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Dietary milk fat globule membrane
supplementation during late gestation increased
the growth of neonatal piglets by improving their
plasma parameters, intestinal barriers, and fecal
microbiota+

Xiangyu Zhang,? Yujun Wu,? Hao Ye,? Cuiping Feng,? Dandan Han,? Shiyu Tao,? Yu Pi,?
Junying Zhao,® Lijun Chen® and Junjun Wang { *2

Milk fat globule membrane (MFGM), mainly comprising protein and fat, has been reported to have multiple
biological functions for relieving intestinal inflammation and enhancing growth performance. We
hypothesized that MFGM supplementation into sows' diet during late gestation can have a positive
impact on the intestinal microecology of sows and their piglets, as well as on the growth of neonates.
Therefore, the present study was conducted to investigate such effects and their potential mechanisms.
Twenty-two pregnant sows were selected and randomly divided into the CON group (basal diet) and
MFGM group (basal diet supplemented with 9.9 g per day MFGM). The feeding period began from d 85
of gestation and until farrowing. The concentrations of albumin (ALB), low-density lipoprotein
cholesterol (LDL-C), and non-esterified fatty acids (NEFA) in plasma and short-chain fatty acids (SCFAs)
in feces of sows from the MFGM group were determined. The concentrations of growth hormone (GH),
immunoglobulin A (IgA), glucose (GLU), and NEFA in the umbilical cord blood in the MFGM group were
significantly higher than those in the CON group. Piglets from the MFGM group showed improved
growth performance, increased villus height in the jejunum, decreased crypt depth in the duodenum and
jejunum, upregulated mRNA expressions of tight junctions (namely, Occludin; Claudin-1, Claudin-2, and
Claudin-4; zonulin-1 (ZO-1)); mucins such as Mucin 2, Mucin 4, Mucin 13, and Mucin 20; and immune-
related genes, such as tumor necrosis factor-o (TNF-a), interferon-y (INF-vy), interleukin-22 (IL-22), toll-
like receptor 2 (TLR2), and toll-like receptor 4 (TLR4). In addition, the abundance of Prevotella in the
feces of sows at farrowing and the abundance of Christensenellaceae_R-7_group in the feces of 21 day-
old piglets from the MFGM group were significantly higher. Further correlation analysis revealed that the
Christensenellaceae_R-7_group was positively correlated with the relative mRNA expressions of
Occludin, Claudin-1, Claudin-2, Claudin-4, Mucin 13, TLR2, and TLR4. In conclusion, MFGM
supplementation during late gestation improved the physiological status of sows by improving their
plasma parameters and intestinal microecology. The improved provision of nutrients through the
umbilical cord blood and optimized microbiota colonization in neonatal piglets were beneficial to the
intestinal morphological structure and barrier functions, consequently improving the growth
performance of neonates during lactation. These findings provide insights into the future applications of
MFGM with regard to maternal—fetal nutrition and a new option for nutritional intervention of neonates
through maternal dietary manipulation.
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Late gestation is a critical period since two-thirds of the fetal
growth occurs during the last third of the gestation period,
which places an intensive physiological and metabolic burden
on mothers." Insufficient or unbalanced nutrition provision for
mothers can not only affect maternal health, but also determine
the growth and development of fetuses and neonates, as well as
induce the risk of metabolic syndrome in their offspring.
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Therefore, nutritional supply during late gestation is important,
considering its direct effects on the reproductive performance
of mothers and also having great significance toward fetuses
and neonates.

Intestinal development, particularly of the mucosal epithe-
lium, plays an important role in piglet health.** Incomplete
intestinal function can lead to decreased digestion, absorption,
barrier, and immunity.> On the other hand, increased attention
has been recently paid toward the role of the microbiota in
intestinal development.® Some studies have shown the corre-
lations between the microbiota and intestinal barrier func-
tions.” Considering that the microbiota of piglets is mainly
derived from the intestinal strains of sows,' regulating the
maternal intestinal microecology deserves attention.

Milk fat is one of the main components of milk, generally
accounting for 3-5% of the milk composition in the form of fat
balls. On the surface of milk fat, a 10-20 nm membrane is
present, which is known as the milk fat globule membrane
(MFGM),"** which is composed of a three-layer membrane
structure comprising phospholipids, sphingolipids, and
various proteins. MFGM has been confirmed to be associated
with many physiological functions," such as decreasing infec-
tions and inflammations in rodent models," promoting gut
mucosal integrity during lipopolysaccharide (LPS)-induced
intestine inflammation in male BALB/c adult mice," and alle-
viating high-fat-diet-induced colon inflammation.’* MFGM
supplementation has also been demonstrated to improve the
growth performance of neonatal mice during their early life."”
However, there are no studies investigating the effects of MFGM
supplementation in the gestational diet on the intestinal
microecology of their offspring.

We hypothesized that gestational supplementation with
MFGM can have a positive impact on the intestinal micro-
ecology of sows and consequently their piglets. Subsequently,
this study was conducted to investigate the effects and potential
mechanisms of dietary MFGM supplementation during late
gestation on litter performance of the sows and also on the gut
microbiota, intestinal barrier functions, plasma parameters,
and growth performance of their piglets during the neonatal
stage.

Materials and methods

Animals and experimental treatments

In this study, 22 Large White and Landrace sows (parity: 1.68 +
0.46) were selected and randomly divided into 2 groups: CON
group (basal diet) (n = 11) and MFGM group (basal diet sup-
plemented with 9.9 g per day MFGM) (n = 11). The formula of
the basal diet is shown in ESI Table S1.f The composition of
MFGM (Hilmar, USA) is illustrated in ESI Table S2.} Here, 3.3 kg
MFGM was supplemented into the basal diet per ton. Each sow
was fed with a 3 kg diet every day. The feeding period began
from d 85 of gestation and continued until farrowing. All the
sows were housed in individual gestation stalls (2.1 x 0.6 m?)
from d 85 until d 106 of gestation. On d 107 of gestation, the
sows were moved into the farrowing rooms with environment-
controlled systems and housed in individual farrowing crates
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(2.1 x 1.5 m?). Room temperature was maintained at 21.6 °C.
All the animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of China
Agricultural University and approved by the Animal Ethics
Committee of China Agricultural University.

Measurement of litter performance and growth performance

The number of total piglets, live piglets, healthy piglets, weak
piglets (birth weight: <1.0 kg), and stillborn fetuses per litter
were recorded at birth. The total litter weight, average birth
weight, and variation in birth weight were measured and
calculated. Piglets per litter were weighed ond 0, d 7, d 14, and
d 21 after birth; further, the average body weight and average
daily weight gain were calculated for each group.

Sample collection

Sow. Fresh feces samples as well as blood samples from the
ear vein of each sow on d 114 of gestation and umbilical blood
at farrowing were collected without fasting. Heparin sodium
was used for anticoagulation.

Piglet. Five piglets were randomly selected from each group.
On d 21 after birth, the feces samples were collected without
fasting; then, all the selected piglets were humanely euthanized
for collecting the samples, namely, the middle segments of the
duodenum, jejunum, and ileum and the chyme and mucosa
from the middle segments of the ileum and colon. The middle
segments of the ileum and colon in the piglets were opened and
thoroughly rinsed with sterile normal saline; then, the mucosa
was collected by scraping with glass slides. Mid-ileal and mid-
colonic chyme were collected in sterile tubes.

All the blood samples were centrifuged at 3000xg for 10 min
to obtain the plasma samples and immediately stored at —20 °C
until further analysis. All the feces samples and tissue samples
were stored in liquid nitrogen.

Measurement of plasma parameters

All the plasma samples were thawed and completely mixed
before analysis. The concentrations of biochemical parameters,
such as total protein (TP), albumin (ALB), globulin (GLB),
creatine kinase (CK), serum total cholesterol (TC), total triglyc-
eride (TG), high-density lipoprotein cholesterol (HDL-C), low-
density lipoprotein cholesterol (LDL-C), very-low-density lipo-
protein cholesterol (VLDL-C), blood glucose (GLU), total bile
acid (TBA), and non-esterified fatty acid (NEFA) were deter-
mined by means of an automatic biochemical analyzer (Hitachi
High-Tech Corporation, Japan). The concentrations of growth
hormone (GH), insulin-like growth factors (IGF-1), diamine
oxidase (DAO), and immunoglobulins (IgA, IgG, and 1gM) were
measured by means of ELISA assays according to the manu-
facturer's instructions (Beijing Sino-UK Institute of Biological
Technology, China).

Morphological analysis of intestinal epithelial tissues

Intestinal samples were removed from 10% phosphate-buffered
formalin, dehydrated through a graded ethanol series (70% to
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100%), and then cleared with xylene and embedded in paraffin
wax. Serial sections (thickness: 5 pm) were cut with a LEICA
RM2135 rotary microtome (Leica Microsystems GmbH, Ger-
many) and stained with hematoxylin and eosin. A minimum of
15 intact and well-oriented villis and their associated crypts
from each segment were measured at 100x magnification
under the bright field on a Zeiss Axio Imager microscope (Carl
Zeiss Microscopy LLC, United States). The villus height was
measured from the tip of the villi to the villus crypt junction; the
crypt depth was defined as the depth of the invagination
between adjacent villi."”

RNA isolation, cDNA synthesis, and real-time quantitative
PCR (RT-qPCR)

Following the protocol, the total RNA data from mid-ileum and
mid-colon were extracted by using a TRIzol kit (Invitrogen,
United States), and cDNA was obtained by using PrimeScript™
RT kit (Takara, Japan). RT-qPCR was performed according to the
SYBR Premix Ex Taq™ II instructions (Takara, Japan). Primers
for RT-qPCR were synthesized by Shanghai Generay Biotech Co.,
Ltd. (ESI Table S3t).">* Amplifications were performed on
a LightCycler system (Roche, Germany) in triplicate for each
sample. The relative mRNA expressions of the target genes to
that of glyceraldehyde-3-phosphate dehydrogenase (GADPH)
were calculated according to the 27*4°* method.

Fecal microbiota analysis

The fecal samples were extracted for the total genomic DNA by
using the QIAamp® Fast DNA Stool Mini Kit (QIAGEN Ltd.,
Germany) according to the manufacturer's protocol. The V3-v4
region of the 16S rRNA gene was amplified using the universal
primers 338F (ACTCCTACGGGAGGCAGCAG) and 806R (GGAC-
TACHVGGGTWTCTAAT).>> The amplified products were detec-
ted by using 2% agarose gel electrophoresis, purified by using
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, United
States), and quantified by a Qubit 2.0 Fluorometer (Thermo
Fisher Scientific, United States). The purified PCR products
were pooled into equimolar amounts and sequenced on the
Ilumina HiSeq 2500 platform to generate paired end reads of
300 bp.>

Raw paired-end reads were strictly analyzed by using QIIME
(version 1.9).> In brief, the low-quality sequences with a length
of <220 nt or >500 nt, average quality score of <20, and
sequences containing >3 nitrogenous bases were removed.**
The remaining high-quality sequences were clustered into
operational taxonomic units (OTUs) with 97% similarity by
using UPARSE (version 7.0)** and the chimeric sequences were
removed by using UCHIME.*® The taxonomic assignhments of
the OTUs were conducted with the RDP classifier against the
SILVA 16S rRNA gene database (Release 128)* with a confidence
threshold of 0.70. The alpha diversity was evaluated by calcu-
lating the Shannon diversity index and number of OTUs per
sample with the MOTHUR program (version 1.30.1).>° Bar plots
and heat maps were obtained by using the “vegan” package in R
(version 3.3.1). For the beta diversity analysis, a principal
coordinates analysis (PCoA) was performed based on the
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unweighted UniFrac distances by using QIIME (version 1.9).
ANOSIM (1000 Monte Carlo permutations) based on the
unweighted UniFrac distances was used to compare the simi-
larity of the microbial community between the groups by using
the “vegan” package of R (version 3.3.1).

Determination of short-chain fatty acids (SCFAs)

SCFAs such as acetates, propionates, and butyrates were
quantified with an ion chromatograph, as described earlier.*® In
brief, 0.5 g of feces samples from the sows and chyme samples
from the piglets were weighed, dissolved with 8 mL ultrapure
water, homogenized, and then centrifuged at 5000xg for
10 min. The supernatant was diluted (1 : 50), filtered through
a 0.22 um membrane, and then subjected to SCFA analysis by
using an ion chromatography system (Thermo Fisher Scientific,
United States).

Statistical analysis

Data were presented as means + SEM. Statistical significance
was assessed by means of the independent sample Student's ¢-
test using the SPSS v. 20.0 software package (IBM SPSS, USA).
Correlations between the differential bacterial genera and
physiological parameters were assessed by Spearman correla-
tion analyses. Data were considered to be statistically signifi-
cant for P < 0.05 and had a tendency when 0.05 < P < 0.1.

Results

Effects of MFGM supplementation during late gestation on
the litter performance of sows

First, we investigated the effects of MFGM supplementation
during late gestation on the litter performance. There was no
significant difference in the number of total piglets, live piglets,
healthy piglets, weak piglets, stillborn fetuses, total litter
weight, average birth weight, and variation in birth weight
between the CON and MFGM groups. However, the MFGM
group showed a tendency of reduced number of stillborn
fetuses as compared to the CON group (Table 1).

Effects of MFGM supplementation during late gestation on
plasma parameters

Then, the effects of MFGM supplementation on plasma
parameters were determined to define the metabolic status of
the host, as well as the nutrients transfer from the sows to the
piglets through umbilical cord blood.

Sow. As shown in Table 2, MFGM supplementation had no
effects on the concentrations of TP, GLB, and ALB/GLB ratio (P>
0.05), but the concentrations of ALB and CK (P < 0.05) increased.
In terms of cholesterol and lipoprotein profiles, the concen-
trations of TC and LDL-C increased in the MFGM group (P <
0.05), but no significant differences in TG, HDL-C, and VLDL-C
between the two groups were found. There was no significant
difference in GLU and TBA. In addition, the concentration of
NEFA in the MFGM group was higher than that in the CON
group (P < 0.05).

RSC Adv, 2020, 10, 16987-16998 | 16989
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Table 1 Effects of MFGM supplementation during late gestation on the litter performance of sows

Items CON MFGM Pvalue
Total piglets (1) 13.00 + 0.63 13.00 + 0.65 1.000
Live piglets (n) 12.38 + 0.63 12.86 £ 0.67 0.608
Healthy piglets (n) 11.50 + 0.57 12.29 + 0.75 0.410
Weak piglets (birth weight <1.0 kg) (n) 0.88 + 0.40 0.57 £ 0.30 0.561
Stillborn fetuses (1) 0.63 £ 0.18 0.14 + 0.14 0.063
Total litter weight (kg) 17.72 + 0.75 17.74 + 0.96 0.989
Average birth weight (kg) 1.42 + 0.04 1.44 + 0.05 0.694
Variation of birth weight (CV, %)* 17.20 + 1.48 15.33 £ 0.94 0.331

¢ Coefficient of variation, the ratio of standard deviation of body weight to average body weight of neonatal piglets at birth. MFGM, milk fat globule

membrane; CON, CON group fed with the basal diet (n = 11); MFGM, MFGM group fed with the basal diet plus MFGM (n = 11).

Table 2 Effects of MFGM supplementation during late gestation on
the plasma parameters of sows on d 114 of gestation®

Items CON MFGM Pvalue
TP (gL7Y) 68.91 + 0.92 70.40 £ 0.91  0.266
ALB (gL 31.48 £ 0.57 3291 +£0.31  0.042
GLB (gL 7Y 37.43 £ 0.91 3750 £ 0.92  0.957
ALB/GLB 0.84 £+ 0.03 0.88 £ 0.03 0.383
CK (U LflJ 165.50 + 10.20 209.49 + 9.85 0.006
TC (mmol L™Y) 1.58 £ 0.07 1.85 £ 0.10  0.042
TG (mmol L) 0.50 + 0.06 0.59 + 0.05  0.248
HDL-C (mmol L™) 0.72 £ 0.03 0.77 £ 0.03 0.319
LDL-C (mmol LY 0.71 + 0.03 0.90 +0.06  0.011
VLDL-C (mmol Lfl) 0.13 £ 0.02 0.18 £ 0.03 0.246
GLU (mmol Lfl) 4.97 + 0.21 4.72 + 0.18 0.389
TBA (umol L™) 36.95 + 1.98 37.32 + 1.24 0.877
NEFA (mmol L) 0.26 + 0.01 0.38 £0.02  <0.001

4 TP, total protein; ALB, albumin; GLB, globulin; CK, creatine kinase;
TC, total cholesterol; TG, total triglyceride; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
VLDL-C, very-low-density lipoprotein cholesterol; GLU, blood glucose;
TBA, total bile acid; NEFA, non-esterified fatty acid. MFGM, milk fat
globule membrane; CON, CON group fed with the basal diet (n = 11);
MFGM, MFGM group fed with the basal diet plus MFGM (n = 11).

Piglet. Umbilical cord blood is a part of fetal blood circula-
tion. Therefore, we used the umbilical cord blood indexes as
plasma parameters of piglets on d 0. The concentrations of GLU
and NEFA in the MFGM group were higher than those in the
CON group (P < 0.05). In terms of immunoglobulin, the
concentration of IgA in the MFGM group was higher than that
in the CON group (P < 0.05). The concentration of GH in the
MFGM group was higher than that in the CON group (P < 0.05).
In addition, the concentration of IGF-1 did not show a signifi-
cant difference between the two groups (Table 3). We found no
significant difference in the different plasma parameters in
piglets on d 21.

Effects of MFGM supplementation during late gestation on
the growth performance of piglets during lactation

To investigate the transgenerational effects of MFGM supple-
mentation only during late gestation on the growth perfor-
mance of the offspring, we monitored the dynamic growth of
neonatal piglets during lactation. As shown in Table 4, there
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was no significant difference in the average body weight of the
piglets on d 7 after birth between the two groups. However, on
d 14 and d 21, the average body weights of the piglets in the

Table 3 Effects of MFGM supplementation during late gestation on
the plasma parameters of piglets on d 0 and d 21¢

Items CON MFGM P value
Piglets (day 0) (n = 11)

GLU (mmol L% 0.15 =+ 0.05 0.39 + 0.09 0.020
IgA (g LY 0.96 + 0.05 1.10 £ 0.05 0.020
IgG (g LY 5.76 & 0.12 5.74 4+ 0.28 0.968
IgM (g L7Y) 0.91 + 0.08 0.84 + 0.07 0.535
GH (ng mL ™) 5.34 + 0.16 5.92 + 0.13 0.011
NEFA (mmol Lfl) 0.25 + 0.01 0.21 + 0.01 0.005
IGF-1 (ng mL™Y) 53.45 + 0.42 54.92 + 3.01 0.634
Piglets (day 21) (n = 5)

GLU (mmol Lfl) 7.33 £ 0.46 6.38 = 0.16 0.080
IgA (gL7Y) 1.00 + 0.09 0.96 + 0.05 0.640
IgG (g LY 7.08 + 0.42 7.08 + 0.34 0.999
IgM (g L7 1.02 + 0.06 0.85 + 0.07 0.085

¢ GLU, blood glucose; IgA, immunoglobulin A; IgG, immunoglobulin G;
IgM, immunoglobulin M; GH, growth hormone; NEFA, non-esterified
fatty acid; IGF-1, insulin-like growth factor-1. MFGM, milk fat globule
membrane; CON, CON group fed with the basal diet (n = 11); MFGM,
MFGM group fed with the basal diet plus MFGM (n = 11).

Table 4 Effects of MFGM supplementation during late gestation on
the growth performance of piglets during the neonatal stage®

Items CON MFGM P value
Average body weight (kg)

d7 2.31 £ 0.11 2.64 £ 0.13 0.081
d14 3.63 £ 0.16 4.23 £ 0.12 0.011
d21 5.49 £ 0.27 6.23 +0.13 0.033
Average daily weight gain (g)

do0-7 125.68 + 12.53 168.85 + 16.07 0.049
d7-14 199.70 + 12.64 241.63 + 7.73 0.017
d 14-21 260.00 + 10.03 284.33 + 13.35 0.176
d 0-21 202.64 + 14.66 226.79 + 4.26 0.214

¢ MFGM, milk fat globule membrane; CON, CON group fed with the
basal diet (n = 11); MFGM, MFGM group fed with the basal diet plus
MFGM (n = 11).

This journal is © The Royal Society of Chemistry 2020
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Table 5 Effects of MFGM supplementation during late gestation on
the intestinal villus morphology of 21 day-old piglets®

Items CON MFGM P value
Villus height (nm)

Duodenum 416.07 £ 18.09 473.22 £+ 21.33 0.078
Jejunum 423.50 £ 22.58 542.72 1 40.14 0.032
Ileum 342.78 + 33.80 401.05 + 34.59 0.263
Crypt depth (um)

Duodenum 184.92 £ 13.69 102.27 & 2.30 0.003
Jejunum 135.43 £ 10.27 98.69 £ 4.47 0.011
Ileum 102.95 + 5.78 80.38 & 8.98 0.067
Villus height/crypt depth

Duodenum 2.32 £0.24 4.83 £ 0.42 0.001
Jejunum 3.21 £0.31 5.48 £ 0.21 <0.001
Ileum 3.71 £ 0.52 5.19 £+ 0.68 0.121

“ MFGM, milk fat globule membrane; CON, CON group fed with the
basal diet (n = 5); MFGM, MFGM group fed with the basal diet plus
MFGM (n = 5).

MFGM group were higher than those in the CON group (P <
0.05). The average daily weight gains of the piglets in the MFGM
group were higher in d 0-7 and d 7-14 than those in the CON
group (P < 0.05), but no significant differences were observed in
d 14-21 and d 0-21.

Effects of MFGM supplementation during late gestation on
the morphological structure of small intestinal epithelium in
piglets

Furthermore, the small intestinal morphological structures of
21 day-old piglets in the MFGM and CON groups were
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investigated. On d 21 after birth, the villus height of the
jejunum in MFGM piglets was higher than that in the CON
piglets (P < 0.05), and the villus heights of the duodenum and
ileum exhibited no significant differences between the two
groups. The crypt depths of the duodenum and jejunum were
lower in MFGM piglets than those in the CON group (P < 0.05),
but had no significant difference in the ileum. Villus height/
crypt depth ratios were higher in the MFGM group than those
in the CON group (P < 0.05), but no significant difference was
found in the ileum (Table 5).

Effects of MFGM supplementation during late gestation on
tight junctions, mucins, and immune-related genes in the
ileal and colonic mucosa of piglets

Subsequently, we investigated the differences in the intestinal
barrier functions by analyzing the DAO level and related gene
expressions between the CON and MFGM groups. On d 21 after
birth, the level of DAO was significantly lower in the piglets of
the MFGM group (Fig. 1A), while the relative mRNA expressions
of ZO-1, Mucin 20, and TLR2 in the MFGM group were signifi-
cantly higher in the ileal mucosa (Fig. 1B-D).

In the colonic mucosa of the 21 day-old piglets, maternal
MFGM supplementation significantly upregulated the relative
mRNA expressions of Occludin, Claudin-1, Claudin-2, Claudin-
4, and ZO-1 (Fig. 1E). With regard to mucins, the relative mRNA
expressions of Mucin 2, Mucin 4, and Mucin 13 in the MFGM
group were higher than those of the CON group (P < 0.05). The
relative mRNA expression of Mucin 1 showed an increasing
tendency, while the expression of Mucin 20 showed no signifi-
cant difference (Fig. 1F). In terms of immune-related genes, the
relative mRNA expressions of TNF-a, INF-y, IL-22, TLR2, and
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Fig. 1 DAO level in plasma (A), relative mRNA expressions of tight junctions, mucins, and immune-related genes in the ileal mucosa (B—D) and
colonic mucosa (E-G) of 21 day-old piglets (n = 5/group). ZO-1, zonulin-1; TNF-a, tumor necrosis factor-a; INF-vy, interferon-vy; IL-1B, inter-
leukin-1B; IL-6, interleukin-6; IL-8, interleukin-8; IL-10, interleukin-10; IL-22, interleukin-22, TLR2, toll-like receptor 2; TLR4, toll-like receptor 4.
CON, CON group fed with the basal diet; MFGM, MFGM group fed with the basal diet plus MFGM. Data are represented as means &+ SEM. *, P <

0.05.
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Fig.2 PCoA: composition of the fecal microbiota at the phylum and genus levels of sows (n = 5/group) on d 114 of gestation (A—C) and 21 day-
old piglets (n = 5/group) (D—F). CON, CON group fed with the basal diet; MFGM, MFGM group fed with the basal diet plus MFGM.

TLR4 in the MFGM group were higher than those in the CON
group (P < 0.05). The relative mRNA expression of IL-10 tended
to increase in MFGM piglets, but no significant difference was
observed in the IL-1pB, IL-6, and IL-8 levels (Fig. 1G).

Effects of MFGM supplementation during late gestation on
the fecal microbiota of sows and piglets

To investigate the effects of MFGM supplementation during late
gestation on the fecal microbial community of sows and
neonatal piglets, the microbiota composition and diversity were
assessed by the deep sequencing of the V3-V4 region of the 16S
rRNA genes.

Sow. A total of 1026190 high-quality 16S rRNA gene
sequences were generated from 10 feces samples. Based on 97%
sequence similarity, 1537 OTUs were identified and then
assigned to 18 phyla, 26 classes, 50 orders, 96 families, 299
genera, and 605 species. The microbial alpha diversity in the
feces of both the groups is shown in ESI Table S5.1 The Sobs,
Ace, Shannon, Simpson, and Chao indexes in the fecal micro-
biota of both the groups exhibited no significant differences (P>
0.05). In addition, PCoA based on unweighted UniFrac
distances revealed that the fecal microbial community structure
was different between the two groups (Fig. 2A). The presence of
phyla and genera in relative abundance in the fecal microbiota
is evident (Fig. 2B and C). Firmicutes and Bacteroidetes were the
most dominant phyla in the fecal microbiota of the MFGM and
CON groups, followed by Proteobacteria and Spirochaetes,
while other phyla were present at very low relative abundances.
At the genus level, Ruminococcaceae_UCG-005, norank f _Mur-
ibaculaceae, and Ruminococcaceae NK4A214 group were the
major genera. Further, we found that the abundance of Pre-
votella in the sow feces in the MFGM group was higher than that
in the CON group via a significance test of the intergroup
differences (P < 0.05), while the abundance of norank f Mur-
ibaculaceae and Lachnospiraceae_XPB1014_group was lower than
those in the CON group (P < 0.05) (Fig. 3A).

16992 | RSC Adv, 2020, 10, 16987-16998

Piglet. From 21 day-old piglet feces samples, 390 930 high-
quality 16S rRNA gene sequences were generated. Based on
97% sequence similarity, 911 OTUs were identified and then
assigned to 19 phyla, 25 classes, 50 orders, 100 families, 296
genera, and 532 species. The alpha diversity values showed that
the Sobs, Shannon, Simpson, Ace, and Chao indexes in the
MFGM piglets' feces were higher than those in the CON group (P
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Fig. 3 Microbial comparisons at the genus level of the sows (n = 5/
group) on d 114 of gestation (A) and 21 day-old piglets (n = 5/group)
(B). CON, CON group fed with the basal diet; MFGM, MFGM group fed
with the basal diet plus MFGM. *, P < 0.05.
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Table 6 Effects of MFGM supplementation during late gestation on
the SCFAs of sows on d 114 of gestation and 21 day-old piglets®

Items CON MFGM P value
Sows' feces (mg kg™ ')

Acetate 2332.16 £ 247.67 3790.45 £ 393.28 0.037
Propionate 791.45 4 22.58 1372.13 £ 212.48 0.006
Butyrate 285.65 + 60.04 385.99 + 100.01 0.038
Piglets’ ileum (mg kg )

Acetate 479.05 + 83.62 507.43 & 42.39 0.789
Propionate 127.23 £+ 50.12 271.92 £ 35.93 0.047
Butyrate 8.66 + 1.10 8.46 + 4.89 0.967
Piglets' colon (mg kg ")

Acetate 1090.18 + 155.85 1020.60 £ 326.03 0.854
Propionate 359.15 4 22.61 358.30 + 101.01 0.994
Butyrate 69.09 £ 16.23 71.74 £ 55.64 0.962

“ MFGM, milk fat globule membrane; CON, CON group fed with the
basal diet (n = 5); MFGM, MFGM group fed with the basal diet plus
MFGM (n = 5).

< 0.05), indicating that the microbial diversity and richness in
piglets’ feces were significantly elevated by the MFGM treat-
ment. PCoA based on unweighted UniFrac distances showed
that the fecal microbial community structure was different
between the two groups (R = 0.728, P < 0.05) (Fig. 2D). Firmi-
cutes, Bacteroidetes, and Fusobacteria were the main phyla in
both the groups (Fig. 2E). Bacteroides, Lachnoclostridium, and
Ruminococcaceae_UCG-002 were the main genera in both the
groups (Fig. 2F). Differential analysis of the bacteria between
the two groups at the genus level revealed that the abundance of
Christensenellaceae_R-7_group, Alloprevotella, and unclassied_-
f_Lachnospiraceae in the feces of MFGM piglets was higher
than those in the CON piglets (P < 0.05) (Fig. 3B).

Effects of MFGM supplementation during late gestation on
the fecal SCFAs levels and mRNA expressions of intestinal G
protein—-coupled receptors (GPRs)

To investigate the metabolic status of the microbiota, we
analyzed the fecal concentrations of SCFAs in the sows, as well
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* Hm CON
B MFGM

Relative mRNA expression

R

e 0‘2@3
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as their concentrations in the ileum and colonic chyme of
piglets and relative mRNA expressions of GPRs.

Sow. The results of the fecal SCFAs are listed in Table 6.
When compared with the CON group, the concentrations of
acetate and propionate in the MFGM group were higher (P <
0.05). The concentration of butyrate did not differ significantly
between the two groups.

Piglet. In the ileum, the concentration of propionate in the
MFGM group was higher than that in the CON group (P < 0.05).
In the colon, the concentrations of acetate, propionate, and
butyrate were not significantly different between the two groups
(Table 6). In terms of GPRs, the relative mRNA expression of
GPRA41 in the ileal mucosa of piglets in the MFGM group was
higher than that in the CON group (Fig. 4A). Relative mRNA
expressions of GPR41, GPR43, and GPR120 in the colonic
mucosa in the MFGM group were higher than those in the CON
group, with no difference in GPR119 (Fig. 4B).

Correlation analysis between differential bacterial genera and
physiological parameters

Eventually, the correlations between the critical differential
bacterial genera and differential parameters were analyzed, as
shown in Fig. 5.

Sow. Prevotella was positively correlated with the concen-
trations of GH (R = 0.693, P < 0.05), NEFA (R = 0.758, P < 0.05),
TC (R = 0.673, P < 0.05), and LDL-C (R = 0.783, P < 0.05). Nor-
ank_f _Muribaculaceae was negatively correlated with the
concentrations of TC (R = —0.648, P < 0.05), LDL-C (R = —0.640,
P < 0.05), and IgA (R = —0.717, P < 0.05). Lachnospir-
aceae_XPB1014 group was negatively correlated with the
concentrations of GH (R = —0.827, P < 0.05), NEFA (R = —0.648,
P <0.05), TC (R = —0.685, P < 0.05), LDL (R = —0.762, P < 0.05),
and CK (R = —0.479, P < 0.05) (Fig. 5A).

Piglet. We analyzed the correlation between the critical
differential bacteria genera in piglet feces and differentially
expressed the indexes in the colonic mucosa. Christensenella-
ceae_R-7_group was positively correlated with the relative mRNA
expressions of Occludin (R = 0.855, P < 0.05), Mucin 13 (R =
0.818, P<0.05), TLR4 (R = 0.927, P < 0.05), Claudin-2 (R = 0.766,

6- == CON

Relative mRNA expression

cﬁ@\

0‘3@?,

\4 »
& &

Fig. 4 Relative mRNA expressions of GPRs in the ileal mucosa (A) and colonic mucosa (B) of 21 day-old piglets (n = 5/group). GPR, G protein—
coupled receptor. CON, CON group fed with the basal diet; MFGM, MFGM group fed with the basal diet plus MFGM. Data are represented as

means + SEM. *, P < 0.05.
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Fig. 5 Spearman correlation analysis between differential bacterial genera and differential parameters of the sows (n = 5/group) on d 114 of
gestation (A) and 21 day-old piglets (n = 5/group) (B). ZO-1: zonulin-1; TNF-a. tumor necrosis factor-a; INF-vy: interferon-vy; IL-1B: interleukin-18;
IL-6: interleukin-6; IL-8: interleukin-8; IL-10: interleukin-10; IL-22: interleukin-22, TLR2: toll-like receptor 2; TLR4: toll-like receptor 4. CON,
CON group fed with the basal diet; MFGM, MFGM group fed with the basal diet plus MFGM. —0.8-0.6, 0.3, and —0.9, correlation coefficients. *, P

< 0.05.

P<0.05), IL-22 (R = 0.721, P< 0.05), GPR43 (R = 0.661, P < 0.05),
Claudin-1 (R = 0.700, P < 0.05), and TLR2 (R = 0.661, P < 0.05).
Alloprevotella was positively correlated with the relative mRNA
expressions of Occludin (R = 0.855, P < 0.05), Mucin 13 (R =
0.806, P< 0.05), TLR4 (R = 0.891, P < 0.05), Claudin-2 (R = 0.669,
P <0.05), IL-22 (R = 0.697, P < 0.05), Claudin-4 (R = 0.663, P <
0.05), INF-y (R = 0.636, P < 0.05), and TLR2 (R = 0.576, P < 0.05).
Unclassied_f _Lachnospiraceae was found to positively correlate
with the relative mRNA expressions of Occludin (R = 0.915, P <
0.001), Mucin 13 (R = 0.721, P < 0.05), TLR4 (R = 0.733, P< 0.05),
Claudin-2 (R = 0.644, P < 0.05), IL-22 (R = 0.685, P < 0.05),
Claudin-4 (R = 0.693, P < 0.05), GPR120 (R = 0.648, P < 0.05),
GPR41 (R = 0.770, P<0.05), INF-y (R = 0.927, P < 0.05), Claudin-
1 (R = 0.782, P < 0.05), and TLR2 (R = 0.818, P < 0.05).

Discussion

Nutritional strategies of the sows during late gestation deserve
attention due to their extensive metabolic changes and rapid
growth in their fetuses. In the present study, we investigated the
effects of MFGM supplementation during late gestation on sows
and their offspring. Our results revealed that dietary MFGM
supplementation during gestation had a positive impact on the
growth and development of their piglets during the neonatal
stage by improving the plasma parameters, intestinal barrier,
and fecal microbiota.

In our study, there was no significant difference in the litter
performance between the CON and MFGM groups. However,
the MFGM group had a tendency to reduce the number of
stillborn fetuses. This may be related to the improvement in the

16994 | RSC Adv, 2020, 10, 16987-16998

plasma parameters in the MFGM sows, particularly the
increases in ALB, LDL-C, and NEFA concentrations. ALB plays
an important role in the maintenance of plasma pressure and
nutrient balance.*® The increased ALB concentration in the
MFGM group could be beneficial toward the health of sows. The
increased LDL-C and NEFA concentrations revealed that accel-
erated fatty acid synthesis can provide more dominant fatty
acids for homeostatic metabolism.**>* At the same time, MFGM
supplementation increased the abundance of Prevotella, which
has been shown to be associated with improved reproductive
performance and fatty acid synthesis.>* Further, a correlation
analysis showed that Prevotella was positively correlated with
LDL-C and NEFA concentrations in sows' plasma and GH
concentration in umbilical cord blood. An earlier study showed
that MFGM supplementation can have a positive impact on the
host by regulating its gut microbiota.'® Subsequently, we found
that the concentrations of acetate, propionate, and butyrate in
the feces of MFGM sows were significantly higher. An earlier
study showed that the SCFAs produced by the maternal intes-
tinal flora can enter the embryo via the blood flow and exert on
the GPRs, shaping the development of the metabolic system of
the embryo and protecting the metabolic health of the
offspring.** Umbilical cord blood—the main pathway for the
fetus to absorb nutrients from the mother—is crucial for the
growth and development of the fetus. We found that the
concentrations of GH, IgA, GLU, and NEFA in the umbilical cord
blood in the MFGM group were significantly higher than those
in the CON group. Evidently, GH is critical for the growth and
development of fetuses, and IgA in the umbilical cord blood is
crucial for the intestinal development and immune maturation

This journal is © The Royal Society of Chemistry 2020
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of the fetus after birth.?” In addition, increased concentrations
of GLU and NEFA in the umbilical cord blood of the MFGM
group could also provide more nutrition for the fetuses.

Next, we investigated the effects of MFGM supplementation
into sows' diet during late gestation only on the growth
performance and intestinal microecology of their neonatal
piglets. The average body weight of 21 day-old piglets in the
MFGM group was significantly higher than that in the CON
group, indicating that MFGM supplementation during late
gestation could improve the growth performance of the
offspring in the neonatal stage. Early microbial colonization
plays an important role in the maintenance of metabolic
homeostasis and development of the immune system in the
offspring,*® while maternal intestinal strains function as the
primary source for the neonatal microbiome.' In the feces of 21
day-old MFGM piglets, we found that the relative abundance of
Christensenellaceae_R-7_group was reported to be beneficial to
the health® and intestinal functions*® and is highly heritable;*
further, it was significantly higher than that in CON piglets.
Therefore, the higher abundance of Christensenellaceae R-
7_group in MFGM piglets contributed toward the enhanced
growth performance.

Our further analysis revealed that MFGM supplementation
into sows' diet only during late gestation could also improve the
morphological structure and barrier functions of the intestines
in 21 day-old MFGM piglets. In particular, the villus height in
the jejunum increased significantly, while the crypt depth in the
duodenum and jejunum decreased significantly; further, the
relative mRNA expressions of the tight junctions (Occludin,
Claudin-1, Claudin-2, Claudin-4, and ZO-1) and mucins (Mucin
2, Mucin 4, Mucin 13, and Mucin 20) increased significantly.
Moreover, the increased TNF-o and INF-y expressions indicated
an improvement in the immunomodulatory activity.** IL-22
plays an important role in mediating colon health.** TLR2 and
TLR4, one of the earliest determinants of immune activation,
are involved in immune recognition and signal transduction.**
Increased expressions of these immune-related genes enhanced
the intestinal immunological barrier. Early intestinal develop-
ment in mammals is important for the growth and health of
neonates.**® A modified morphological structure and
enhanced barrier functions are considered to be the main
aspects of intestinal function improvement.*” GH concentration
in umbilical cord blood was significantly higher in the MFGM
group than that in the CON group. This might be one of the
reasons for the improved intestinal development of neonatal
piglets since the nutritional and protective effects of GH on the
small intestine have been proven in earlier studies,*® as well as
its ability to promote the villi development* and inhibit LPS-
induced intestinal barrier destruction.”® In addition, many
studies have shown a link between the gut microbiota and
intestinal barrier.*»*> Zhang et al. (2019) revealed a positive
correlation between four Lachnospiraceae-related OTUs and
Occludin expression.® The positive correlation between
unclassified_f Lachnospiraceae and Occludin was also found in
the present study. At the same time, the composition of the gut
microbiota is important for the host because it can not only
directly affect the host but also interact with the host via its

This journal is © The Royal Society of Chemistry 2020
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metabolites (mainly SCFAs),**** which play important roles in
the antioxidant, antiinflammatory, balance of gut microbiota,
and intestinal function.***® Christensenellaceae_R-7_group is
considered to be a butyrate producer, playing a key role in the
intestinal environment and immunomodulation.*’ It has been
reported that butyrates can induce the relative mRNA expres-
sion of Mucin 2 and its secretion in goblet-like cells,*” as well as
promote the assembly of Occludin through the AMPK
pathway.* In addition, the propionate concentration in the ileal
chyme; GPR41 expression in the ileal mucosa; and GPR41,
GPR43, and GPR120 expressions in the colonic mucosa in
MFGM piglets were significantly higher than those in the CON
group. Since there was no difference in the concentration of
colonic  SCFAs, we concluded that unclassified -
f__Lachnospiraceae and Christensenellaceae_R-7_group induced
an increase in the GPR expressions according to the heat map.
Moreover, it was reported that TNF-o could induce the over-
expression of GPR120.>® GPR43 was closely regulated with the
receptors that are important for innate immunity, such as toll-
like receptors (TLR2 and TLR4).* The increased relative mRNA
expressions of GPRs in MFGM piglets could subsequently
enhance the combining ability of intestinal epithelial cells with
SCFAs to further regulate the immunological function and
improve the intestinal barrier. GPR43 regulates the prolifera-
tion of colonic group 3 innate lymphoid cells and IL-22
production.® GPR120 could mediate the TNF-a. expression.®
This partly explains why the expressions of immune-related
genes were increased in the intestinal barrier of MFGM
piglets. Therefore, we concluded that MFGM supplementation
during late gestation could improve the growth performance of
neonatal piglets partly by modifying the intestinal functions
and microecology.

Conclusion

In conclusion, MFGM supplementation during late gestation
improved the plasma parameters and intestinal microbiota of
sows. The increased GH, IgA, GLU, and NEFA transfers through
the umbilical cord blood and the transgenerational imprinting
of microbiota colonization, particularly Christensenellaceae_R-
7_group in neonatal piglets, promoted their intestinal develop-
ment and barrier functions, thereby improving their growth
performance during lactation. These findings provide a new
option for the nutritional intervention of neonates through
maternal dietary manipulation.
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