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Abstract

maintaining intestinal barrier function.

Background: The present study was conducted to investigate the effects of gastric infusion of short-chain fatty
acids (SCFA) on gut barrier function in a pig model. In this study, 21 DLY barrows with an average initial body
weight of (8.31 £ 0.72) kg were randomly allotted into three treatments: (1) control, (2) infusing low SCFA, S1, (3)
infusing high SCFA, S2. The experimental period lasted for 7 days.

Results: Gastric infusion of SCFA increased the concentrations of SCFA in serum and digesta, and enhanced the
mRNA and protein abundances of SCFA receptors in pig intestine (P < 0.05). Moreover, gastric infusion of SCFA led
to alteration of intestinal morphology, elevation of intestinal development-related gene abundances, and decrease
of apoptotic cell percentage, as well as reduction of pro-apoptosis gene and protein abundances (P < 0.05). Besides,
the jejunal SLC,A; and ileal DMTT mRNA abundances in the SCFA infusion groups were higher than those in the
control group (P < 0.05). Additionally, gastric infusion of SCFA increased the mRNA abundances of Occludin and
Claudin-1 in the duodenum and ileum, enhanced Lactobacillus spp counts in the ileal digesta, decreased the mRNA
and protein abundances of IL-1(3 in the colon, and reduced Escherichia coli count in the ileal digesta (P < 0.05).

Conclusions: These data indicated that gastric infusion of SCFA, especially high SCFA concentration, may be
beneficial to gut development of piglets via improving gut morphology, decreasing apoptotic cell percentage, and
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Introduction

Hindgut fermentation is a phenomenon which is ubiqui-
tous to all mammals [1]. Short-chain fatty acids (SCFA,
such as acetate, propionate, and butyrate), the metabo-
lites of gut microbiota fermentation, have vital physio-
logical functions. Acetate and propionate are largely
metabolized in the liver and are involved in lipid and
glucose metabolism, respectively, while butyrate is
shown to supply energy for the epithelial cells of colon
[2, 3]. Usually, the proportions of acetate, propionate,
and butyrate in the intestinal content are 60:25:15, and
the SCFA profile can mirror the metabolic cooperation
among microorganisms [4].
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Intestinal epithelium is usually recognized as one of the
most rapid proliferation tissues in animals, and its turnover
rate is 2 to 3 days [5, 6]. Previous studies have shown that
SCEFA are involved in intestinal epithelial cell proliferation,
but the effects of SCFA on intestinal epithelial cell prolifera-
tion are controversial in in vivo and in vitro studies. Studies
in rats revealed that ileal or colonic infusion of butyrate or
a combination of SCFA mixture increased intestinal crypt
cell production rate and enhanced the mucosal weight and
the concentrations of mucosal DNA, RNA, and protein [7,
8]. Similarly, the sole study in a pig model demonstrated
cecal infusion of butyrate stimulated epithelial cell prolifer-
ation index and promoted intestinal cell proliferation [9].
However, the in vitro studies found inconsistent results,
which revealed the inhibitory effect on epithelial prolifera-
tion and cell viability under the treatment of SCFA [7, 10].
Therefore, the controversial effect of SCFA on cell prolifer-
ation needs to be further investigated.
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Intestinal mucosa is consisted of epithelial cells and re-
sponsible for nutrient absorption and waste secretion,
which requires a selectively permeable barrier. Hence,
the integrity of gut barrier function is required for intes-
tinal health [11]. Recently, many in vitro studies have
shown that SCFA may mediate the intestinal barrier
function. Propionic acid inhibited Staphylococcus aureus
internalization into bovine mammary epithelial cells
in vitro [12], while butyrate promoted intestinal barrier
function as measured by increasing the relative mRNA
expression of tight junction and their re-assembly as well
as elevating transepithelial electrical resistance (TER) in
Caco2 and IPEC-]J2 cells [13, 14]. Besides, the increasing
relative mRNA expressions of MUC-2, MUC-3, MUC-4,
and MUC-12 were observed in LS174T human colorec-
tal cells with the presence of butyrate [15]. Meanwhile,
SCFA could downregulate the pro-inflammatory cyto-
kines expressions in Caco-2 cells under LPS challenge
[16]. Additionally, the in vivo studies also revealed that
dietary sodium butyrate supplementation could maintain
intestinal barrier via reducing the IL-6 and TNF-a levels
in the serum, decreasing the number of Clostridium and
Escherichia coli, as well as increasing the number of
Lactobacillus spp in pigs [17, 18].

The integrity of intestinal epithelium is closely related
to gut health, and the intestinal redox status (antioxi-
dant capacity) can affect intestinal epithelial integrity
[11]. In the normal physiological condition, the digest-
ive tract can generate reactive oxygen species (ROS)
[19]. However, numerous factors, such as weaning, in-
fection, and environmental impacts, can induce oxida-
tive stress, resulting in imbalance between the reactive
oxygen species (ROS) concentrations and intra- or
extracellular antioxidants, which brings serious eco-
nomic losses during livestock production [20, 21]. In
response to the injury of free radicals, there are enzym-
atic and non-enzymatic antioxidant systems existing in
body, and the enzymatic antioxidant system mainly
consists of GSH-px and SOD [22]. A recent in vitro
study demonstrated that butyrate could upregulate the
GPx-3, GPx-4, and total GPx mRNA expressions in
vascular smooth muscle cell [23]. So, the in vivo study
of SCFA on intestine antioxidant capacity still needs to
be further investigated.

Remarkably, it is easy to cause intestinal stress
when piglets are transferred to feed from sucking
milk after weaning, which is associated with morpho-
logical and physiological alterations, including intes-
tinal villous atrophy, crypt hyperplasia, and destroyed
epithelial barrier [24]. However, the systematic cross-
talk of SCFA and intestinal barrier function in vivo
model has been rarely investigated, especially in pig
models, and whether SCFA can attenuate the weaning
stress action or not is unknown. Taking these into
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consideration, the objective of present study was to
systematically evaluate the effects of gastric infusion
of different concentrations of SCFA on intestinal
structure and functions in weaned piglets, which
could help us to further understand the underlying
mechanisms of the regulation role of SCFAs on intes-
tinal development.

Results

Short-chain fatty acids and their receptors

As shown in Table 1, gastric infusion of SCFA increased
the concentration of butyric acid in the serum, and the
concentrations of acetic acid, propionic acid, butyric
acid, and total SCFA in the ileal, cecal, and colonic
digesta (P < 0.05). The contents of acetic acid, propionic
acid, butyric acid, and total SCFA in the serum; the
contents of acetic acid, propionic acid, and total SCFA
in the ileal digesta; and the contents of butyric acid and
total SCFA in the colonic digesta in the S2 group were
higher than those in the S1 group (P <0.05). As shown
in Fig. 1, gastric infusion of SCFA was associated with
relatively higher mRNA expression of GPR41 in the
colon and GPR43 in the ileum and colon compared

Table 1 Effect of gastric infusion of SCFA on SCFA
concentration in ileal, cecal, colonic digesta, and serum of
weaned piglets (umol/g)

[tems Control  S1 S2 SEM P value
Serum (mmol/l)
Acetic acid 0733° 0947° 1553 3363 0001
Propionic acid 0622° 0871°  1292° 0088 0001
Butyric acid 02365 0345°  0420° 0075 <0001
Total volatile fatty acid  1591°  2.162° 3265 0013 0001
lleum
Acetic acid 3667 9.083°  12011° 0116 <0001
Propionic acid 1119¢ 1788° 1975 0381 <0001
Butyric acid 0377° 0697  0747° 0037 <0001
Total volatile fatty acid  5.163°  11.568° 14733* 0021 <0.001
Cecum
Acetic acid 37735° 55438" 58801° 0383 <0001
Propionic acid 17.893° 28223° 31868° 1774 0001
Butyric acid 11296° 17073  20.108° 1449 0002
Total volatile fatty acid  66.923° 100.734° 110.778 1249 <0001
Colon
Acetic acid 33.898° 44368° 51.732° 3297 0001
Propionic acid 14343° 244817 27022 1972 <0001
Butyric acid 81155  18836° 23675° 1252 <0001
Total volatile fatty acid  56.356° 87.684°  102429° 1.043 <0001

S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71,
and 4.89 mM respectively); S2, pigs treated with SCFA (acetic, propionic, and
butyric acids; 40.08, 15.41, and 9.78 mM respectively)

2 b Within a row, means without a common superscript differ (P < 0.05)
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Fig. 1 Effect of gastric infusion of SCFA on the relative mRNA expressions of SCFA receptors in ileum and colon of growing pigs. S1, pigs treated
with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, and 4.89 mM respectively); S2, pigs treated with SCFA (acetic, propionic, and butyric
acids; 40.08, 1541, and 9.78 mM respectively). a, b, means without a common superscript difference (P < 0.05)

GPR41
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with the control group (P<0.05). Meanwhile, the
GPR43 protein level of jejunum and colon in the S1
and S2 groups were higher than that in the control
group, and pigs of S2 group had higher GPR43 protein
level in the jejunum than pigs of S1 group (Figs. 7 and
8, P <0.05).

Intestinal index and pH value

Compared with the control group, pigs treated with gas-
tric SCFA infusions had lower pH value of digesta in the
duodenum and colon (Table 2, P<0.05). The pH value
of jejunal and ileal digesta in the S2 group was lower
than that in the control group (P<0.05). The relative

Table 2 Effect of gastric infusion of SCFA on intestinal index and pH value of digesta in weaned piglets

[tems Control S1 S2 SEM P value

Intestinal index
Relative length of SI (cm/g) 8510° 8.706°° 9.132° 0.147 0.037
Relative length of LI (cm/q) 1.966 2.060 2.093 0.035 0.069
Relative length of | (cm/q) 10476° 10.766°° 11.225° 0.164 0.027
Relative density of Sl(g/cm) 0460 0.503 0517 0.023 0.226
Relative density of Ll(g/cm) 0.800 0.824 0.829 0.022 0622
Relative density of I(g/cm) 0.523 0.565 0.574 0018 0.165
Relative weight of SI (%) 3.905° 4381°° 4710° 0.160 0016
Relative weight of LI (%) 1573 1698 1732 0.058 0.176
Relative weight of | (%) 5.478° 6.078°° 6.442° 0.170 0,008

pH values
Stomach 3.825 3593 3293 0324 0531
Duodenum 5308 4388° 4157° 0.185 0003
Jejunum 6.833° 6.773% 6.293° 0.138 0.038
lleum 6.954° 6.722°° 6.552° 0093 0037
Cecum 5915 5542 5455 0.180 0.209
Colon 6.482° 5.845° 5.688° 0.111 0001

S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, and 4.89 mM respectively); S2, pigs treated with SCFA (acetic, propionic, and butyric
acids; 40.08, 15.41, and 9.78 mM respectively)
2 PWithin a row, means without a common superscript differ (P < 0.05)



Diao et al. Genes & Nutrition (2019) 14:4

length and weight of small intestine and total intestine
in the S2 group were higher than those in the control
group (P <0.05).

Intestinal morphology

As shown in Table 3, gastric infusion of SCFA increased
the villus height of jejunum and ileum in piglets (2 < 0.05).
The villus height of duodenum and crypt depth of duode-
num, jejunum, and ileum in the S2 group were higher
than those in the other two groups (P < 0.05). The villus
height:crypt depth of duodenum and jejunum in the S1
group was higher than that in the control group (P < 0.05).

Intestinal cell apoptosis and cell cycle

The impacts of gastric SCFA infusion on intestinal
cell apoptosis and cell cycle are shown in Table 4.
Compared with the control group, S2 group had
lower percentages of late apoptotic cells (P <0.05) and
total apoptotic cells (P =0.063) in the jejunum, while
S1 and S2 groups had lower percentages of late apop-
totic cells and total apoptotic cells in the colon (P<
0.05). Moreover, gastric SCFA infusion decreased the
ratio of GOG1 phase cells, but increased proliferation
index in the jejunum and colon of pigs (P <0.05). Be-
sides, there was a tendency to increase the proportion
of G2M phase cells of jejunum with SCFA infusion
(P=0.096). In addition, pigs of S2 group had lower
ratio of GOG1 phase cells and higher proliferation
index of jejunum than pigs of S1 group (P <0.05).

Table 3 Effect of gastric infusion of SCFA on intestinal
morphology and number of goblet cell in weaned piglets

[tems Control  S1 S2 SEM P value
Duodenum
Villus height (um) 33247° 40533° 522477 26289 0002
Crypt depth (um) 14951° 14397° 228.12% 19443 0021
Villus height: crypt depth 223°  2.86°  240°°  0.142 0028
Jejunum
Villus height (um) 24496° 377.03° 41504° 14591 <0001
Crypt depth (um) 15268 15206° 22228% 10977 0.001
Villus heightcrypt depth  162° 248 191° 0118 0001
lleum
Villus height (um) 20848° 302307 346.177 21691 0004
Crypt depth (um) 15745 160.80° 227.87° 16401 0.021
Villus height:crypt depth  1.35 1.90 1.54 0.148  0.070
Goblet cells
lleum 6206° 88337 7646° 2825 <0001
Colon 5181° 8108° 8939° 5028 0.00]

S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71,
and 4.89 mM respectively); S2, pigs treated with SCFA (acetic, propionic, and
butyric acids; 40.08, 15.41, and 9.78 mM respectively)

2 b Within a row, means without a common superscript differ (P < 0.05)
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Table 4 Effect of gastric infusion of SCFA on apoptosis and cell
cycle in jejunum and colon of weaned piglets (%)

[tems Control ST S2 SEM P value

Jejunum
Early apoptotic cells  0.322 0.074 0.003 0.107 0.168
Late apoptotic cells ~ 0.975°  0268°  0007° 0210 0042
Total apoptotic cells  1.218 0.334 0.009 0313  0.063
GOG1 phase cells 73388  63092° 53642 1969 <0.001
S phase cells 18108 21897 29512 3569 0.119
G2M phase cells 8502 15.015 16.848 2536 0.096
PI 2661° 36911°  46359° 1969 <0001

Colon
Early apoptotic cells ~ 4.053 3358 1.700 1.354 0493
Late apoptotic cells 20975 7.220°  3.155° 2032  0.002
Total apoptotic cells  26219* 10578 4855° 1789  0.001
GOG1 phase cells 62957%  55125° 49610° 1.855 0.002
S phase cells 30.163 33.785 37463 2261 0123
G2M phase cells 6.883 11.093 12922 2411 0241
PI 37.045°  44877° 50388% 1855 0002

S1, pigs treated with SCFA (acetic, propionic and butyric acids; 20.04, 7.71, and
4.89 mM respectively); S2, pigs treated with SCFA (acetic, propionic, and
butyric acids; 40.08, 15.41, and 9.78 mM respectively)

Pl=(S + G2M)/(GOG1 + S + G2M) x 100%

& BWithin a row, means without a common superscript differ (P < 0.05)

As shown in Fig. 2, gastric infusion of SCFA decreased
the relative mRNA expressions of Bax and Caspase-3 in
the duodenum compared with the control group (P < 0.05).
S2 group exhibited lower relative mRNA expressions of
Bax in the jejunum and Caspase-3 in the jejunum, ileum,
and colon than control group (P <0.05), while S1 group
had higher relative mRNA expression of Cyclin D1 in the
jejunum than control group (P<0.05). In addition, the
Caspase-3 protein levels of jejunum in S1 and S2 groups
and colon in S2 group were lower than those in the control
group, while pigs of S2 group had lower Caspase-3
protein level in the jejunum than pigs of S1 group
(Figs. 7 and 8, P<0.05).

Intestinal DNA, protein, GLP-2 concentration, GLP-2R
level, and relative mRNA expression of intestinal
development-related gene

Compared with the control group, gastric SCFA infu-
sion increased DNA concentration of jejunal mucosa
and protein concentrations of duodenal and jejunal
mucosa (Table 5, P<0.05). Pigs of S2 group had
higher protein concentration of ileal mucosa, GLP-2
concentration of jejunal mucosa, and DNA concentra-
tions of duodenal, ileal, and colonic mucosa than pigs
of control group (P <0.05). Besides, pigs treated with
gastric SCFA infusion had enhanced GLP-2R protein
level in the jejunum and colon, and pigs of S2 group
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Fig. 2 Effect of gastric infusion of SCFA on the relative mRNA expressions of cell apoptosis and cycle-related genes in duodenum, jejunum, ileum,
and colon of weaned piglets. S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, and 4.89 mM respectively); S2, pigs
treated with SCFA (acetic, propionic, and butyric acids; 40.08, 1541, and 9.78 mM respectively). a, b, means without a common superscript
differ (P < 0.05)

had higher GLP-2R protein level in the jejunum than
pigs of S1 group (Figs. 7 and 8, P <0.05).

As shown in Fig. 3, pigs treated with gastric SCFA infu-
sion had enhanced relative mRNA expressions of IGF-1 in
the duodenum, IGF-1R in the jejunum, EGF in the colon,
and GLP-2R in the ileum and colon relative to the control
group (P <0.05). S2 group had higher relative mRNA ex-
pressions of GLP-2 and IGF-1 in the jejunum and ileum,

Table 5 Effect of SCFA on DNA, protein, and GLP-2
concentration of mucosa in duodenum, jejunum, ileum, and
colon of weaned piglets (ug/mg)

Items Control 51 52 SEM  Pvalue  IGE-IR in the duodenum, and GLP-2R in the duodenum
DNA concentration and jejunum than control group (P <0.05). The relative
Duodenum 0946° 11397 1219 0052 0012 mRNA expressions of IGF-1R in the duodenum, GLP-2 in
Jejunum 0984°  1186° 1299 0034 0001 the jejunum, and EFG in the colon in S2 group were
lleumn 1027°  1202° 1453 0051 0006 higher than those in the S1 group (P < 0.05).
Colon 1342°  1447°° 1576 0039 0001

Intestinal antioxidant capacity, goblet cell number,

Protein concentration . . . . .
microbiota, and relative mRNA and protein expression of

Duodenum 30060° 44622° 46242° 0891 0001 mucin, tight junction protein, and cytokine

Jejunum 30924 46836° 47664 1530 0010 Gastric infusion of high concentration of SCFA in-
lleum 39906° 44.766%° 45.144% 1269 0027 creased the T-AOC activity of the jejunum (Table 6, P =
Colon 34740 38565 39942 2493 0350 0.075) and decreased the contents of MDA in the je-

junum and colon relative to the control group (P < 0.05).
Moreover, compared with the control group, gastric in-
fusion of SCFA increased the relative mRNA expressions

Colon (pmol/gprot) 0889 0882 0967 0060 0554 of Claudin-1 in the jejunum, Occludin, and Claudin-1 in
S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, the duodenum and ileum (Fig. 4, P<0.05). Pigs of S2
and 4.89 mM respectively); S2, pigs treated with SCFA (acetic, propionic, and group had higher relative mRNA expression of Occludin

butyric acids; 40.08, 15.41, and 9.78 mM respectively)
» BWithin a row, means without a common superscript differ (P < 0.05) in the jejunum than pigs of control group (P < 0.05), and

GLP-2 concentration

Jejunum (pmol/gprot)  1.036°  1049°°  1.196* 0048 0073




Diao et al. Genes & Nutrition (2019) 14:4 Page 6 of 16
g
A Duodenum B Jejunum
3 2.0 a
E3 Control EA Control
a pvery
8 S S 15 &3 o1
@ 2 B =9 s2 8 B s2
o ab a a 4
o H X g
3 i 5
% ! : % 0.5
£ E
)
EGF GLP-2 GLP-2R IGF-1 IGF-1R EGF GLP-2 GLP-2R IGF-1 IGF-1R
C lleum D Colon
25 3
E3 Control E3 Control
5 20 E£3 s1 5 E3 st
2 =1 22 =/
15 4
g g
L @
< 1.0 < 1
z z
£ 05 £

IGF-1R

EGF GLP-2 GLP-2R IGF-1

differ (P < 0.05)

Fig. 3 Effect of gastric infusion of SCFA on the relative mRNA expressions of intestinal development-related genes in duodenum, jejunum, ileum,
and colon of weaned piglets. S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, and 4.89 mM respectively); S2, pigs
treated with SCFA (acetic, propionic, and butyric acids; 40.08, 1541, and 9.78 mM respectively). a, b, means without a common superscript

b

EGF GLP-2 GLP-2R IGF-1 IGF-

pigs of S1 group had higher relative mRNA expression
of Claudin-1 in the colon than pigs of control group (P <
0.05). Meanwhile, compared with the control group, gas-
tric infusion of SCFA increased relative MUC1 mRNA ex-
pressions in the jejunum and the number of goblet cells in
the ileum and colon (Fig. 5 and Table 3, P < 0.05), while S1
group had higher relative mRNA expressions of MUC1
and MUC2 in the ileum (P <0.05). Besides, gastric SCFA
infusion enhanced the counts of Lactobacillus spp in the
ileal digesta and decreased the numbers of Escherichia coli
in the ileal digesta of pigs (Table 7, P <0.05). An increase
in the Lactobacillus spp populations of cecal digesta was
found in S2 group compared with control group (P < 0.05),
while a decreasing number of Escherichia coli of cecal and
colonic digesta was found in S2 group compared with con-
trol group (P < 0.05). In addition, gastric infusion of SCFA

Table 6 Effect of gastric infusion of SCFA on antioxidant
capacity of jejunum and colon in weaned piglets

[tems Control ~ S1 S2 SEM P value
Jejunum
T-AOC (U/mgprot) 0345 0391% 0495° 0042 0075
MDA (nmol/mgprot) ~ 1.005*  0860°° 0661° 0083 0045
Colon
T-AOC (U/mgprot) 0268 0337 0347 0028 0.138
MDA (nmol/mgprot)  0914°  0607°®  0315° 0124 0021

S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71,
and 4.89 mM respectively); S2, pigs treated with SCFA (acetic, propionic, and
butyric acids; 40.08, 15.41, and 9.78 mM respectively)

>dWithin a row, means without a common superscript differ (P < 0.05)

decreased the relative mRNA expressions of IL-10 in the
jejunum, IL-1pB in the ileum, and IL-1B and IL-8 in the
colon (Fig. 6, P <0.05). The relative mRNA expressions of
IL-1B in the duodenum and jejunum, and IL-8 in the je-
junum and ileum in the S2 group were lower than those in
the control group. Finally, as shown in Figs. 7 and 8, the
protein levels of Occludin and MUCI in the jejunum of
pigs in S2 group were higher than those in the control
group, whereas the protein level of IL-1f in the colon of
pigs in S2 group was lower than that in the control group
(P <0.05). The pigs of S1 and S2 groups had lower protein
level of IL-1p in the jejunum than pigs of control group,
and the pigs of S2 group had lower protein level of IL-1
in the jejunum than pigs of S1 group (P < 0.05).

Discussion

Some reports have stated that excessive SCFA are harm-
ful and could damage the intestinal function [5, 25], so
further research is needed to verify the effects of differ-
ent SCFA concentrations with the same ratio on the gut
development. Meanwhile, piglets have increasing stress
after weaning. Based on the above considerations, our
study was used to investigate whether gastric infusion of
different concentrations of SCFA could attenuate the
negative effects of weaning in the perspective of actual
production.

Previous studies on pigs and lambs have indicated that
dietary supplementation with 0.17% or 1.25% sodium
butyrate significantly increased the content of butyric
acid in the serum [18, 26]. In the present study, gastric
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infusion of SCFA increased the concentration of butyric
acid in the serum, the concentrations of acetic acid, pro-
pionic acid, butyric acid, and total SCFA in the ileal,
cecal, or colonic digesta, which were accompanied with
higher relative mRNA expression of GPR41 in the colon
and GPR43 in ileum and colon. Moreover, we found the
contents of acetic acid, propionic acid, butyric acid, and
total SCFA in the serum; acetic acid, propionic acid, and

total SCFA in the ileal digesta; and the butyric acid and
total SCFA in the colonic digesta in high-concentration
infusion group were higher than those in
low-concentration infusion group. Therefore, the SCFA
could arrive in the hindgut of piglets through gastric
infusion.

Interestingly, the in vitro studies disclosed that SCFA
or butyrate suppressed epithelial proliferation, decreased
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Table 7 Effect of gastric infusion of SCFA on the ileal, caecal,
and colonic Escherichia coli, Lactobacillus spp, Bifidobacterium
spp, and Bacillus spp in weaned piglets (log copies/q)

[tems Control ~ S1 S2 SEM P value
lleum
Total bacteria 10550° 10103 9962° 0137 0031
Bacillus spp 8487 8495 8480 0.168  0.999
Lactobacillus spp 7.043° 77847 82317 0185 0004
Escherichia coli 9957 8780°  8713° 0277 0016
Bifidobacterium spp ~ 7.686 7939 8.202 0242 0354
Cecum
Total bacteria 11672°  11451°®  11336° 0063 0011
Bacillus spp 9400 9332 9274 0186 08%
Lactobacillus spp 8037° 8506  8900°  0.160 0011
Escherichia coli 10182 8922 9203 0344 0063
Bifidobacterium spp  7.940 8.163 8.241 0206 0579
Colon
Total bacteria 11473 11444 11372 0152 0888
Bacillus spp 9568 9362 9332 0090 0182
Lactobacillus spp 8.651 9.065 8.899 0164 0244
Escherichia coli 10009° 9103 8952° 0262 0036
Bifidobacterium spp ~ 7.643 7.844 7.886 0.101  0.241

S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71,

and 4.89 mM respectively); S2, pigs treated with SCFA (acetic, propionic, and
butyric acids; 40.08, 15.41, and 9.78 mM respectively)
2 PWithin a row, means without a common superscript differ (P < 0.05)
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cell viability, and induced apoptosis [7, 10, 27], while the
in vivo result was different with the in vitro studies. A
previous study showed that 10 mM butyric acid incuba-
tion of human colonic biopsies for 3 h resulted in the in-
creasing proportion of proliferating cells per crypt [28].
Studies using infusion model on rats and pigs also sug-
gested that infusion of SCFA (acetic, propionic, and bu-
tyric acids are 75, 35, and 20 mM, respectively) into the
ileum, cecum, or colon could stimulate cell proliferation
in the small intestine, cecum, and colon, and this effect
was dose-dependent of SCFA but independent of the
presence of gut bacteria [7, 9, 29]. The proliferative ef-
fect was also observed in our study, which found the
percentage of jejunal and colonic apoptotic cells, the
pro-apoptosis gene (Bax and Caspase-3) abundances,
and the pro-apoptosis protein (Caspase-3) level were de-
creased in SCFA infusion groups. Moreover, the propor-
tion of jejunal GOG1 phase cells in high-concentration
infusion group was lower than that in low-concentration
infusion group, which indicated the stimulative prolifera-
tion effect was dose-dependent of SCFA within certain
concentration. Therefore, SCFA have paradoxical effects
on cell proliferation and apoptosis in in vivo and in vitro
studies, as they show stimulative proliferation effect in
in vivo of normal gut [30, 31], whereas display inhibitive
proliferation effect in tumor cells owing to the Warburg
effect, which makes SCFA function as HDAC inhibitors,
and thereby inhibit proliferation [32].

Weaning is the most severe stress after pigs are born,
which is usually characterized by the decrease of villus
height and the increase of crypt depth in the small

Fig. 6 Effect of gastric infusion of SCFA on the relative mRNA expressions of inflammatory factors in duodenum, jejunum, ileum, and colon of
weaned piglets. S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, and 4.89 mM respectively); S2, pigs treated with SCFA
(acetic, propionic, and butyric acids; 40.08, 15.41, and 9.78 mM respectively). a, b, means without a common superscript differ (P < 0.05)
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Fig. 7 Effect of gastric infusion of SCFA on the protein levels of GPR43, Caspase-3, GLP-2, Occludin, MUC-1, and IL-1(3 in jejunum of weaned

piglets. S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, and 4.89 mM respectively); S2, pigs treated with SCFA (acetic,
propionic, and butyric acids; 40.08, 1541, and 9.78 mM respectively). a, b, means without a common superscript differ (P < 0.05)

A\

E3 St
S2

LLLCLLLLLLLT LT T e O

intestine, in association with a reduction in the nutrient
digestibility [33, 34]. Therefore, for digesting and utiliz-
ing nutrients after weaning, maintaining the intestinal
morphological and structural properties is important. In
the present study, gastric infusion of SCFA increased the
villus height of jejunum and ileum, and villus height:-
crypt depth of duodenum and jejunum in piglets. Based
on the foregoing view, we showed that gastric infusion
of SCFA could modulate intestinal morphological
changes and, consequently, enhance nutrient absorption
and be beneficial to intestinal growth and development.

In general, morphological changes in the intestinal tis-
sue were accompanied by alteration of DNA and protein
concentrations [35]. By examining the intestinal DNA and
protein concentrations, we confirmed that gastric infusion
of SCFA increased the DNA concentration of jejunal mu-
cosa and protein concentrations of duodenal and jejunal
mucosa, especially in the high-dose infusion group. Mean-
while, we also verified the increases in the relative mRNA
expressions of intestinal development-related genes, in-
cluding IGF-1, IGF-IR, GLP-2, and GLP-2R, which indi-
cated gastric infusion of SCFA could be beneficial to the
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Fig. 8 Effect of gastric infusion of SCFA on the protein levels of GPR43, Caspase-3, GLP-2, Occludin, MUC-1, and IL-1(3 in colon of weaned piglets.

S1, pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, and 4.89 mM respectively); S2, pigs treated with SCFA (acetic,
propionic, and butyric acids; 40.08, 1541, and 9.78 mM respectively). a, b, means without a common superscript differ (P < 0.05)

.

gut morphology and development. Consistent with our re-
sult, intracolonic infusion of SCFA (acetic, propionic, and
butyric acids are 75, 35, and 20 mM, respectively) for 7
days increased the contents of mucosal protein, RNA, and
DNA, as well as mucosal weight of colon in rats [8], and
dietary 1000 or 1700 mg/kg sodium butyrate supplemen-
tation increased villus height and villus height:crypt depth
in the intestine of pigs [17, 18]. As is known to us, GLP-2
is a specific growth factor of intestinal epithelial cell and
plays an important role in intestinal development, diges-
tion and absorption, blood flow, and integrity of intestine

[36]. In our study, high dose of SCFA infusion increased
ileal GLP-2 concentration and GLP-2 receptor level, sug-
gesting SCFA may promote intestinal development
through elevating GLP-2 secretion.

The integrity of intestinal barrier function is closely re-
lated to intestinal health, which also plays an important role
in gut development, and thus improves the digestion and
absorption ability [37]. Generally, the intestinal redox state
affects the intestinal epithelial integrity. Here, we reported
that high dose of SCFA infusion decreased the MDA con-
centration and increased SOD activity in jejunum. In
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accordance with our result, exposing vascular smooth
muscle cell to 5mM butyrate for 48 h upregulated the
GPx-3 and GPx-4 mRNA abundances [23]. Also, it is well
recognized that tight junction between epithelial cells is
one of the main components of the intestinal physical bar-
rier between epithelial cells, and monitoring the tight junc-
tion proteins can be used to evaluate intestinal permeability
and epithelial integrity [38]. In physiological concentrations,
sodium butyrate (4 mM, 48 h) promoted intestinal epithelial
integrity as measured through increasing the relative
mRNA expression of tight junction (Occludin and ZO-1)
in IPEC-]J2 cells [13]. In our study, SCFA infusion increased
the relative mRNA expressions of Claudin-1 in the je-
junum, and Occludin and Claudin-1 in the duodenum and
ileum. Similarly, the protein level of Occludin in the je-
junum of pigs in high-SCFA concentration infusion group
was higher than that in the control group, which suggested
that SCFA could alleviate the weaning-induced damage to
intestinal structural integrity by promoting the tight junc-
tion protein expression levels in weaned pigs.

Besides physical barrier, the maintenance of chemical
barrier and immune barrier function is crucial for gut
health. The study in a pig model revealed that dietary
500 mg/kg sodium butyrate supplementation reduced the
pro-inflammatory cytokine (TNF-a and IL-6) levels in the
serum [17]. In an in vitro study, demonstrated SCFA (1 to
5 mM Butyrate, 1 to 5 mM propionate or 20 mM acetate)
could downregulate IL-8 and IL-1p mRNA abundances in
Caco-2 cells induced by LPS [16]. Certain
anti-inflammatory effects of SCFA on gut function may,
to some extent, occur through two SCFA receptors
(GPR41 and GPR43) [39]. Similarly, in our study, gastric
infusion of SCFA decreased IL-1B and/or IL-8 mRNA
abundance in the ileum and colon, increased mRNA ex-
pression of GPR41 and/or GPR43 in the jejunum, ileum,
and colon, and elevated the GPR43 protein level in the je-
junum and colon, especially in high-dose infusion group.
Usually, mucins secreted by goblet cells in the gut seem
to contribute to a mucus layer and provide a chemical
barrier to the intestine [40]. A previous study has shown
that there was a positive correlation between the total
thickness of the mucous layer and colonic SCFA concen-
trations [41]. Accordingly, in our study, gastric infusion of
SCFA increased the relative mRNA expression and pro-
tein level of MUCI in the jejunum and enhanced the
numbers of goblet cells in the ileum and colon, which
was generally consistent with studies using in vitro
models. In these in vitro researches, SCFA (5 to 15 mM
acetic, propionic, or butyric acids) stimulate MUC2 ex-
pression through MAPK signaling pathway, leading to a
better intestinal epithelial chemical barrier [15, 42, 43]. It
appears, therefore, that SCFA infusion could maintain in-
testinal chemical and immune barrier by regulating the
productions of mucins and inflammatory cytokines.
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Intestinal microbiota is an integral part of gut health,
which constitutes the intestinal biological barriers. The al-
teration and balance between harmful bacteria (patho-
genic  Escherichia  coli) and beneficial bacteria
(Lactobacillus spp and Bifidobacterium spp) in the gut are
associated with the intestinal morphology [44]. Greater
SCFA productions have been reported to decrease the
number of potential pathogens (such as Escherichia coli
and Salmonella) in pigs [45]. Our results demonstrated
that gastric infusion of SCFA enhanced the Lactobacillus
spp populations in ileal and cecal digesta, and decreased
the Escherichia coli populations in ileal, cecal, and colonic
digesta. One potential explanation is that SCFA may de-
crease pH values of digesta provide an acidic environment
for more beneficial bacteria to exist, further competitively
exclude harmful bacteria and sustain the gut microecosys-
tem [46]. An in vitro study found that increasing the bu-
tyrate concentration from 0 to 9mM reduced the
adherent abilities of Escherichia coli as well as increased
adherence of Lactobacillus acidophilus and Bifidobacter-
ium longum [15]. Also, some in vivo studies get the similar
results and reveal that dietary supplemented with 1000 or
1700 mg/kg sodium butyrate changed the composition of
microbiota [17, 18]. Furthermore, Escherichia coli has
been reported to destabilize and dissociate tight junction
proteins [47]. In the current study, the increased Occludin
and Claudin-1 expression levels in the SCFA infusion
group were in accordance with the decreased Escherichia
coli populations. These combined findings suggested that
SCFA could decrease pH values, maintain the balance of
gut microbiota, prevent tight junction proteins from dis-
sociating, and thus improve intestinal barrier.

Conclusions

In summary, gastric infusion of SCFA, especially high
concentration of SCFA, increased SCFA concentrations
in the serum and intestine, decreased apoptosis of epi-
thelial cells, stimulated intestinal DNA and protein con-
centrations, and improved gut barrier function in
weaned pigs (Fig. 9).

Materials and methods
Animals, management, diets, and sample collection
All experimental procedures and animal care were ac-
complished in accordance with the Guide for the Care
and Use of Laboratory Animals provided by the Institu-
tional Animal Care Advisory Committee for Sichuan
Agricultural University. All animal protocols used in this
study were approved by the Animal Care and Use Com-
mittee of Sichuan Agricultural University under permit
number DKY-B20131704.

A total of 21 weaned DLY barrows (Duroc x Land-
rance x Yorkshire) provided by a commercial pig farm
with an average initial body weight of 8.31 +£0.72 kg
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Gastric infusion of SCFA improved intestinal development
and maintained the intestinal barrier function.

Fig. 9 The overall frame diagram. SCFAs (L), pigs treated with SCFA (acetic, propionic, and butyric acids; 20.04, 7.71, and 4.89 mM respectively); S2,
pigs treated with SCFA (acetic, propionic, and butyric acids; 40.08, 1541, and 9.78 mM respectively)

(24 days of age) were randomly allotted into 3 treat-
ments (n="7). The treatment groups were (1) control;
(2) low SCFA concentration (acetic, propionic, and bu-
tyric acids are 20.04, 7.71, and 4.89 mM respectively), S1;
(3) high SCFA concentration (acetic, propionic, and bu-
tyric acids are 40.08, 15.41, and 9.78 mM respectively),
S2. Before feeding, piglets in each treatment were intra-
gastrically infused with either 200 mL SCFA (S1 and S2
groups) or sterile saline (control group) in the morning
of each day. The SCFA solutions were obtained by add-
ing analytically pure SCFA into sterile saline. The experi-
mental period lasted for 7 days.

All pigs were individually housed in metabolism cages
(1.0 x 0.5 x 0.8 m) with a self-feeder and a nipple watering
device in a temperature (25+ 1°C), humidity (60 + 5%),
and light-controlled room during the study. The pigs had
ad libitum access to feeding and drinking water. Diet was
formulated to meet or exceed the nutrient recommenda-
tion of NRC (2012) for 7-11kg pigs (Additional file 1:
Table S1). The condition of each piglet was monitored at
least on a daily basis by manual and visual inspections.

On day 8, all pigs were anesthetized with an intravenous
injection of Zoletil 50 (Beijing PET Technology Co., LTD,
Beijing, China, 10 mg/kg BW), and the blood samples
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were collected from the portal vein into sterile vacuum
tubes and centrifuged at 3500 rmp for 10 min. After
blooding, the pigs were killed by anesthesia and jugular
exsanguinations. The length of small intestine and large
intestine was measured, and the tissues of duodenum, je-
junum, ileum, and colon (approximately 2 cm in length)
were immediately isolated and stored in 4% paraformalde-
hyde solution. Then, the tissues of ileum and colon were
isolated and preserved in phosphate buffer solution (4 °C).
This was followed by collecting the digesta of stomach,
duodenum, jejunum, ileum, caecum, and colon, and each
pH value was measured with a pH meter (PHS-3C pH,
Shanghai, China). After that, the weight of small intestine
and large intestine was detected and recorded. Besides,
the tissues and mucosa of duodenum, jejunum, ileum, and
colon were immediately collected and stored at —80°C.
The intestinal index was carried out by the formulas as
described by Diao et al. (2016) [48]. Relative density of in-
testine (g/cm) = intestinal weight/intestinal length x 100,
relative length of intestine (cm/g) = intestinal length/body
weight, and relative weight of intestine (%) = intestinal
weight/body weight x 100.

Short-chain fatty acid

Acetic acid, propionic acid, butyric acid, and total SCFA
were separated and quantified from serum and digesta
of ileum, cecum, and colon in a gas chromatographic
system (VARIAN CP-3800, Varian, Palo Alto, CA, USA)
as previously described by Franklin et al. (2002) [49].

Histology of intestine

As described by Touchette et al. (2002) [50], the duode-
num, jejunum, ileum, and colon were douched with ster-
ile saline and stored in 4% paraformaldehyde solution,
and then were dehydrated and embedded in paraffin
wax. The preserved samples were prepared after install-
ing and staining with hematoxylin and eosin. Ten intact
and well-orientated sections (villi height and their
adjoined crypts) of each sample were determined with
an image processing and analysis system (Image-Pro
Plus 4.5, Silver Spring, MD, USA) at x 40 magnification.
The number of goblet cells was measured using alcian
blue and periodic acid schiff (AB-PAS) [51].

Apoptosis and cell cycle of ileal and colonic epithelial cell
by flow cytometry

The epithelial cells of jejunum and colon were isolated to
measure the proportion of apoptotic cells and cell cycle by
flow cytometry as described before [52]. Briefly, the muco-
sal layer of jejunum and colon was isolated, and then cell
suspension was formed by grinding and filtering. This was
followed by modulating cell concentration to 1 x 10° cells/
ml. After that, 5yl Annexin V-fluorescein isothiocyanate
(V-FITC) and 5 pl propidium iodide (PI) were added into
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100 pl cell suspension, and incubated for 15min (room
temperature), and then added 400 pl 1 x binding buffer.
The apoptotic cells were carried out using Cell Quest soft-
ware within 1 h. Similarly, 1 ml 0.25% Tritonx-100 was
added into 100 pul cell suspension. Then, cells were incu-
bated for 30 min (4 °C), centrifuged at 1000 rmp for 5 min,
discarded the supernatant, and added 5 pl PI and 500 pl
pre-cooling PBS one after another. The cell cycle was
measured using Modifit software within 1 h.

Total protein, antioxidant capacity, DNA, and GLP-2
concentration

The mucosa of duodenum, jejunum, ileum, and colon was
homogenized after dilution with sterile saline (m:v =1:9),
and then centrifuged at 2500 rpm for 15 min. The total
protein concentrations of intestinal mucosa samples were
measured by the Bradford brilliant blue method.

The antioxidant capacity (methane dicarboxylic alde-
hyde (MDA) and total antioxidant capacity (T-AOC))
was determined using commercial kits (Nanjing Jian-
cheng Institute of Bioengineering, Jiangsu, China).

The glucagon-like peptide 2 (GLP-2) concentration of
the jejunal and colonic mucosa was determined using
swine ELISA kits (R&D Systems China Company Lim-
ited, Minneapolis, MN, USA), and quantified using a
BioTek Synergy HT microplate reader (BioTek Instru-
ments, Winooski, VT, USA).

The genomic DNA was isolated from the frozen mucosa
of duodenum, jejunum, ileum, and colon with a TIANamp
genomic DNA kit (TIANGEN, Beijing, China) according
to the manufacturer’s protocols. The concentration of
total DNA was analyzed spectrophotometrically using a
Beckman Coulter DU 800 (Beckman Coulter).

Enumeration of Escherichia coli, Lactobacillus spp,
Bifidobacterium spp, Bacillus spp, and total bacteria by
PCR

Bacterial DNA was extracted from digesta of ileum,
cecum, and colon using Stool DNA Kits (Omega
Bio-tek, Doraville, CA, USA). The primers and fluores-
cent oligonucleotide probes (Additional file 1: Table S2)
for total bacteria, Escherichia coli, Lactobacillus spp,
Bifidobacterium spp, and Bacillus spp were obtained
from the published papers [53, 54], which were synthe-
sized by Invitrogen (Shanghai, China). The PCR condi-
tions, reaction system, and calculation method were
referring to Qi, et al. (2011) [53]. These special kinds of
bacteria can be detected by the CFX96 Real-Time PCR
Detection System (Bio-Rad, CA, USA).

Total RNA extraction, reverse transcription reaction, and
real-time quantitative PCR

Total RNA was isolated from the frozen mucosa of
duodenum, jejunum, ileum, and colon using the
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TRIzol reagent (Takara, Dalian, China) according to
the manufacturer’s protocols. The c¢DNA of each
sample was acquired by reverse transcription with a
PrimeScript RT reagent kit (Takara, Dalian, China).
The genes related to SCFA receptors (GPR41, G
protein-coupled receptor-41; GPR43, G protein-
coupled receptor-43), intestinal development (GLP-2;
GLP-2R, glucagon-like peptide-2 receptor; EGF, epi-
dermal growth factor; IGF-1, insulin-like growth
factor-1; IGF-1R, insulin-like growth factor-1 recep-
tor), cell apoptosis and cycle (Caspase-3, cysteinyl
aspartate-specific proteinase-3; Bcl-2, B cell lymph-
oma/lewkmia-2; Bax, Bcl-2-associated X protein; Cyc-
lin D1; p21/Cipl, cyclin-dependent kinase inhibitor
1A), and intestinal barrier (Occludin; Claudin-1;
Z0O-1, zonula occludens 1; MUCI1, mucin 1; MUC2,
mucin 2; IL-10, interleukin-10; IL-1B, interleukin-1{;
IL-8, interleukin-8; TNF-a, tumor necrosis factor «)
can be detected by the QuantStudio™ Real-Time PCR
System (Thermo Fisher Scientific, Shanghai, China) as
described by Chen et al. (2013) [37]. The primers
(Additional file 1: Table S3) were synthesized by Invi-
trogen (Shanghai, China).

Analysis of protein levels by western blot

The antibodies against GPR43, Caspase-3, GLP-2,
Occludin, MUC-1, IL-1p, and PB-actin were purchased
from Abcam (Cambridge, MA, USA), Cell Signaling
Technology (Davers, MA), and Santa Cruz Biotechnol-
ogy Inc. (Santa Cruz, CA, USA), respectively. Protein
levels for the GPR43, Caspase-3, GLP-2, Occludin,
MUC-1, IL-1B, and P-actin in jejunal and colonic mu-
cosa were determined by western blot analysis as de-
scribed previously [55].

Statistical analysis

In this study, each pig was used as the statistical unit.
All the data were checked for normal distribution and
homogeneity of variance using Shapiro-Wilk and
Levene’s tests, respectively, in SAS 9.1 (SAS Inst. Inc.,
NC, USA). When the data were recognized as normally
distributed and exhibited homogeneity of variance, data
were analyzed by one-way ANOVA and Duncan’s mul-
tiple comparison. All differences were considered signifi-
cant at P < 0.05, whereas P values between 0.05 and 0.10
were considered a trend. All results were expressed as
mean and SEM.

Additional file

Additional file 1: Table S1. Composition and nutrient level of
experimental diets. Table S2. Primers and probes for real-time PCR of
bacteria. Table S3. Primer sequences and annealing temperature of pigs.
(DOCX 30 kb)
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