBR.00036-17
https://doi.org/10.1007/s00284-018-1442-z
https://doi.org/10.2527/jas.2015-9481
https://doi.org/10.1007/s00726-018-2586-7
https://doi.org/10.1039/C8FO02327A
https://doi.org/10.1017/S0007114514003201
https://doi.org/10.3390/microorganisms8101469
https://doi.org/10.1007/s10482-018-1057-1
https://doi.org/10.7120/09627286.22.2.199
https://doi.org/10.5194/aab-58-229-2015
https://doi.org/10.1186/s40104-020-00496-5
https://doi.org/10.1111/are.13953
https://doi.org/10.1080/1828051X.2020.1747953
https://doi.org/10.3389/fnut.2021.645099
https://doi.org/10.7554/eLife.39729.016
https://doi.org/10.1039/C6FO01406B
https://doi.org/10.1016/j.jff.2016.11.002
https://doi.org/10.3389/fvets.2021.628258
https://doi.org/10.3390/nu12051474
https://doi.org/10.3390/ijms20071630
https://doi.org/10.1371/journal.pone.0117441
https://doi.org/10.1053/j.gastro.2014.07.020
https://doi.org/10.1371/journal.pone.0108827
https://doi.org/10.1038/s41598-018-23218-4
https://doi.org/10.3390/nu12123654
https://doi.org/10.5713/ajas.2012.12170
https://doi.org/10.3390/ani10020290
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles


Luo et al. Nutrition Intervention Improve Gut Health

33. Macková NO, Fedorocko P. Effect of liposomal muramyl tripeptide

phosphatidylethanolamine and indomethacin on hematopoietic recovery in

irradiated mice. Physiol Res. (2002) 51:511–21. doi: 10.1086/338285

34. Zou Y, Ju X, Chen W, Yuan J, Wang Z, Aluko RE, et al. Rice bran

attenuated obesity via alleviating dyslipidemia, browning of white adipocytes

and modulating gut microbiota in high-fat diet-induced obese mice. Food

Funct. (2020) 11:2406–17. doi: 10.1039/C9FO01524H

35. Koliada A, Syzenko G, Moseiko V, Budovska L, Puchkov K, Perederiy V,

et al. Association between body mass index and Firmicutes/Bacteroidetes

ratio in an adult Ukrainian population. BMC Microbiol. (2017)

17:120. doi: 10.1186/s12866-017-1027-1

36. van Oostrum M, Lammers A, Molist F. Providing artificial milk before and

after weaning improves postweaning piglet performance. J Anim Sci. (2016)

94:429–32. doi: 10.2527/jas.2015-9732

37. Baktavachalam GB, Delaney B, Fisher TL, Ladics GS, Layton RJ,

Locke ME, et al. Transgenic maize event TC1507: global status

of food, feed, and environmental safety. Gm Crops Food. (2015)

6:80–102. doi: 10.1080/21645698.2015.1054093

38. Tanaka T, Tahara-Hanaoka S, Nabekura T, Ikeda K, Jiang S, Tsutsumi S, et al.

PPARβ/δ activation of CD300a controls intestinal immunity. Sci Rep. (2014)

4:5412. doi: 10.1038/srep05412

39. Sullivan ZA, Khoury-Hanold W, Lim J, Smillie C, Biton M, Reis BS, et al.

gd T cells regulate the intestinal response to nutrient sensing. Science. (2021)

371:eaba8310. doi: 10.1126/science.aba8310

40. Scapigliati G. Functional aspects of fish lymphocytes. Dev Comp Immunol.

(2013) 41:200–8. doi: 10.1016/j.dci.2013.05.012

41. Bennet S, Trnblom H. Editorial: increased expression of nerve growth factor

correlates with visceral hypersensitivity and impaired gut barrier function in

diarrhoea-predominant irritable bowel syndrome. Aliment Pharmacol Ther.

(2017) 45:567–68. PMID: 28074514 doi: 10.1111/apt.13902

42. Jin J, Zhang L, Jia J, Chen Q, Chen Q. Jejunal inflammatory

cytokines, barrier proteins and microbiome-metabolome responses

to early supplementary feeding of Bamei suckling piglets.

BMC Microbiol. (2020) 20:169. doi: 10.1186/s12866-020-0

1847-y

43. Chang CH, Teng PY, Lee TT, Yu B. Effects of multi-strain probiotic

supplementation on intestinal microbiota, tight junctions, and inflammation

in young broiler chickens challenged with Salmonella enterica subsp.

enterica.Asian-Australas J Anim Sci. (2020) 33:1797–808. doi: 10.5713/ajas.19.

0427

44. Kembra AS, Tariful I, Paige J, Naima MM. Systematic review

of beef protein effects on gut microbiota: Implications for

health. Adv Nutr. (2020) 12:102–14. doi: 10.1093/advances/nma

a085

45. Meng X, Wang W, Lan T, Yang W, Yu D, Fang X, et al. A purified aspartic

protease from Akkermansia Muciniphila plays an important role in degrading

Muc2. Int J Mol Sci. (2019) 21:72. doi: 10.3390/ijms21010072

46. Thai P, Loukoianov A, Wachi S, Wu R. Regulation of airway

mucin gene expression. Annu Rev Physiol. (2008) 70:405–29.

doi: 10.1146/annurev.physiol.70.113006.100441

47. Mack DR, Michail S, Wei S, Mcdougall L, Hollingsworth MA.

Probiotics inhibit enteropathogenic E. coli adherence in vitro by

inducing intestinal mucin gene expression. Am J Physiol. (1999)

276:941. doi: 10.1152/ajpgi.1999.276.4.G941

48. Cani PD. Human gut microbiome: hopes, threats and promises. Gut. (2018)

67:1716–25. doi: 10.1136/gutjnl-2018-316723

49. Pandur E, Tamási K, Pap R, Jánosa G, Sipos K. Distinct effects of Escherichia

coli, Pseudomonas aeruginosa and Staphylococcus aureus cell wall component-

induced inflammation on the iron metabolism of THP-1 cells. Int J Mol Sci.

(2021) 22:1497–508. doi: 10.3390/ijms22031497

50. Turnbull IR. DAP12 (KARAP) amplifies inflammation and increases

mortality from endotoxemia and septic peritonitis. J Exp Mede. (2005)

202:363–9. doi: 10.1084/jem.20050986

51. Cui M, Xiao H, Li Y, Zhang S, Dong J, Wang B, et al. Sexual dimorphism of gut

microbiota dictates therapeutics efficacy of radiation injuries. Adv Sci. (2019)

6:1901048. doi: 10.1002/advs.201901048

52. Spreeuwenberg M, Verdonk J, Gaskins HR, Verstegen M. Small intestine

epithelial barrier function is compromised in pigs with low feed intake at

weaning. J Nutr. (2001) 131:1520–7. doi: 10.1093/jn/131.5.1520

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Luo, Xia, Zhong, Shen, Li, Chen and Zhang. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Nutrition | www.frontiersin.org 15 January 2022 | Volume 8 | Article 783688

https://doi.org/10.1086/338285
https://doi.org/10.1039/C9FO01524H
https://doi.org/10.1186/s12866-017-1027-1
https://doi.org/10.2527/jas.2015-9732
https://doi.org/10.1080/21645698.2015.1054093
https://doi.org/10.1038/srep05412
https://doi.org/10.1126/science.aba8310
https://doi.org/10.1016/j.dci.2013.05.012
https://doi.org/10.1111/apt.13902
https://doi.org/10.1186/s12866-020-01847-y
https://doi.org/10.5713/ajas.19.0427
https://doi.org/10.1093/advances/nmaa085
https://doi.org/10.3390/ijms21010072
https://doi.org/10.1146/annurev.physiol.70.113006.100441
https://doi.org/10.1152/ajpgi.1999.276.4.G941
https://doi.org/10.1136/gutjnl-2018-316723
https://doi.org/10.3390/ijms22031497
https://doi.org/10.1084/jem.20050986
https://doi.org/10.1002/advs.201901048
https://doi.org/10.1093/jn/131.5.1520~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Early-Life Nutrition Interventions Improved Growth Performance and Intestinal Health via the Gut Microbiota in Piglets
	Introduction
	Materials and Methods
	Ethics Statement
	Experimental Design
	Sample Collection
	Genes Expression Analysis
	AKP, LPS, and ELISA
	Tissue Sample and Intestinal Morphology Analysis
	Analysis of SCFAs Levels
	DNA Extraction, 16S RRNA Gene Amplification, Sequencing and Analysis
	Statistical Analysis

	Results
	Body Weight, Diarrhea Rate, and Organ Development in Piglets
	Intestinal Morphology and Intestinal Barrier of Colonic Mucosa in Piglets
	Intestinal Inflammation in Colonic Mucosa of Piglets
	Concentrations of SCFAs in Colonic Mucosa and Chyme
	Composition of Gut Microbes in Colonic Chyme and Mucosa Samples From Piglets
	Relationship Among Intestinal Microbiota, Intestinal Barrier and Immune-Related Indexes

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


