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Introduction: Several studies have evaluated the effects of tributyrin on sow
reproductive performance; however, none of these studies have investigated
the effects of tributyrin on sow gut microbiota and its potential interactions with
immune systems and milk composition. Therefore, we speculated that tributyrin,
the combination of butyrate and mono-butyrin without odor, would reach the
hindgut and affect the intestinal microbiota composition and play a better role in
regulating sow reproductive performance, gut flora, and health.

Methods: Thirty sows (Landrace X Yorkshire) were randomly divided into two
groups: the control group (CON) and the tributyrin group (TB), which received
basal diet supplemented with 0.05% tributyrin. The experimental period lasted for
35days from late pregnancy to lactation.

Results: The results showed that TB supplementation significantly shortened the
total parturition time and reduced the diarrhea rate in suckling piglets. On day 20
of lactation, the milk fat and protein levels increased by 9 and 4%, respectively.
TB supplementation significantly improved the digestibility of dry material, gross
energy, and crude fat in the sow diet, but had no significant effect on crude protein
digestibility. Furthermore, TB supplementation increased the levels of IL-10, IL-6, and
IgA in the blood of weaned piglets, but had no effect on maternal immunity. Analysis
of the fecal microbial composition revealed that the addition of TB during late
gestation and lactation increased the microbiota diversity in sows and piglets. At the
phylum level, sows in the TB group had a slight increase in the relative abundance of
Bacteroidota and Spirochaetota and a decrease in Firmicutes. At the order level, the
relative abundance of Lactobacillales was increased in piglets and sows, and the TB
group showed increased relative abundance of Enterobacterales and significantly
decreased relative abundance of Oscillospirales in piglets. At family level, the relative
abundance of Lactobacillaceae, Oscillospiraceae, and Christensenellaceae increased
in sows, and the relative abundance of Enterobacteriaceae and Lactobacillaceae
increased in piglets. At genus level, the relative abundance of Lactobacillus
increased in sows and piglets, but the relative abundance of Subdoligranulum and
Eubacterium_fissicatena_group decreased in piglets in the TB group.

Discussion: In conclusion, tributyrin supplementation shortened the farrowing
duration and reduced the diarrhea rate of piglets by improving the inflammatory
response and composition of gut microbiota in piglets and sows.
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1. Introduction

Butyrate, a short-chain fatty acid, is a key gut microbial metabolite that
mediates the effect of the gut microbiome on the immune system and plays
a key role in maintaining intestinal immune homeostasis (Siddiqui and
Cresci, 2021). It is often used as a feed additive because it helps improve the
health of the intestinal flora and maintain intestinal immune homeostasis.
Research has shown that supplementation of pregnant sows with 0.3%
dietary butyrate increases average daily weight gain (Lu et al., 2012),
changes colostrum composition, and improves the growth rate of piglets
(Heetal., 2016). In addition, after butyrate supplementation, the immune
function of newborn piglets is changed by reducing the production of
TNF-a and increasing the concentration of IgA in colostrum, thereby
improving their growth rate (He et al., 2016) and greatly reducing their
pre-weaning mortality rate (Wang et al., 2019a,b; Wang H. et al., 2019).
However, butyrate is also volatile and corrosive. In practice, supplementary
butyrate is mostly added as sodium butyrate, and it is easily absorbed by
the upper digestive tract (Moquet et al., 2016). Moreover, its smell is
unbearable (Mallo et al.,, 2012), leading to a decrease in feed intake (Biagi
etal,, 2007); therefore, its direct use in animal production is very difficult.

Tributyrin is a valid alternative to butyrate, as one molecule of
tributyrin releases three molecules of butyrate directly in the small
intestine (Sotira et al., 2020) and can reach the hindgut more effectively
as compared to butyrate (Augustin et al., 2011). Thus, it may affect gut
microbiota composition and health. Tributyrin does not decompose in
gastric juice and is slowly released into butyrate and glycerol under the
action of pancreatic lipase (Miyoshi et al., 2011). Tributyrin promotes
intestinal mucosal growth (Wang et al., 2019a,b; Wang H. et al., 2019),
regulates intestinal microbial community changes (Gong et al., 2021;
Miragoli et al., 2021), increases protein absorption, utilization, and
synthesis (Sotira et al., 2020), regulates piglet metabolism, improves piglet
growth performance, significantly improves average daily weight gain,
and reduces stool score of weaned piglets (Wang et al., 2019b). The
addition of tributyrin at 2 g/kg in the diet prevents growth retardation by
stimulating the appetite of weaned pigs, regulates inflammatory cytokine
production in vivo to prevent fatal infection in weaned pigs, and improves
the growth performance of piglets (Gu et al., 2017). However, only a few
studies have investigated the effects of tributyrin supplementation on sow
reproductive performance and health. The addition of 0.1% tributyrin
also improves the growth and intestinal digestion and barrier function of
intrauterine growth-restricted (IUGR) piglets during lactation (Dong
et al, 2016). The addition of 1,000mg/kg tributyrin to broiler diets
improves their reproductive performance, antioxidant capacity, and
ovarian function (Wang J. et al., 2021; Wang Y. et al., 2021). In addition,
diet supplemented at 250 mg/kg tributyrin improves growth performance
by regulating blood biochemical indicators and cecal microbial
community composition in broilers (Gong et al., 2021).

Several studies have evaluated the effects of tributyrin on sow
reproductive performance; however, none of these studies have
investigated the effects of tributyrin on sow gut microbiota and its
potential interactions with immune systems and milk composition.
Therefore, we speculated that tributyrin, the combination of butyrate
and mono-butyrin without odor, would reach the hindgut and affect
the intestinal microbiota composition and play a better role in
regulating sow reproductive performance, gut flora, and health.
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2. Materials and methods
2.1. Animal and dietary management

This study was conducted on a commercial pig farm. The
experiments followed the actual law of animal protection, was
approved by the Institutional Animal Care and Use Committee of
Sichuan Agricultural University (SCAUAC202108-3) and was
conducted in accordance with the Guide for the Care and Use of
Laboratory Animals of the National Research Council.

Thirty Landrace x Yorkshire sows with similar parity and backfat
thickness (15.59 +2.63) were selected and randomly divided into two
groups (n=15 each): the control group (CON) was fed a basic diet and
the tributyrin group (TB) was fed a basic diet supplemented with
500 g/t tributyrin (ProPhorce™ SR 130, provided by Perstorp Shanghai
Company, butyrate content >51.4%). The diet was designed according
to the experimental design and nutritional needs of the NRC (2012)
pigs. Supplementary Table 1 lists the nutritional parameters of the
gestation and lactation diets.

During the experiments, all sows were fed twice daily, at 8:30 and
14:30, with free access to water. From day 90 to day 110 of gestation,
sows were fed 2.8kg/day. The feed allowance was reduced gradually
to 2.0kg/day in the 3 days immediately before parturition. After
parturition, sows were fed 2kg/day on lactation on day 1, then
increased by 1.0kg/day until the animal fed freely. After delivery,
piglets were weighed one by one, and the number of piglets per sow
was adjusted to 10+ 1 within 24 h postpartum. All the piglets drank
freely and received no additional feed. All piglets were weaned on day
21 of lactation and the mammalian temperature was maintained at
20-25°C.

2.2. Data measurement and collection

Body weight and backfat thickness were measured after delivery
and weaning for each sow. The back fat thickness of the sows was
measured at 6.5 cm to the level of the last rib from the dorsal mid-line
using an ultrasonic device (Renco Lean-Meatier; Renco Corporation,
Minneapolis, MN, United States). The total litter size, number of
piglets born alive, weight after birth, and weight on day 21 were
recorded, and the weaning survival rate, daily weight gain, and litter
weight gain were calculated. During the entire trial period, the fecal
morphology of the sows was checked and recorded at a fixed time
every day, and the degree of constipation was scored according to
Oliviero et al. (2010): 0 (soft), 1 (particle size but soft), 2 (normal
feces), 3 (moderate constipation), and 4 (severe constipation), and
the constipation rate was calculated repeatedly. During lactation,
piglets scored stool morphology according to a 4-point system, where
a diarrhea score > 2 was judged as diarrhea (Long et al., 2021).

2.3. Sample collection

Feed samples were collected by quartering and were
hermetically stored at —20°C. On day 14 of lactation, fecal samples
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of sows were collected for five consecutive days and stored at
—20°C for nutrient digestibility by endogenous indicator method.
After collection, the fecal samples from each pig were mixed well,
and approximately 200g of the samples were collected by
quartering and hermetically stored at —20°C. The fecal samples of
sows and piglets were collected on day 21 of lactation for microbial
analysis. Twelve litters were selected for each treatment, and a
piglet close to the average weight were selected for each litter. The
feces of sows and piglets in all treatment groups were collected by
rectal massage method and stored hermetically at —20°C. On day
0 and 20 after parturition, blood samples (10 mL) were collected
by ear venipuncture. On day 21 of lactation, blood from lactating
piglets (5 mL) was collected from the anterior vena cava. All blood
samples were centrifuged at 3,000x g at 4°C for 10 min, and serum
was separated and immediately stored at —20°C for later analysis.
Colostrum samples were collected from the fourth or fifth pair
(any nipple or more nipples) breast after the birth of the fifth
piglet. On day 20 of lactation, milk samples were collected from
sows by injecting 1.0 mg of oxytocin into the auricular vein and
stored at —20°C for later analysis.

2.4. Determination of nutrient digestibility

Dry matter (DM), crude protein (CP), crude fat (CF), acid
detergent fiber (ADF), and neutral detergent fiber (NDF) in the feed
and fecal samples were measured according to AOAC (2012), and the
apparent total tract digestibility (AT TD) of each nutrient was calculated.

ATTD =[1-(b+n)x(c+d)]x100%

Where: n is the content of a nutrient in the diet; b is the content of
a nutrient in the fecal sample; ¢ is the content of the indicator in the
test diet; and d is the content of the indicator in the fecal sample Acid-
insoluble ash was determined with reference to GB/T 23742-2009.

2.5. Plasma hormone and biochemical
analyses

Plasma metabolites from sows (glucose, total cholesterol,
triglycerides, and urea) were determined using HITACHI 3100
Automatic Analyzer (Hitachi High-Tech Science Systems Inc., Tokyo,
Japan). Plasma concentrations of reproduction-related regulatory
hormones (insulin, leptin, prolactin, and GLP-1) in sows were
determined using commercial ELISA kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China), according to the
manufacturer’s protocol.

2.6. Chemical composition of colostrum
and milk analysis

The concentrations of fat, protein, lactose, total solids, and urinary
nitrogen in colostrum and milk were determined using an automatic
milk composition analyzer (Foss MilkoScan FT+, Fossomatic FC).
The concentrations of interleukin-A (IgA) and interleukin-A (IgM)
were determined by the commercial ELISA kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).
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2.7. Determination of immunoglobulin and
cytokine levels

Interleukin-1p (IL-1pf), interleukin-6 (IL-6), interleukin-G
(IgG), IgA, interleukin-M (IgM), Interleukin-2 (IL-2), and
Interleukin-10 (IL-10) levels in the blood of sows and piglets were
determined using commercial ELISA kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and an Absorbance
Microplate Reader (SpectraMax190).

2.8. Fecal microbial analysis

Fecal samples were evaluated using 16S rDNA sequencing
to determine the microbial composition of feces collected from
sows and piglets. Bacterial DNA was isolated from fecal samples
using an E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross,
Georgia, United States). Using this DNA as a template, the
V3-V4 hypervariable regions of the bacterial 16S rRNA gene
were amplified using primers F338 (5-ACTCCTACGGGAGGCA
GCAG-3’) and R806 (5-GGACTACHVGGGTWTCTAAT-3’). An
AxyPrep DNA Gel Extraction Kit was used to purify the amplicons.
Purified amplicons were paired-end sequenced on an Illumina
MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San
Diego, California, United States). Operational taxonomic units
(OTUs) with a 97% similarity cut-off were clustered, and chimeric
sequences were identified and removed. The taxonomy of the
representative sequence of each OTU was analyzed (Wang et al.,
2007) with a confidence threshold of 0.7.

2.9. Statistical analysis

One-way ANOVA was performed using SAS 9.0 for sow
reproductive performance, nutrient digestibility, milk composition,
and blood parameters, and all data are expressed as mean + SEM. A
p<0.05 was considered significant for all analyses, whereas a
0.05<p <0.10 was considered a tendency.

3. Results

3.1. Effects of tributyrin on the
reproductive performance of sows

As shown in Table 1, the TB group had a shortened total length of
delivery (p < 0.05) but showed no significant difference in litter size,
live litter size, primary weight of piglets, or constipation score
(p>0.05). However, the constipation rate was reduced by 31%
(p>0.05).

3.2. Effects of tributyrin on feed intake and
backfat change in sows

As shown in Table 2, the TB group had no significant difference
on feed intake or backfat loss (p>0.05).
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TABLE 1 Effects of tributyrin on delivery performance and fecal score of sows.

ltem CON TB
Labor length, (min) 229.27 +15.43° 177.01+12.56*
Interdelivery interval, (min) 22.49+2.43° 14.26+2.74*
Number of total born 11.69+1.04 12.19+0.58
Number of liveborn 11.00+0.93 11.50+0.87
Litter weight of piglets, (kg) 15.18+1.36 14.76 £0.94
Weight of piglets, (kg) 1.41+0.34 1.33+0.26
Constipation rate, (%) 12.20+£2.32 8.33+1.07
Constipation scoring 1.66+0.14 1.38+0.22

CON, basal diet; TB, basal diet+ 500 g/t tributyrin. **Values in the same row with different
small letter superscripts mean significant difference (p <0.05). Data are presented as
mean +SEM (n=15).

TABLE 2 Effects of tributyrin on feed intake and backfat thickness during
lactation in sows.

Items CON TB
Feed intake, kg

Day 0-7 4.77+0.34 4.56+0.51
Day 8-14 6.17£0.46 6.10+£0.44
Day 14-21 6.27£0.64 6.22+0.59
Day 0-21 5.790+0.55 5.682+0.43
Backfat thickness (mm)

BF on the day of deliver 15.27+3.21 14.93+2.04
BF on weaning 13.50+1.45 13.52+2.18
BF loss during lactation 1.77+0.48 1.43+0.55

CON, basal diet; TB, basal diet + 500 g/t tributyrin. BE, backfat thickness. Data are presented
as mean+SEM (n=15).

3.3. Effects of tributyrin on the growth
performance of weaning piglets

As shown in Table 3, no significant difference was noted in
weaning survival rate, litter weight, or individual body weight, but the
TB group had increased litter weight of piglets by 3-5%, weight of
piglets by 200 g (p>0.05), and significantly reduced rate of diarrhea in
lactating piglets (p <0.05).

3.4. Effects of tributyrin on the composition
of colostrum and normal milk in sows

As shown in Table 4, no significant difference was noted in the
composition of colostrum or normal milk in sows, but the IgA in
colostrum increased by 11.8%. In contrast, milk fat, milk protein, and
total solids in milk on day 20 of lactation were, respectively, increased
by 9% (p=0.089), 4%, and 7.6%.

3.5. Effects of tributyrin on blood
biochemical markers in sows and piglets

As shown in Table 5, the addition of tributyrin had no significant
effect in the blood biochemical indexes of sows but had a tendency to
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TABLE 3 Effects of tributyrin on growth performance of weaning piglets.

ltems CON TB

Number of piglet per

litters 10.21£0.55 11.67 £0.46
Survival rate, (%) 91.96+2.15 92.87++1.88
Litter weight, (kg) 59.71+2.48 62.85+3.01
BW, (kg) 6.15+£0.26 6.35+£0.35
ADG, (g/d) 225.77+16.78 238.72+22.17
Diarrhea score 0.67+0.15" 0.33£0.09*
1D, (%) 0.92+0.24° 0.20+0.08*

CON, basal diet; TB, basal diet + 500 g/t tributyrin. *bValues in the same row with different
small letter superscripts mean significant difference (P<0.05). BW, body weight; ADG,
average daily gain; ID, Incidence of diarrhea. Data are presented as mean +SEM (n=15).

TABLE 4 Effects of tributyrin on composition of colostrum and regular
milk in sows.

IE CON TB

Colostrum

Fat, (%) 7.25+0.49 7.51+0.37
Protein, (%) 14.55+1.36 15.17+0.98
Lactose, (%) 2.75%0.29 2.77+0.30
Total solids, (%) 28.56+2.07 29.49+2.19
Urinary nitrogen, (mg/dL) 82.28+7.46 86.36+6.28
IgA, (mg/mL) 4.06+1.06 454148
IgM, (mg/mL) 0.74+0.05 0.72+0.06
Milk at day 20 of lactation

Fat, (%) 6.65+0.45 7.3240.36
Protein, (%) 5.02+0.38 5.23+0.25
Lactose, (%) 5.52+0.56 5.57+0.32
Total solids, (%) 19.32+1.36 20.78 £2.02
Urinary nitrogen, (mg/dL) 72.64+4.48 73.96 +5.09

CON, basal diet; TB, basal diet + 500 g/t tributyrin. Data are presented as mean = SEM (n=15).

increase urinary nitrogen in the blood on day 20 of lactation
(p=0.092). In addition, blood triglycerides of piglets increased by 16%
in the TB group.

3.6. Effects of tributyrin on nutrient
digestibility in lactating sows

As shown in Table 6, the addition of tributyrin significantly
improved the digestibility of dry material, energy (p <0.01), and crude
fat (p<0.05) in the sow diet, but had no significant effect on crude
protein digestibility.

3.7. Effects of tributyrin on hormone
secretion in lactating sows

As shown in Table 7, the addition of tributyrin had no significant
effect on the secretion of GLP-1, INS, or LEP in the blood on days 0

and 20 of lactation, but had a tendency to improved PRL in the blood
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TABLE 5 Effects of tributyrin on blood biochemical indexes of sows.

10.3389/fmicb.2023.1142174

TABLE 7 Effects of tributyrin on blood hormone secretion in sows.

ltems CON TB ltems CON TB
Glucose, (mmol/L) Day 0 of lactation
Sows on day 0 of GLP-1, (pmol/L) 5.26+0.89 6.89+1.89
) 336+0.32 3.13+0.35
lactation INS, (mIU/L) 69.3911.90 69.49+10.08
Sows on day 20 of
Y 5204041 52445048 LEP, (ng/mL) 12.26+4.43 17.48+4.25
lactation
PRL (ng/ mL) 1961.62+158.23 2677.85+117.79
Weaned piglets 7.21+0.15 7.22+0.16
Day 20 of lactation
Urinary nitrogen, (mmol/L)
GLP-1, (pmol/L) 6.17+0.88 8.16+£1.49
Sows on day 0 of
3.60+0.43 3.92+0.29 INS, (mIU/L) 71.81+£6.26 59.87+2.10
lactation
LEP, (ng/mL) 19.70+4.69 14.07 £3.96
Sows on day 20 of
lactati 5.23+0.22 5.96+0.34 PRL, (ng/mL) 2892.15+219.85 3270.85+195.71
actation
. CON, basal diet; TB, basal diet + 500 g/t tributyrin. GLP-1, glucagon-like peptide-1; INS,
it 2.54+0. 2.91+0.41
Weaned piglets >4+0.33 910 Insulin; LEP, Leptin; PRL, prolactin. Data are presented as mean+SEM (n=38).
Total cholesterol, (mmol/L)
Sows on day 0 of TABLE 8 Effects of tributyrin on blood hormone secretion in sows and
1.74+0.06 1.43+0.14 weaned piglets.
lactation
Sows on day 20 of ltems CON TB
. 2.81+0.55 2.41+0.48
lactation Sows on day 0 of lactation
Weaned piglets 6.11+0.66 6.03+0.57 IL-6, (ng/L) 61.94+6.96 64.30+7.89
Triglycerides, (mmol/L) IL-10, (ng/L) 124.73+13.26 132.45+11.48
Sows on day 0 of
1 y 0.30+0.05 0.26+0.04 IgA, (mg/mL) 1.21+0.14 1.20+£0.18
tati
actation 1gG, (mg/mL) 4224054 4474038
Sows on day 20 of
0.22+0.04 0.26+0.05 IgM, (mg/mL) 0.695+0.06 0.649 +0.05
lactation
Sows on day 20 of lactation
Weaned piglets 1.28+0.09 1.48+0.14
IL-6, (ng/L) 60.69+2.08 56.54+2.87
CON, basal diet; TB, basal diet+500 g/t tributyrin. Data are presented as mean +SEM (n=38).
IL-10, (ng/L) 124.19+8.99 117.04+6.11
TABLE 6 Effects of tributyrin on dietary nutrient digestibility in sows. IgA, (mg/mL) 1.17£0.20 1.21+0.23
. ) + +
DIgeSthIllty, (%) CON TB IgG, (mg/mL) 4.97+0.41 4.59+0.48
Dry matter 94.10+£0.38* 94.94+0.27 " IgM, (mg/mL) 0.404£0.15 0.399+0.10
Crude protein 85.37+131 86.45+0.90 Piglets on day 21 of lactation
- + +
Gross energy 80.48£0.70* 81.58+0.39" 1L-1B, (ng/L) 68.58:+8.95 68.59£7.65
- 2 b
Crude fat 4754132 77 41+ 108" IL-6, (ng/L) 57.85+5.20 71.17+7.18
CON, basal diet; TB, basal diet +500 g/t tributyrin. “Values in the same row with different IL-10, (ng/L) 149.14+10.32 171.617.75
small letter superscripts mean significant difference (P<0.05). **Values mean highly IgA, (mg/mL) 0.88+0.11° 1.17+0.05
significant difference(P<0.01). Data are presented as mean + SEM (n=8).
IgG, (mg/mL) 5.04+0.27 4724040

on day 0 of lactation (p=0.058) and decreased INS in the blood on day
20 of lactation (p=0.086).

3.8. Effects of tributyrin on blood
immunoglobulin and cytokine secretion

As shown in Table 8, the addition of tributyrin did not have
significant effects on IL-6, IL-10, IgA, IgG or IgM concentrations
in sow serum on days 0 and 20 of lactation. Interestingly,
dietary tributyrin supplementation in sows increased the levels
of IL-6 and IgA (p<0.05) in the blood of 21-day-old lactating
piglets with a tendency to increase the concentration of IL-10
(p<0.10).

Frontiers in Microbiology

CON, basal diet; TB, basal diet+500 g/t tributyrin. **Values in the same row with different
small letter superscripts mean significant difference (P<0.05). Data are presented as
mean +SEM (sows, n=8; piglets, n=12).

3.9. Effects of tributyrin on the fecal
microbial composition of sows and piglets

As shown in Figure 1, there is not statistically significant in the

microbiota diversity of sows (Figure 1A) and piglets (Figure 1B).

Compared with the control, the microbiota of the fecal

samples in the TB group showed a slight increase in the relative
abundance of Bacteroidota and Spirochaetota, and a decrease in
Firmicutes (Figure 2A). As shown in Figure 2B, at the order level,
the relative abundance of Lactobacillales was increased in the TB
group; there was an increasing trend for the TB group in the
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Effects of tributyrin on fecal microorganisms of sows (A) and piglets (B). CON, basal diet; TB, basal diet +500g/t tributyrin.
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Effects of tributyrin on fecal microbial composition of sows. The overall composition of the sow fecal microflora at the phylum (A), order (B), family (C),
and genus (D) level is indicated in the bar chart. Each bar graph represents the average relative abundance of each bacterial taxon in a set. The
abscissa/ordinate shows the sample name, the ordinate/abscissa shows the proportion of the species in the sample, columns of different colors
represent different species, and the length of the columns represents the proportion of the species.
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relative abundance of Oscillospirales but significantly reduced the
relative abundance of Peptostreptococcales-Tissierellales
(p<0.01). As shown in Figure 2C, at the family level, the TB group
the

Oscillospiraceae, and Christensenellaceae, and showed a

increased relative abundance of Lactobacillaceae,
significantly reducing in that of Peptostreptococcaceae (p <0.01)
and Clostridiacea. As shown in Figure 2D, TB supplementation
increased the relative abundance of Lactobacillus, significantly
reduced the relative abundance of Romboutsia (p<0.01).

Therefore, the above results indicate that the gut microbiota
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composition of sows was profoundly altered during late pregnancy
and lactation.

Figure 3 shows that dietary tributyrin in late pregnancy and
lactation had a profound impact on the intestinal microbial
composition of offspring piglets. As shown in Figure 3A, the relative
abundance of Proteobacteria in the TB group tended to increase at
the phylum level. As shown in Figure 3B, at the order level, the TB
group increased the relative abundance of Lactobacillales and
Enterobacterales and significantly decreased the relative abundance
of Oscillospirales (p=0.034). Similarly, the relative abundance of
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FIGURE 3
Effects of tributyrin on the fecal microbial composition of piglets. The overall composition of fecal microbial flora in piglets at phylum (A), order (B),
family (C), and genus (D) level is indicated in the bar charts. Each bar graph represents the average relative abundance of each bacterial taxon in a set.
The abscissa/ordinate shows the sample name, the ordinate/abscissa shows the proportion of the species in the sample, columns of different colors
represent different species, and the length of the columns represents the proportion of the species.

Enterobacteriaceae was also increased in the TB group (Figure 3C),
and the TB group increased the relative abundance of
Lactobacillaceae, significantly enduce the relative abundance of
Ruminococcaceae (p=0.032). As shown in Figure 3D, at the genus
level, the TB group increased the relative abundance of Lactobacillus,
Escherichia-Shigella, and Lachnoclostridium and decreased the
relative abundance of Subdoligranulum and Eubacterium_
fissicatena_group. Therefore, the above results indicate that the gut
microbiota composition of piglets was profoundly altered
during lactation.

Principal coordinate analysis (PCoA) revealed a significant
increase in gut microbiota diversity following dietary tributyrin
supplementation in sows (p=0.020), and there had a tendency to
increase in piglets (p=0.094), compared to the CON group. As
shown in Figure 4, the microbial profile of the CON group was
closely clustered, indicating that their bacterial community
structures were highly similar and stable, whereas the TB group
showed a significant shift in the microbial community. The TB
group showed a significantly improved diversity of intestinal
microbes in piglets, which helped establish and improve the
intestinal flora.

The heatmap (Figure 5) exhibits the abundance of the selected
genera across all the samples. The heatmap diagram of the sow shows
25 genera from three bacterial phyla, and 25 genera from the heatmap
diagram, from five bacterial phyla. As shown in Figure 5, The results
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showed that the dominant genera of the piglets and sows, with no
significant difference in groups.

The relative abundance of top 10 predicted function of fecal
microbiota in sows and piglets is shown in Supplementary Sheet 1
(sows) and Supplementary Sheet 2 (piglets), and displayed with
heatmap in Figure 6. Microbial functions were predicted using
FAPROTAX based on the relative abundance of fecal microbes.
Among the top 10 functions, “chemoheterotrophic” and
“fermentation” are the top two most important functional annotations
in sows and piglets. The TB group increased the relative abundance of

»
>

“Mammal_gut,” “Human_gut,” “Animal_parasites_or_symbionts” and

decreased the relative abundance of “Nitrate_reduction,” “Nitrite_
ammonification,”
sows. The TB group increased the relative abundance of “Human_gut,”

Chemoheterotrophy;”

Nitrite_respiration,” and “Nitrogen-respiration” in
“Mammal_gut;” “Animal_parasites_or_symbionts,”
and “Fermentation” in piglets.

4. Discussion

Previous studies found that there was no significant effect on the
litter performance of sows by supplementation of 1% butyrate in the
diet during pregnancy (Huang et al., 2017; Chen et al., 2019). As a
prodrug of butyrate, tributyrin has the same effect as butyrate (Chen
et al,, 2018). Similarly, maternal tributyrin supplementation had no
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Effects of tributyrin on the fecal microbes of sows (A,B) and piglets (C,D). Principal coordinate analysis (PCoA) plots show differences between the
CON and TB groups. Red circles indicate the CON group, blue circles the TB group, and the closer the two samples are, the more similar the
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Bacterial community heatmap analysis at genus level in sows (A) and piglets (B). CON (1-12), basal diet; TB (1-12), basal diet +500g/t tributyrin. The
abscissa is the sample name, and the ordinate is the species name. The abundance change of different species in the sample is displayed by the color
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significant effect on litter performance of sows in this experiment,
which is consistent with the above research. The duration of delivery
was closely related to the sow’s health and the piglet’s growth
performance (Langendijk and Plush, 2019). Prolonged labor
farrowing duration may damage uterine health and fertility of sows
after weaning (Peltoniemi et al., 2016; Bjérkman et al., 2018), and
increase the mortality of piglets (Gourley et al., 2020a,b; Langendijk
and Plush, 2019; Van den Bosch et al., 2022). Metabolic disorders and
inflammation in sows in late pregnancy, resulting in prolonged labor
processes (Muns et al., 2016; Royer et al., 2016), influencing the rate
of live births (Wang et al., 2019a,b; Wang H. et al, 2019), and
tributyrin modulates inflammatory cytokines (Gu et al., 2017) and
reduces the occurrence of oxidative stress (Wang et al., 2019a,b; Wang
H.etal, 2019). After the addition of tributyrin, the levels of the anti-
inflammatory cytokines IL-6 and IL-10 in sows increased, which is
consistent with the above conclusions. This shows that tributyrin can
reduce the occurrence of oxidative stress, shorten the labor process,
and improve the reproductive performance of sows by increasing the
levels of anti-inflammatory cytokines in the body.

This study showed that the addition of tributyrin increased the
weaning weight of nursing piglets and significantly reduced their rate of
occurrence of diarrhea. Breast milk contains many nutrients that are
essential for growth and immune protection in newborn piglets
(Devillers et al., 2011). The addition of tributyrin could change the
composition of the milk of the sow, increasing the content of milk fat
and protein in the sow’s emulsion, thereby improving the litter weight
of the weaning piglets. Meanwhile, the addition of tributyrin increased
the blood content of the anti-inflammatory factors IL-10, IL-6, and IgA
in piglets. Previous studies have shown that IgA transfers from the

Frontiers in Microbiology

breast to colostrum (Salmon et al., 2009). The cytokines present in the
colostrum/milk of the sows can be transferred to the newborn piglets
through breast milk, and thus the increased serum cytokine
concentration in piglets may be related to the increased cytokine content
in the blood of sows. The present study showed that tributyrin reduced
the diarrhea rate of lactating piglets, which is consistent with previous
findings (Wang et al., 2019b). After the addition of tributyrin, the levels
of anti-inflammatory factors (IL-6 and IL-10) in piglets increase, which
inhibits the production of proinflammatory cytokines (Opal and
DePalo, 2000; Yoo and Morrison, 2005). Meanwhile, IgA obtained
through colostrum also increased the piglets’ resistance and reduced the
occurrence of diarrhea. Tributyrin can improve immunity and reduce
diarrhea in piglets via maternal nutritional programming.

The addition of tributyrin effectively regulated the structure of
the intestinal microbial flora and promoted the digestion and
absorption of nutrients. Gut microbiota play a very important role
in individual growth and development, and this study investigated
the effects of tributyrin supplementation on the composition of
intestinal microbes of not only the mother, but also the offspring.
Gut microbes are related to the reproductive performance of sows
(Uryu et al., 2020), and the composition of the intestinal flora affects
stillbirth rate, farrowing duration, and oxidative stress state (Wang
etal., 2019a,b; Wang H. et al., 2019). The results of the present study
showed that the addition of tributyrin increased the relative
abundance of Bacteroidota and Spirochaetota in the intestines of
sows at the phylum level, and the relative abundance of
Lactobacillales, Lactobacillaceae, and Lactobacillus in the intestines
of piglets and sows also increased. Firmicutes are known for their
ability to produce butyrate, whereas Bacteroidetes have acetate and
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propionate as their main metabolites (Rios-Covian et al.,, 2016).
Short-chain fatty acids are important for maintaining the health of
the hosts and sows, after the addition of TB, the increasing
abundance of microbiota producing SCFA and beneficial bacteria
(e.g., Lactobacillus) can also help improve gut health and immunity
(Huang et al., 2004). Maternal gut microbes colonize the fetus
through the uterus during pregnancy (Collado et al., 2016;
Rackaityte et al., 2020). Furthermore, the microbiota in the mother
can be transmitted to the offspring after delivery through direct
contact with the offspring or by breastfeeding during lactation
(Pannaraj et al, 2017; Wampach et al, 2018). Thus, it can
be speculated that after the addition of TB, the gut microbiota of
sows is changed and simultaneously transmitted to the offspring. The
increase of Lactobacillus can effectively improve the immune system
and reduce the rate of diarrhea in piglets (Yang et al, 2015).
Furthermore, nutrient digestibility of feed is closely related to the
intestinal health of animals. Tributyrin promotes intestinal
development by supplying energy and maintaining the balance of
bacterial flora (Gaschott et al., 2001). The present study found that
the addition of 0.05% tributyrin increased the GE and fat digestibility
of lactating sow. This shows that tributyrin supplementation can
effectively regulate the intestinal microbial community to affect
nutrient digestibility, thus greatly influencing the growth and
development of animals (Lu et al., 2021). In our study, the TB group
decreased predicted functions“Nitrate_respiration,” which is related
to aerobic respiration, were observed in the sows. The results
suggested that tributyrin supplementation could promote the
proliferation of beneficial bacteria and inhibit the proliferation of
harmful bacteria (Li et al., 2020).

5. Conclusion

In conclusion, tributyrin supplementation shortened the
farrowing duration and reduced the diarrhea rate of piglets by
improving the inflammatory response and composition of gut
microbiota in piglets and sows. This research provides
theoretical support for further application of tributyrin in
improving reproductive performance and promoting animal
gut health.
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