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Milk fat globule membrane (MFGM) possesses various nutritional and biological benefits for mammals,
whereas its effects on neonatal gut microbiota and barrier integrity remained unclear. This study
investigated the effects of MFGM administration on microbial compositions and intestinal barrier
functions of neonatal piglets. Sixteen newborn piglets were randomly allocated into a CON group or
MFGM group, orally administered with saline or MFGM solution (1 g/kg body weight) respectively during
the first postnatal week, and all piglets were breastfed during the whole neonatal period. The present
study found that the MFGM oral administration during the first postnatal week increased the plasma
immunoglobulin (Ig) G level, body weight and average daily gain of piglets (P < 0.05) on 21 d. Addi-
tionally, MFGM administration enriched fecal SCFA-producing bacteria (Ruminococaceae_UCG-002,
Ruminococaceae_UCG-010, Ruminococaceae_UCG-004, Ruminococaceae_UCG-014 and [Ruminococcus]
_gauvrearuii_group), SCFA concentrations (acetate, propionate and butyrate; P < 0.05) and their receptor
(G-protein coupled receptor 41, GPR41). Furthermore, MFGM administration promoted intestinal villus
morphology (P < 0.05) and barrier functions by upregulating genes of tight junctions (E-cadherin,
claudin-1, occludin and zonula occludin 1 [ZO-1]), mucins (mucin-13 and mucin-20) and interleukin (IL)-
22 (P < 0.05). Positive correlation was found between the beneficial microbes and SCFA levels pairwise
with the intestinal barrier genes (P < 0.05). In conclusion, orally administrating MFGM during the first
postnatal week stimulated SCFA-producing bacteria colonization and SCFA generation, enhanced intes-
tinal barrier functions and consequently improved growth performance of neonatal piglets on 21 d. Our
findings will provide new insights about MFGM intervention for microbial colonization and intestinal
development of neonates during their early life.
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1. Introduction

After birth, the gastrointestinal tract of mammal neonates are
required to structurally and functionally adapt to the extrauterine
environment and oral diets, cultivating the garden for colonizing
bacteria (Buddington and Sangild, 2011). Growing evidence in-
dicates that neonatal bacteria colonization as well as the in-
teractions between the gut microbes and the host can have
profound effects on host health outcomes (Nylund,et al., 2014;
Tamburini et al., 2016; Deguine, 2018). Intestinal microbiota have
vital functions on gut barriers, metabolic reactions, nutritional ef-
fects and the maturation of the host's immune responses (Rowland
et al., 2017; Ma et al., 2018; Valdes et al., 2018). Thus, optimal
ishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an
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intestinal development coupled with microbial colonization during
the neonatal period is of crucial importance for health and growth
in mammals.

Microbial colonization plays an indispensable role in barrier
functions and immunological maturation as a substantial contrib-
utor to intestinal development (Inoue et al., 2005; Lin and Zhang,
2017). On the one hand, luminal microbes and their metabolites,
such as short chain fatty acids (SCFA), can directly facilitate inter-
cellular tight junctions, building up the primary barrier (Kelly et al.,
2015; Singh et al., 2019). On the other hand, microorganisms can
also alter epithelial permeability by stimulating the host to release
cytokines, mucins and antimicrobial peptides, indirectly elimi-
nating pathogens and enhancing barrier functions (McGuckin,et al.,
2011; McDermott and Huffnagle, 2014; Ageitos et al., 2017).
Therefore, exploring new nutritional strategies that can program
themicrobial population appropriately is crucial to further improve
the intestinal development of neonates.

Milk fat globule membrane (MFGM) is a highly structured
complex, containing unique polar lipids and membrane-specific
proteins, enveloping fat globules secreted from epithelial cells of
the mammary gland (Bourlieu and Michalski, 2015), which can
increase the nutritional bioavailability for intestinal growth and
development (Demmelmair,et al., 2017). MFGM supplementation
showed antimicrobial advantages in shifting the microbial com-
munity by selectively inhibiting the adherence of pathogens
(Atroshi et al., 1983; Guerin et al., 2018). MFGM improved gut
development by protecting intestinal integrity from infections in
the lipopolysaccharide (LPS)-induced model (Park et al., 2010;
Snow et al., 2011). Furthermore, MFGMwas able to balance the host
immune status through its immunomodulatory effects on secretion
of cytokines and immunoglobulins (Zanabria,et al., 2014; Huang
et al., 2019). Moreover, MFGM fractions might serve as one of the
key regulators in metabolic activities, especially in lipid-associated
metabolism (Huerou-Luron,et al., 2018; Teller et al., 2018). MFGM
intervention could improve the neurocognitive functions of neo-
nates, thereby achieving a similar performance as breastfed infants
(Timby,et al., 2014; Brink and Lonnerdal, 2018; Brink et al., 2019).
Besides, our previous study confirmed the maternal imprinting
effect of MFGM onmicrobiota and the intestinal barrier functions of
piglets (Zhang et al., 2020). However, the impacts of administrating
MFGM directly to neonatal piglets on their intestinal health and
growth performances were still unclear.

Considering the critical significance of microbial colonization in
the neonatal period and the multidimensional benefits of MFGM
for intestinal health and development, this study was conducted to
investigate the effects and potential mechanisms of early life MFGM
administration on gut microbial composition, intestinal barrier
functions and growth performance of neonatal piglets.

2. Materials and methods

2.1. Animals and experimental design

The animal use protocols were reviewed and approved by the
China Agricultural University Animal Care and Use Committee
(AW07040202-1, Beijing, China). All procedures were performed
strictly according to the Guide for Experimental Animals of the
Ministry of Science and Technology (Beijing, China).

A total of 16 newborn piglets (Duroc � Landrace � Yokshire,
1.53 ± 0.04 kg) from different litters (one piglet per litter) were
assigned into a CON group or MFGM group. Piglets in the MFGM
group were administered with 5 mL MFGM solution (1 g/kg body
weight, provided by Beijing Sanyuan Foods Co. Ltd, Beijing, China)
per day during 1 d to 7 d of the postnatal period. At the same time,
piglets in the CON group were administered with equal
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physiological saline. The MFGM solution and saline were infused
into the piglet mouth by an injector with medical sterile tube. The
piglets were allowed ad libitum access to sow milk and water
throughout the neonatal period. Commercial creep feed was added
from 8 d postpartum. Health status was monitored daily and body
weight was recorded weekly until 21 d.

2.2. Sample collection

On 21 d of the neonatal period, 5 piglets per group (approxi-
mately to the average body weight of each group) were randomly
selected, and their blood was sampled from the jugular vein.
Plasma was carefully collected after centrifuging at 3,000 � g at
4 �C for 10min. Then, feces were collected and snap-frozen in liquid
nitrogen for microbiota composition analysis. As piglets were hu-
manely euthanized, duodenum, jejunum and ileum samples were
fixed in 10% phosphate-buffered formalin for morphological eval-
uation. The colonic content was gently scraped down, collected into
sterile tubes and snap-frozen in liquid nitrogen for SCFA analysis.
For mucosal samples, after rinsing the intestinal content, mid-ileal
and mid-colonic mucosa were scraped gently by glass slide,
collected into the sterile RNAase-free tubes and frozen in liquid
nitrogen for gene expressions identification. All samples were
stored at �80 �C until further analysis.

2.3. Plasma parameters measurement

All plasma samples were thawed and completely mixed before
analysis. The biochemical parameters were measured by an auto-
matic biochemical analyzer (Hitachi 7160, Hitachi High-
Technologies Corporation, Tokyo, Japan). To investigate the intes-
tinal permeability and immune status, the plasma diamine oxidase
(DAO) level and plasma immunoglobulins (including IgA, IgG and
IgM) concentrations were respectively measured by ELISA accord-
ing to the manufacturer's instructions (Beijing Sino-UK Institute of
Biological Technology, Beijing, China).

2.4. Intestinal morphology detection

Intestinal samples were removed from 10% phosphate-buffered
formalin and dehydrated through a graded ethanol series (70% to
100%), then cleared with xylene and embedded in paraffin wax.
Serial sections (5 mm thickness) were cut by LEICA RM2135 rotary
microtome (Leica Microsystems GmbH, Simi Valley, California,
United States), and stained with hematoxylin and eosin. A mini-
mum of 15 intact and well-oriented villi and their associated crypts
from each segment were measured at 100� magnifications under
bright field on a Zeiss Axio Imager microscope (Carl Zeiss Micro-
scopy LLC, White Plains, New York, United States). Villus height was
measured from the tip of the villi to the villus crypt junction, and
crypt depth was defined as the depth of the invagination between
adjacent villi (Huang et al., 2019).

2.5. Microbial sequencing analysis

Total genomic DNA of fecal samples was extracted using the
QIAamp Fast DNA Stool Mini Kit (Qiagen, Tübingen, Germany). The
V3 to V4 regions of the 16S rRNA gene were amplified using uni-
versal primers (Ren et al., 2018) and purified by AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, California, United
States). Then, the purified PCR products were pooled into equi-
molar amounts and sequenced on the Illumina HiSeq 2500 plat-
form to generate paired end reads of 300 bp.

Raw paired-end reads were strictly analyzed using QIIME
(version 1.9). In brief, the low-quality sequences were removed and



Table 1
Effects of milk fat globule membrane (MFGM) administration on growth perfor-
mance of the neonatal piglets.

Item Group1 P-value

CON MFGM

Body weight, kg
7 d 2.47 ± 0.08 2.67 ± 0.14 0.203
14 d 4.18 ± 0.09 4.74 ± 0.17 0.010
21 d 5.70 ± 0.15 6.77 ± 0.27 0.003

Average daily gain, g
1 to 7 d 134.37 ± 9.64 162.76 ± 20.78 0.218
8 to 14 d 244.11 ± 14.61 294.90 ± 17.97 0.045
15 to 21 d 217.32 ± 19.08 289.80 ± 28.53 0.050
1 to 21 d 198.60 ± 7.22 249.15 ± 12.98 0.004

1 CON, piglets fed with saline; MFGM, piglets fed with MFGM.

Table 2
Effects of milk fat globule membrane (MFGM) administration on plasma parameters
of the neonatal piglets on 21 d.

Item Group1 P-value

CON MFGM

GLU, mmol/L 7.33 ± 0.46 6.36 ± 0.07 0.128
IgA, g/L 0.85 ± 0.06 0.92 ± 0.05 0.379
IgG, g/L 7.08 ± 0.34 9.20 ± 0.30 0.001
IgM, g/L 1.02 ± 0.06 0.90 ± 0.09 0.257
TG, mmol/L 1.18 ± 0.08 1.11 ± 0.11 0.658
HDL-C, mmol/L 1.37 ± 0.12 1.39 ± 0.08 0.910
LDL-C, mmol/L 2.08 ± 0.09 2.20 ± 0.21 0.650
DAO, U/mL 3.57 ± 0.31 2.62 ± 0.07 0.015

GLU ¼ glucose; IgA ¼ immunoglobulin A; IgG ¼ immunoglobulin G;
IgM ¼ immunoglobulin M; TG ¼ triglyceride; HDL-C ¼ high density lipoprotein-
cholesterol; LDL-C ¼ low density lipoprotein-cholesterol; DAO ¼ diamine oxidase.

1 CON, piglets fed with saline; MFGM, piglets fed with MFGM.
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the remaining high-quality sequences were clustered into opera-
tional taxonomic unit (OTU) with 97% similarity. The taxonomy
assignment of OTU was conducted with the RDP classifier against
the SILVA 16S rRNA gene database (Release 132) with a confidence
threshold value of 0.70. The number of OTU per sample was
calculated as the proxy for alpha-diversity by using the MOTHUR
program. For beta-diversity analysis, principal coordinates analysis
(PCoA) was performed based on Unweighted Unifrac distances
using QIIME, and ANOSIM (1,000 Monte Carlo permutations) was
used for the statistical analysis. Wilcoxon rank-sum-test was
applied to find out the different bacteria between two groups. For
microbial functional prediction, PICRUSt was performed to analyze
the differential abundant KEGG pathways. The data were analyzed
on the free online platform of Majorbio Cloud Platform (www.
majorbio.com).

2.6. SCFA concentrations measurement

Short chain fatty acids including acetate, propionate, and buty-
rate in colonic content were quantified using Ion Chromatograph as
previously described (He et al., 2018). In brief, 0.5-g colonic content
samples were weighed and dissolved with 8 mL ultrapure water to
homogenize, and then centrifuged at 5,000 � g for 10 min. After
this, the supernatants were diluted as 1:50 and filtered through a
0.22-mm membrane, and then subjected to Ion Chromatography
System (DIONEX ICS-3000, Thermo Fisher Scientific, Waltham,
Massachusetts, United States) for SCFA measurement.

2.7. Gene expressions quantification

Total RNA of mid-ileum mucosa was extracted by Trizol reagent
(Invitrogen, United States) according to the protocol. cDNA was
obtained by reverse transcription PCR (RT-PCR) on a T100 Thermal
Cycler according to PrimeScript RT reagent Kit (Takara, Shiga,
Japan). Quantitative reverse transcription PCR (RT-qPCR) was per-
formed according to the SYBR Premix Ex Taq II instructions (Takara,
Shiga, Japan) on a Light Cycler System (Roche, South San Francisco,
California, United States). The reaction systems and programs of RT-
PCR and RT-qPCR are shown in the Appendix. Primers for RT-qPCR
(Appendix Table 1) were synthesized by Generay Company
(Shanghai, China). Amplifications were performed in triplicate for
each sample. The relative expression of target genes to that of the
reference gene (GAPDH) was calculated according to the 2�DDCt

method.

2.8. Statistical analysis

Data were analyzed by SPSS 20.0 (IBM, United States) and the
results are shown as mean ± SEM (standard error of mean). Stu-
dent's t test was used for determining the statistical differences.
GraphPad Prism (version 7, GraphPad Software, United States) was
used for the graphical representations; all statistical analyses were
considered significant at P < 0.05.

3. Results

3.1. Effects of MFGM administration on growth performance of the
neonatal piglets

As shown in Table 1, compared to the piglets in the CON group,
piglets with MFGM administration in the first week had signifi-
cantly higher body weight on 14 and 21 d (P < 0.05). Further, the
average daily gains of piglets between 8 and 14 d, 15 to 21 d and
throughout the whole neonatal period (1 to 21 d) were elevated in
the MFGM group (P < 0.05).
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3.2. Effects of MFGM administration on plasma parameters of the
neonatal piglets on 21 d

The concentration of plasma IgG on 21 d was significantly
increased, whereas the plasma DAO level was decreased in piglets
with MFGM administration in the first week (P < 0.05). No signif-
icant differences were found in other parameters including glucose
(GLU), IgA, IgM, triglyceride (TG), high density lipoprotein-
cholesterol (HDL-C) and low density lipoprotein-cholesterol (LDL-
C) between the two groups (Table 2).

3.3. Effects of MFGM administration on intestinal morphology of
the neonatal piglets on 21 d

To define the intestinal morphological development of piglets,
villus height and crypt depth of intestines were measured (Fig. 1
and Table 3). Results showed that administrating MFGM in the
first week increased the villus height of the duodenum and ileum,
but decreased the crypt depth of the duodenum of piglets on
21 d (P < 0.05). In addition, the ratio of intestinal villus height to
crypt depth was significantly higher in theMFGM group than in the
CON group (P < 0.05).

3.4. Effects of MFGM administration on fecal microbial composition
and functional profiles of the neonatal piglets on 21 d

The differences in bacteria community compositions of piglets in
the CON and MFGM groups were investigated. A total of 844,360
high-quality sequences were obtained from 10 samples. Based on
97% sequence similarity, 907 OTU were identified and then assigned
to 20 phyla, 28 classes, 54 orders, 106 families, and 291 genera. In

http://www.majorbio.com
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Table 3
Effects of milk fat globule membrane (MFGM) administration on intestinal
morphology of the neonatal piglets on 21 d.

Item Group1 P-value

CON MFGM

Villus height, mm
Duodenum 416.70 ± 18.09 480.45 ± 19.20 0.042
Jejunum 423.50 ± 22.58 399.00 ± 18.86 0.429
Ileum 342.78 ± 33.80 444.68 ± 19.04 0.030

Crypt depth, mm
Duodenum 184.92 ± 13.69 112.93 ± 5.35 0.001
Jejunum 135.43 ± 10.27 107.07 ± 9.71 0.080
Ileum 102.95 ± 5.78 111.33 ± 9.30 0.466

Villus height-to-crypt depth ratio
Duodenum 2.32 ± 0.24 4.63 ± 0.52 0.004
Jejunum 3.21 ± 0.31 3.62 ± 0.25 0.336
Ileum 3.71 ± 0.52 4.47 ± 0.52 0.332

1 CON, piglets fed with saline; MFGM, piglets fed with MFGM.
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spite of the 714 common OTU, 75 OTU were solely isolated in the
CON group and 118 OTU were present in the MFGM group (Fig. 2A).

In terms of the alpha-diversity (Table 4), Simpson indexes were
significantly decreased in the MFGM group (P < 0.05), whereas no
differences in microbial Sobs index, Ace index, Chao index and
Shannon index were observed between the two groups. For the
beta-diversity, principal coordinates analysis (PCoA) based on the
Unweighted Unifrac distances showed significant differences be-
tween the CON group and the MFGM group (Fig. 2B).

The bar plots of microbiota composition showed that Firmicutes
and Bacteroidetes were the predominated phyla in piglets of both
the CON and MFGM group (Fig. 2C). At genus level, Bacteroides was
the most dominated microbiota in the CON group, whereas Rumi-
nococaceae_UCG-002 was the most dominated microbiota in the
MFGM group (Fig. 2D).

Differential microbiota analyzed by Wilconxon rank-sum test at
genus level demonstrated that administrating MFGM in the first
week significantly increased the relative abundances of Rumino-
cocaceae_UCG-002, Ruminococaceae_UCG-010, Ruminococa-
ceae_UCG-004, Ruminococaceae_UCG-014 and [Ruminococcus]
_gauvrearuii_group, but decreased Tyzzerella, Clostridium_sensu_s-
tricto_2 and Eisenbergiella on 21 d (P < 0.05) (Fig. 2E).

To investigate the functional profiles of the bacterial commu-
nity, Phylogenetic Investigation of Communities by Reconstruc-
tion of Unobserved States (PICRUSt) was applied to estimate the
gene family abundances of bacterial communities (Fig. 3). The
results showed that the relative abundances of genes involved in
the secretion system, sporulation, phenylalanine, tyrosine and
tryptophan biosynthesis, proteins replication, recombination and
repair proteins, pantothenate and CoA biosynthesis, propionate
metabolism and signal transduction mechanisms were signifi-
cantly elevated in the piglets from the MFGM group (P < 0.05),
whereas those involved in glycine, serine and threonine meta-
bolism, carbon fixation in photosynthetic organisms, glyoxylate
and dicarboxylate metabolism and LPS biosynthesis proteins were
significantly declined in the piglets from the MFGM group
(P < 0.05).
Fig. 1. Effects of milk fat globule membrane (MFGM) administration on intestinal morpholog
morphology of duodenum, jejunum and ileum in piglets. CON, piglets fed with saline; MFG
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3.5. Effects of MFGM administration on fecal SCFA concentrations
and intestinal GPR gene expressions of the neonatal piglets on 21 d

The SCFA concentrations in the feces and their receptor gene
expressions in the intestine were tested. The results showed that
the concentrations of acetate, propionate and butyrate in the
MFGM group were higher than those in the CON group (P < 0.05)
(Fig. 4A). Additionally, administering MFGM in the first week
increased the gene expression of G-protein coupled receptor 41
(GPR41) in the colonic mucosa on 21 d compared to the CON group
(P < 0.05) (Fig. 4B).
3.6. Effects of MFGM administration on intestinal barrier functions
associated genes of the neonatal piglets on 21 d

The gut barrier functions in the ileum and colon of piglets were
evaluated to define the intestinal development. The results clarified
that administration of MFGM in the first week significantly
ical structure of the neonatal piglets on 21 d. Light microscopy (100�) of the intestinal
M, piglets fed with MFGM.



Fig. 2. Effects of milk fat globule membrane administration on fecal microbiota composition of the neonatal piglets on 21 d. Venn diagram (A); beta-diversity of PCoA based on
Unweighted Unifrac distances (B); microbial composition at the phylum and genus levels (C, D); differential microbial composition based on Wilconxon rank sum test (E). CON,
piglets fed with saline; MFGM, piglets fed with milk fat globule membrane. *P < 0.05.

Table 4
Effects of milk fat globule membrane (MFGM) administration on fecal bacteria
alpha-diversity of the neonatal piglets on 21 d.

Item Group1 P-value

CON MFGM

Sobs index 526.60 ± 52.25 583.60 ± 48.15 0.112
Ace index 618.08 ± 52.62 667.85 ± 48.41 0.158
Chao index 637.85 ± 51.79 679.66 ± 65.66 0.300
Shannon index 3.59 ± 0.58 4.25 ± 0.41 0.072
Simpson index 0.10 ± 0.05 0.04 ± 0.02 0.037

1 CON, piglets fed with saline; MFGM, piglets fed with MFGM.
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upregulated the gene expressions of tight junctions (E-cadherin,
occludin, claudin-4 and zonula occludin 1 [ZO-1]), mucins (mucin-
13 and mucin-20) and interleukin (IL)-22 in the ileum (P < 0.05)
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(Fig. 5AeC); gene expressions of claudin-1, IL-22 and regenerating
gene 3g (Reg3g) were significantly elevated in the MFGM group
(P < 0.05) (Fig. 5DeF).
3.7. Spearman correlation analysis between microbiota and
intestinal barrier functions associated genes, SCFA concentrations

To further affirm microbial effects on gut barrier functions and
SCFA production, spearman correlation analyses were carried out.
The results exhibited that the enriched bacteria (mainly located in
Ruminococcaceae) in the MFGM group was positively correlated
with SCFA concentrations (P < 0.05) (Fig. 6A) and gene expressions
of barrier functions (P < 0.05) (Fig. 6B) separately, whereas
decreased bacteria in the MFGM group showed strong negative
correlation with the barrier function genes and SCFA levels
(P < 0.05).



Fig. 3. Effects of milk fat globule membrane (MFGM) administration on functional prediction of microbial community of the neonatal piglets on 21 d. Differential abundances of
KEGG pathways. KEGG ¼ Kyoto Encyclopedia of Genes and Genomes. CON, piglets fed with saline; MFGM, piglets fed with MFGM. *P < 0.05; **P < 0.01.

Fig. 4. Effects of milk fat globule membrane administration on fecal SCFA concentrations and intestinal GPR genes of the neonatal piglets on 21 d. The concentrations of SCFA in
colonic content (A); the gene expressions of GPRs in colonic mucosa (B). CON, piglets fed with saline; MFGM, piglets fed with milk fat globule membrane. GPR41 ¼ G-protein
coupled receptor 41; GPR43 ¼ G-protein coupled receptor 43; GPR119 ¼ G-protein coupled receptor 119; GPR120 ¼ G-protein coupled receptor 120. *P < 0.05.
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4. Discussion

After birth, mammal intestinal morphology and functionality
are obliged to adapt into a bacteria-rich environment from a germ-
free uterus (Guilloteau et al., 2010). Merging evidence has high-
lighted that the neonatal period is a critical window phase for
microbial colonization which can have profound impacts on the
intestinal health and development throughout an animals’ lifetime
(Tamburini et al., 2016; Deguine, 2018). MFGM, a lipideprotein
complex enveloping milk fat globule, was reported to exert prof-
itable effects on digestion, physiology and modulation in gut mi-
crobial populations (Sprong et al., 2012; Hernell et al., 2019). In the
present study, oral administration of MFGM during the first week
improved SCFA production by facilitating the SCFA-producing
bacteria colonization, enhancing intestinal barrier functions and
consequently improving the growth performance of neonatal
piglets.

MFGM, mainly structured with glycoproteins, phospholipids and
sphingolipids, was regarded as a potential nutraceutical possessing
healthy biological benefits to the mammals (Dewettinck et al., 2008;
Spitsberg, 2005). Butyrophilin (BTN), mucins, xanthine
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oxidoreductase (XOR), lactadherin (MFG-E8) and fatty acid binding
protein (FABP) are well characterized MFGM proteins with various
biochemical properties (Demmelmair,et al., 2017). Previous study
has demonstrated that dietary MFGM supplementation exerted
growth-enhancing effects on neonatal health and intestinal matu-
ration of infants and young animals, which confirmed our results of
the promoted growth performance of piglets after the first week of
MFGM administration (Bhinder,et al., 2017). Moreover, the elevated
plasma IgG level in the present study indicated that administrating
MFGM in the first week strengthened the immunological defense of
neonatal piglets and prevented infections (Iwasaki and Medzhitov,
2015).

Numerous studies have demonstrated that MFGM fractions
contributed to the alteration in gut microbial composition
(Bhinder,et al., 2017; He et al., 2019). On the one hand, some gly-
cosylated proteins from MFGM could provide substrates for mi-
crobial fermentation, and the metabolites in return may affect the
microbiota (Bourlieu and Michalski, 2015). In the present study,
administration of MFGM in the first week enriched the beneficial
SCFA-producing Ruminococcaceae and Ruminococcus on 21 d,
which could ferment milk oligosaccharides to produce SCFA for



Fig. 5. Effects of milk fat globule membrane administration on intestinal barrier functions associated genes of the neonatal piglets on 21 d. Gene expressions of tight junctions,
mucins, cytokines and Reg3g in ileal mucosa (A to C) and colonic mucosa (D to F). CON, piglets fed with saline; MFGM, piglets fed with milk fat globule membrane. ZO-1 ¼ zonula
occludin 1; TNF-a ¼ tumor necrosis factor a; IFN-g ¼ interferon g; IL-1b ¼ interleukin 1b; IL-10 ¼ interleukin 10; IL-22 ¼ interleukin 22; Reg3g ¼ regenerating gene 3g. *P < 0.05.
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microbial modulation and epithelial development (Paturi,et al.,
2018). On the other hand, glycosylated proteins and sphingolipids
from MFGM acted as binding sites or stimulate mucin secretion,
thereby preventing the adherence of pathogens to intestinal mu-
cosa (Huerou-Luron,et al., 2018). In the current study, the declina-
tion of Tyzzerella, Clostridium_sensu_stricto_2 and Eisenbergiella,
along with the upregulation of mucins (mucin-13 and mucin-20) in
MFGM group implied that MFGM helped to build up the mucus
layer to suppress the colonization of pathogens. Additionally, as a
biomarker of pathogens, the decreased bacteria functional profiles
involved in LPS biosynthesis proteins in the MFGM group also
inhibited the pathogenic proliferation and colonization (Battle
et al., 2015), and subsequently improved intestinal health and
barrier functions.

Furthermore, some of the specificMFGM fractions could interact
with the nutrients and microbial metabolism, maintaining meta-
bolic homeostasis (Conway et al., 2014). For example, FABP, a well
described protein present in high concentration in MFGM, plays an
active role in fatty acids bonding, as fatty acids enter the cells for
further fatty acid metabolism (Hotamisligil and Bernlohr, 2015) . In
the present study, the increases in the SCFA concentrations and
their receptor (GPR41) in the MFGM group, as well as the promoted
propionate metabolism profiles, indicated that administrating
MFGM in the first week regulated the microbiota and SCFA meta-
bolism, which eventually energized the enterocytes and enhanced
the gut barrier functions (Kelly et al., 2015). In addition, the
modification in biosynthesis and metabolism of some amino acids,
such as phenylalanine, tyrosine and tryptophan in theMFGM group
were also reported to contribute to intestinal integrity and health
(Mou,et al., 2019). Besides, the increased pantothenate and CoA
biosynthesis profiles may accelerate energy production, contrib-
uting to the intestinal homeostasis and growth development
(Grevengoed et al., 2014).

MFGM fractions have been shown to have various advantageous
impacts on intestinal integrity and barrier functions. The intestinal
barrier is composed of a physical barrier, chemical barrier, immu-
nological barrier and a microbial barrier. Tight junctions and mu-
cins build up the primary barrier for preventing the invasion of
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pathogens (Pelaseyed et al., 2014; Halpern and Denning, 2015). In
the current study, the upregulated gene expressions of tight junc-
tions (E-cadherin, occludin, claudin-4 and ZO-1) and mucins
(mucin-13 and mucin-20) in the MFGM group suggested that the
intestinal physical and chemical barriers that protect intestines
from pathogenic infectionwere enhanced, which is consistent with
the results of previous studies (Park et al., 2010; Li et al., 2018a, b).
In addition, the modified immunological barrier due to the increase
of IL-22, contributed to the activation of the mucosa immune de-
fense, thereby improving resistance to colonization of pathogens
and intestinal health (Schreiber et al., 2015; Sovran et al., 2015).
Additionally, IL-22 augmentation was shown to induce the anti-
microbial peptide Reg3g expression, which is an important
component of the chemical barrier involved in the retardation of
pathogens (Sonnenberg et al., 2011). The colonization of SCFA-
producing bacteria in the MFGM group (mainly classified in
Ruminococcaceae) was supportive to the gut microbial barrier. A
positive relationship between the settled bacteria and the intestinal
barrier genes demonstrated the indispensable role of SCFA-
producing bacteria in the intestinal barrier establishment (Perdijk
et al., 2019). Meanwhile, the bacteria-derived SCFA were reported
to not only directly enhance the intestinal barriers (Elamin,et al.,
2013), but also confer healthy outcomes by upregulating Reg3g
expressions (Chun et al., 2019; Bajic et al., 2020). Furthermore,
lower plasma DAO levels of piglets in the MFGM group confirmed
the superior intestinal barrier functions with inferior permeability
after the first week of MFGM administration, because DAO as an
intracellular component would be released into the blood as the
intestinal permeability increased (Qin et al., 2019).

Previous studies have confirmed the barrier-enhancing role of
MFGM intervention in different animal models (Li et al., 2018a, b;
Huang et al., 2019). On the one hand, the MFGM fractions, such as
gangliosides and MFG-E8, might directly promote the intestinal
barriers (Park et al., 2010; Li et al., 2018a, b). On the other hand,
MFGM modulated the commensals colonization and adhesion of
pathogens, the resident bacteria and their metabolites, which could
then contribute to the intestinal barrier functions (Guerin et al.,
2018; Bhinder et al., 2017). In the present study, it could be



Fig. 6. Spearman correlation analysis between microbiota and SCFA concentrations, intestinal barrier functions associated gene expressions. The correlation heatmap of microbiota
and SCFA levels in feces (A), as well as intestinal barrier genes (B). *P < 0.05, **P < 0.01, ***P < 0.001.
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inferred that MFGM intervention during only the first week might
shape the microbial colonization in the early life, which showed a
long-term effect on the microbial populations and their metabolic
status on 21 d. The colonized SCFA-producing bacteria and the
produced SCFA have been reported to improve the gut barrier
functions (Elamin,et al., 2013).

5. Conclusions

Collectively, oral administration of MFGM during the first
postnatal week not only enhanced the piglets’ growth over the
duration, but also exhibited a long-term effect on the immuno-
logical defense, microbial colonization, intestinal barriers and
growth performance until 21 d. Early life administration of MFGM
elevated the plasma IgG level, activated SCFA-producing bacteria
colonization (i.e. Ruminococcaceae) for generating more SCFA, and
promoted intestinal morphology and barrier functions by upregu-
lating gene expressions of tight junctions (E-cadherin, claudin-1,
353
occludin and ZO-1), mucins (mucin-13 and mucin-20) and anti-
inflammatory cytokines (IL-22) on 21 d. Our findings suggest
MFGM as a potential functional ingredient for modulating micro-
bial populations and improving intestinal health and functions in
mammalian neonates.
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