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This study aimed to determine the effects of tributyrin on growth performance, gastrointestinal tract
development, ruminal bacteria and volatile fatty acid (VFA) formation. Thirty healthy weaned Small-
Tailed Han female lambs at 3 months old with BW 27.5 + 4.1 kg (mean + SD) were randomly assigned
to five groups of six lambs each, and each group received tributyrin at 0, 0.5, 1.0, 2.0 and 4.0 g/kg in feed.
Weights were measured before the start and end of the study. After 15 d adaptation, DMI, feed, faeces
and urine were recorded every week. Lambs were sacrificed at d 75. Compared to lambs fed no tribu-
tyrin, lambs fed 4.0 g/kg tributyrin had higher average daily BW gain (P = 0.04) and DMI (P < 0.01).
Tributyrin reduced nitrogen (P < 0.01), Ca (P < 0.01) and P (P < 0.01) losses derived from faeces and urine.
The mostly important, tributyrin increased dorsal sac thickness (P < 0.01), papillae length (P = 0.04) and
width (P < 0.01), ventral sac papillae length (P < 0.01) and width (P < 0.01), caudodorsal blind sac
thickness (P = 0.02), papillae length (P < 0.01) and width (P < 0.01). Furthermore, tributyrin increased
thicknesses of both the duodenum (P < 0.01) and ileum (P = 0.01), and villus heights of the duodenum
(P=0.01), ileum (P < 0.01), jejunum (P < 0.01) and caecum (P = 0.02), but tributyrin decreased duodenal
(P < 0.01) and caecal crypt depths (P < 0.01). Tributyrin reduced rumen pH (P < 0.01) while promoting
total VFA concentration (P < 0.01). Tributyrin improved the structure of rumen bacteria by enhancing
Clostridium (P = 0.04), Butyrivibrio (P < 0.01), Streptococcus (P = 0.04), Prevotella (P = 0.04), Ruminobacter
(P = 0.02) and Fibrobacter (P = 0.03). In conclusion, tributyrin could stimulate gastrointestinal tract
development by enhancing colonization of rumen VFA-producing bacteria, and dietary supplementation
of tributyrin at 4.0 g/kg of DM was recommended for the weaned lambs.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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1. Introduction

Butyric acid is an important rumen fermentation product, with a
changed concentration from 0.002 to 17.3 mol/L in the rumen of
weaning calves from birth to weaning (Niwinska et al., 2017).
Butyric acid has an obviously important function in stimulating
rumen development because it could serve as a key energy source
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epithelial cell proliferation and ultimately rumen maturation
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(Donohoe et al,, 2012). Besides, butyric acid may also promote
rumen mucosa development by reducing apoptosis (Mentschel
et al,, 2001). Gorka et al. (2018a) evaluated potential of exogenous
butyrate supplementation on stomach functions of sheep and
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found that the exogenous butyrate could well improve rumen,
omasum and abomasum development. Despite these multiple
benefits suggesting that butyric acid has a good potential to be
widely added into the diet to improve both health and performance
of ruminant animals, its disadvantages of having a very short half-
life in plasma, volatility and odor result in a limited application in
practice. In fact, butyric acid is usually added into diets in the form
of sodium butyrate (Araujo et al., 2015).

Tributyrin is a derivative of butyric acid, and it could be metab-
olized into three free butyric acid molecules in the gastrointestinal
tract (GIT) of animals. Compared with butyric acid and its salts,
tributyrin is more stable and less odorous, and has more favorable
pharmacokinetics (Miyoshi et al., 2011). In recent years, tributyrin
has attracted much attention and been widely used as a feed addi-
tive in diets to improve health and performance of ruminant ani-
mals. For dairy cows, rumen-bypassed tributyrin was shown to
relieve heat stress and to promote production performance by
reducing lymphocyte response (Guo et al., 2021). In adult Small-
Tailed Han sheep, dietary supplementation with tributyrin has
been shown to improve rumen microbial growth and metabolites,
thereby resulting in higher fibrolytic enzyme activity and dietary
nutrient utilization (Ren et al., 2018a, 2018b, 2018¢). For pre-weaned
dairy calves, Liu et al. (2022) showed that tributyrin added into milk
replacer could promote intestinal development via enhancing the
intestinal barrier and suppressing the inflammatory response.

For young ruminant animals, the promotion of rumen devel-
opment is particularly important since promoting rumen devel-
opment has a significant impact on later growth and production
performance. So far, various strategies including an increase of
scratch factor, a promotion of volatile fatty acid (VFA) formation in
the rumen, bacteria supplementation, changed feeding schedule
and feed particle size, and addition of nutrient source have been
used to speed up rumen development (Muscato et al., 2002;
Baldwin et al., 2004; Lesmeister et al., 2004). Our in vitro and
in vivo studies demonstrated that tributyrin supplementation
could significantly promote VFA formation, particularly butyric acid
(Ren et al., 20184, 2018b, 2018c; Song et al., 2020). We hypothesized
that tributyrin supplementation had a good potential to improve
GIT, particularly ruminal development of lambs. Therefore, to fully
evaluate this potential, the present experiment was conducted to
determine the effects of tributyrin on growth performance,
nutrient digestibility and loss, GIT development, ruminal bacteria
and VFA formation of weaned Small-Tailed Han female lambs, and
to provide a scientific basis for tributyrin utilization as a feed ad-
ditive in the diet of young ruminants.

2. Materials and methods
2.1. Animal ethics statement

The animal care protocol involved in the current experiment
was approved by the Animal Ethics Committee of Anhui Science
and Technology University (protocol no. AECASTU-2023007). The
present sampling procedures were applied according to Guideline
no.398 on Ethical Treatment of Experimental Animals (2006)
derived from the Ministry of Science and Technology, China. All
efforts were made to minimize the lambs’ suffering.

2.2. Lambs and treatments

The feeding period lasted from June to August. Thirty healthy
weaned Small-Tailed Han female lambs at 3 months old with BW
27.5 + 4.1 kg (mean + SD) were randomly assigned to five groups of
six lambs each. Each lamb was separately fed in a metabolic cage
(1.5 m x 1.5 m) with a perforated wooden floor. During the
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Table 1
Ingredients and nutrient composition of the total mixed ration feed for weaned
Small-Tailed Han female lambs (%, as DM basis).

Items Content

Ingredients
Maize 25.0
Soybean meal 11.0
Ensiled total corn stover 35.0
Peanut straw 20.0
Garlic by-products 5.0
Premix’ 4.0

Nutrients
Metabolizable energy?, MJ/kg 12.3
Crude protein 18.1
Ether extract 3.1
NDF 373
ADF 24.2
Non-fibre carbohydrate? 34.1
Ash 74
Ca 0.7
Total P 04

NDF = neutral detergent fibre; ADF = acid detergent fibre.

! Per kilogram of premix contained 154.44 kIU of vitamin A, 94 kIU of vitamin D5,
338.2 KIU of vitamin E, 120 mg of [, 280 mg of Cu, 2,240 mg of Fe, 1,740 mg of Mn,
1,370 mg of Zn, 60 mg of Se, 16.8 mg of Co, 50 mg of Lys and 50 mg of Met.

2 Metabolizable energy was based on calculated values (NRC, 2001).

3 Non-fibre carbohydrate (%, DM basis) = 100 - (neutral detergent fibre + crude
protein + ether extract + ash).

experiment, lambs had ad libitum access to water and feed. The
total mixed ration (TMR; Table 1) was separately offered to lambs at
07:00 and 19:00 every day. Based on DM of the formulated TMR,
each group received tributyrin (Perstorp (Shanghai) Chemical
Products Trading Co. Ltd, Shanghai, China) at 0, 0.5, 1.0, 2.0 and
4.0 g/kg in feed. The selected dosage of tributyrin was according to
Ren et al. (2018a), who provided tributyrin to adult Small-Tailed
Han ewes at varied levels from O to 8 g/kg of DM in feed.

2.3. Measurements of growth performance and nutrient utilization

Before the start and end of the current experiment, each lamb
was separately weighed and the BW was recorded to calculate daily
BW gain and ratio of feed to BW gain.

The current experiment lasted 75 d, consisting of 15 d of
adaptation to the diet, followed by 60 d of the experimental period.
Dry matter intake and total excretion of both faeces and urine of
each lamb were weekly recorded in the seventh day during the
experimental period. After recording, feed, faeces and urine sam-
ples of each lamb were respectively collected according to the
method of Ren et al. (2018a) for later nutrient analysis such as ni-
trogen (N), ash, Ca and P, neutral detergent fibre (NDF) and acid
detergent fibre (ADF).

2.4. Slaughter and sample collection

At end of the experiment, lambs were sacrificed 3 h after
morning feeding, and the slaughtering procedure was strictly car-
ried out according to Slaughter Processing of MARA (2019).
Immediately after slaughtering, organs such as heart, liver, spleen,
lung, kidney and gallbladder were spread on polystyrene plates to
measure their weights and to calculate the organ index as follows:
Organ index (kg/100 kg live BW) = 100 X [organ (kg)/live BW (kg)].
In the present experiment, the carcass was measured and defined
as the weight of the lamb's slaughtered body without head, lower
limbs, all internal organs and fur after being left for 30 min.

Forestomach compartments including rumen, reticulorumen,
omasum and abomasum were respectively removed and emptied
from their digesta and then weighed. Rumen digesta was emptied
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into the designated clean plastic basin, and pH values were
measured using a portable meter (HI8424, Beijing Hanna In-
struments Science & Technology Co. Ltd, Beijing, China) from
different compartments. After pH determination, the rumen digesta
were hand-mixed thoroughly, and about 200 g of the digesta was
collected and stored at —80 °C until extraction of bacterial DNA,
while another 500 g rumen digesta was manually collected and
filtered using four layers of muslin to obtain ruminal aliquots. The
obtained aliquots were centrifuged at 3,000 X g at 4 °C for 30 min.
The supernatant of the centrifuged aliquots was collected and stored
at —20 °C for later analysis of VFA concentration.

Four pieces of the whole-tissue (each size of 2 cm x 2 cm) from
the rumen dorsal sac, ventral sac, caudodorsal blind sac and cau-
doventral blind sac were separately taken, and rinsed in 0.9%
stroke-physiological saline solutions (Huaian Kelun, Huaian,
Jiangsu province, China) until clear, then the pieces were stored in
designated 10% formalin neutral fixative solutions (Nanchang Yulu,
Nanchang, Jiangxi province, China). Meanwhile, the small intestine
including the duodenum, jejunum and ileum, and large intestine
including colon, caecum and rectum were spread on polystyrene
plates to measure their lengths and weights. Pieces with length of
2 cm from the duodenum, jejunum, ileum and caecum were
respectively taken, washed clearly using the 0.9% stroke-
physiological saline solution and fixed with 10% formalin solution
for later determination of intestinal development.

2.5. Chemical analysis

According to AOAC (2012), standard methods were selected to
analyze the content of DM (930.15), N (984.13), ash (975.03), Ca
(968.08) and P (965.17) in feed, faeces and urine. For N analysis,
freeze-dried samples of both feed and faeces were prepared instead
of drying them with hot temperature (e.g. 105 °C) to avoid under-
estimating N content. According to the methods of Van Soest et al.
(1991), contents of both NDF and ADF were separately assayed with
a-thermoamylase (Wuhan Xinxin Jiali Biotechnology Co. Ltd,
Wuhan, Hubei province, China). According to NRC (2001), metab-
olizable energy of the feed was estimated.

2.6. Histological analysis

In the present study, histological analysis of the rumen was car-
ried out according to the method of Gérka et al. (2018a). The rumen
samples were firstly dehydrated using an ethanol series, followed by
clearing with xylene and embedding in paraffin. Before embedding,
each rumen sample was divided into a 5- to 10-mm thick piece, then
the piece was embedded in a separate paraffin block. Six-
micrometer thick sections were cut from each paraffin block and
stained using both hematoxylin and eosin for morphometry. During
the determination, one square centimeter of the rumen sample was
used to analyze length, width and density of rumen papillae and
thickness of the rumen muscle. With the help of a stereoscopic
microscope (version ZEISS SteREO Discovery V12, ZEISS, Jena, Ger-
many) and AxioVision software (Zeiss), rumen papillae were cut off
from the base to measure papilla length and width. Papilla width
was measured at the middle point of the papilla.

Histological analysis of the intestine was carried out according to
the method reported by Ren et al. (2020). The fixed intestine sam-
ples were removed from the 10% formalin solution and separately
embedded in paraffin blocks. For each block, 3 to 4 mm thick sec-
tions were sectioned by LEICA RM2235 microtome (Leica Micro-
systems, Milton Keynes, UK) and stained with hematoxylin and
eosin. Four microscopic fields per sample were selected to measure
the intestinal muscle thickness, villus height and crypt depth using a
Carl Zeiss Axioskop microscope (Carl Zeiss GmbH, Jena, Germany). In
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the present experiment, villus height was defined as the height from
the villus tip to the villus crypt junction, while crypt depth was
defined as invagination depth between adjacent villi.

2.7. Determination of VFA concentration

According to the method of Ren et al. (2018a), rumen VFA con-
centration was analyzed using a GC522 gas chromatograph
(Wufeng instruments, Shanghai, China). Before analysis, 1 mL of
rumen fluid was mixed with 0.3 mL of meta-phosphoric acid (25%,
wt/vol) and left for 30 min, then the mixture was centrifuged at
15,000 x g at 4 °C for 10 min. Following centrifugation, the su-
pernatant was filtered through 0.22 um organic membrane filter
(Jiete Bio-filtration, Guangzhou, Guangdong province, China) to
determine the concentration of VFA. During determination, the
temperature of the injector oven was set at 250 °C, the column oven
at 120 °C and detector at 250 °C, respectively. In the current
determination, caproic acid purchased from Sigma Aldrich (St
Louis, MO) was selected as an internal standard.

2.8. The high-throughput sequencing analysis

In the present experiment, TRIzol agent and a Power Soil DNA
Isolation Kit (Mobio Laboratories, Carlsbad, CA, USA) were used to
extract rumen bacterial DNA, and both the concentration and
quality of the DNA were detected using an Agilent 2100 Bio-
analyzer (Agilent, Palo Alto, CA, USA). According to the report of
Li et al. (2022), the 16S rRNA with primers of F: 5'-ACTCCTACGG-
GAGGCAGCA-3' and R: 5-GGACTACHVGGGTWTCTAAT-3' were
selected to identify the bacterial taxa. Then, 10 pmol/L primer, 10 pL
buffer, 10 uL High GC enhancer, 1 pL dNTP, and 0.2 pL Q5 High-
fidelity DNA polymerase and 60 ng genomic DNA were prepared
and added into a total volume of 50 pL reaction mixture. The PCR
reactions were set under the following thermal cycling conditions:
initial denaturation for 5 min at 95 °C, followed by 30 cycles for
1 min at 95 °C, 1 min at 60 °C, 1 min at 72 °C, and a final extension
for 10 min at 72 °C. All PCR runs, negative controls, samples and
standards were run in triplicate. In the present experiment, Quant-
iT dsDNA HS Reagent was used to quantify and pool the PCR
products.

An Illumina Hiseq 2500 platform (Annoroad, Shanghai, China)
was used to perform the high-throughput sequencing analysis of
the digesta bacteria rRNA genes. Chimeric sequences were detected
using UCHIME algorithm (UCHIME Algorithm), while useful tags
were sequenced using Uparse software (Uparse v 7.0.1001) to
compare with the reference database. The representative sequence
was selected and screened for further annotation if a sequence was
higher than 97%. The taxonomic information was annotated using
Green Gene Database, while the abundances of the OTUs were
normalized using a standard sequence number.

2.9. Calculation and statistical analysis

Apparent digestibility was calculated as follows:

Apparent digestibility (%) = 100 X [DMI (g/d) X dietary nutrient
content (g/g) — daily faeces excretion (g/d) X faecal nutrient con-
tent (g/g) — daily urine excretion (mL/d) X urinary nutrient content
(g/mL)]/[DMI (g/d) X dietary nutrient content (g/g)].

In the present study, losses of dietary nutrients, including Ca and
P (%, DM basis), were estimated without effects derived from water.
Dietary nutrient loss was calculated as follows:

Dietary nutrient loss (%) = 100 X [daily faeces excretion (g/d) X
faecal nutrient content (g/g) + daily urine excretion (mL/d) X uri-
nary nutrient content (g/mL)]/[DMI (g/d) X dietary nutrient con-
tent (g/g)]-
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SAS 9.4 (Statistical Analysis for Windows, SAS Institute Inc., Cary,
NC) with PROC MIXED model were used to analyze the experi-
mental data. Beneficial effects of dietary tributyrin supplementa-
tion were evaluated with Contrast (Control vs. tributyrin
treatments), Linear and Quadratic effects. Meanwhile, the signifi-
cance level of the comparison among tributyrin treatments mean
was conducted using Duncan's multiple range test. In the present
experiment, the difference between tributyrin treatment means
was considered highly significant at P < 0.01 and significant at
0.01 < P < 0.05, while 0.05 < P < 0.10 was considered a tendency.
The PROC MIXED model was used including random and fixed ef-
fects as follows: Yjj = u + L; + Tj + &, where Yj; is the dependent
variable, u is the overall mean, L; is the random effects of lambs
(i=6), Tjis the fixed effect of tributyrin supplements (j = 0, 0.5, 1.0,
2.0 and 4.0 g/kg), and ¢;; is the error term.

3. Results

3.1. Effects of tributyrin on growth and slaughter performances of
Small-Tailed Han lambs

Compared to the lambs fed the diet without tributyrin,
average daily BW gain of lambs fed tributyrin were linearly
increased by 36.3%, 39.2%, 40.9% and 66.3% (P = 0.03). The daily
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DMI of lambs fed tributyrin linearly increased by 5.7%, 9.2%, 10.3%
and 19.5% (P < 0.01), whereas the ratio of feed to BW gain of the
lambs provided with tributyrin linearly decreased by 19.4%,
21.6%, 22.4% and 28.4% (P = 0.01). As shown in Table 2, there
were no significant differences observed in both carcass and
slaughter ratio.

3.2. Effect of tributyrin on dietary nutrient digestibility and loss of
Small-Tailed Han lambs

Compared to the lambs without tributyrin supplementation,
lambs fed tributyrin had higher daily intakes of N (P < 0.01), NDF
(P<0.01), ADF(P<0.01),Ca(P<0.01)and P (P < 0.01). As shown in
Table 3, lambs fed tributyrin had lower losses of faecal N (P < 0.01)
and urinary N (P < 0.01), faecal Ca (P = 0.01) and urinary Ca
(P < 0.01), faecal P (P < 0.01) and urinary P (P < 0.01) but higher
digestibility of both NDF (P < 0.01) and ADF (P = 0.03) compared
with that of lambs fed no tributyrin.

3.3. Effect of tributyrin on organ index of Small-Tailed Han lambs
As shown in Table 4, supplementing tributyrin had a positive

effect on organ index, and lambs fed the diet with 2.0 g/kg tribu-
tyrin had a greater forestomach index (P = 0.02), rumen index

Table 2
Effects of tributyrin on growth and slaughter performances of weaned Small-Tailed Han female lambs.
Items Tributyrin additions, g/kg DM basis SEM P-values'
0 0.5 1.0 2.0 4.0 Contrast Linear Quadratic
Daily BW gain, g/d 65.0° 88.6%" 90.5%° 91.6%° 108.1° 12.28 0.04 0.03 0.96
DML, kg/d 0.87¢ 0.92% 0.95° 0.96° 1.04° 0.022 <0.01 <0.01 0.64
Ratio of feed to BW, kg/kg 13.42 10.8%° 10.5%° 10.4%° 9.6° 1.24 0.02 0.01 0.56
Carcass, kg 13.7 14.5 14.7 145 15.4 0.99 035 0.30 0.90
Slaughter ratio, % 443 443 443 443 448 051 0.58 0.09 0.59
#¢ Values within a row with no common superscripts differ significantly (P < 0.05).
! Linear, linear effect of tributyrin; Quadratic, quadratic effect of tributyrin.
Table 3
Effect of tributyrin on dietary nutrient digestibility and losses in weaned Small-Tailed Han female lambs.
Items Tributyrin additions, g/kg DM basis SEM P-values'
0 0.5 1.0 2.0 4.0 Contrast Linear Quadratic
N intake, g/d 25.5¢ 27.25¢ 28.1° 2820 30.7% 0.69 <0.01 <0.01 0.56
Faecal N, g/d 14.0° 12.1° 12.7% 12.8% 12.5° 0.44 <0.01 0.11 0.40
Urinary N, g/d 1.10° 0.85" 0.79° 0.65" 0.80° 0.077 <0.01 <0.01 0.33
N loss, % 59.22 48.4° 49.7° 50.0° 44.4° 1.92 <0.01 <0.01 0.61
Faecal N loss, % 5482 45.25¢ 46.9°¢ 47.6° 41.7° 1.87 <0.01 <0.01 0.68
Urinary N loss, % 4.4° 3.2P 2.8° 2.4° 2.7° 0.28 <0.01 <0.01 0.48
NDF intake, g/d 324P 3452 3572 358? 3897 8.1 <0.01 <0.01 0.54
Faecal NDF, g/d 240 235 232 228 217 9.6 0.24 0.07 0.91
NDF digestibility, % 26.2¢ 3245 33.3% 35.9%P 43.2° 2.46 <0.01 <0.01 0.85
ADF intake, g/d 211°¢ 225P¢ 2320 232° 2527 5.6 <0.01 <0.01 0.57
Faecal ADF, g/d 162 169 178 166 163 7.2 0.37 0.95 0.36
ADF digestibility, % 23.7° 25.5° 21.4° 29.12P 34.9 2.69 0.03 <0.01 0.17
Daily Ca intake, g/d 6.1 6.5 6.8" 6.7° 7.4 0.20 <0.01 <0.01 0.52
Faecal Ca, mg/d 485 462 455 460 485 28.8 0.83 0.90 0.97
Urinary Ca, g/d 34 34 3.0 3.2 34 0.15 0.25 0.54 0.27
Dietary Ca loss, % 65.3% 59.2% 52.4° 55.6° 53.5" 2.44 <0.01 <0.01 0.20
Faecal Ca loss, % 8.1° 7.0 6.9%° 7.0 6.7° 0.42 0.01 0.04 0.87
Urinary Ca loss, % 57.2% 52.2% 45.5° 48.6° 46.8° 2.32 <0.01 <0.01 0.17
Daily P intake, g/d 3.0¢ 3.2b¢ 3.4P 3.4° 3.7° 0.08 <0.01 <0.01 0.52
Faecal P, mg/d 5512 5532 440° 366° 369° 34.1 <0.01 <0.01 0.68
Urinary P, mg/d 49.9° 43.7% 30.4¢ 35.45¢ 39.05¢ 3.22 <0.01 <0.01 0.11
Dietary P loss, % 19.4° 18.4 14.1° 12.0°¢ 11.1¢ 0.85 <0.01 <0.01 0.35
Faecal P loss, % 17.6 17.0° 13.1° 10.9%¢ 10.0 0.86 <0.01 <0.01 0.48
Urinary P loss, % 1.8% 1.4° 0.9¢ 1.1% 1.1b¢ 0.11 <0.01 <0.01 0.11

NDF = neutral detergent fibre; ADF = acid detergent fibre.
¢ Values within a row with no common superscripts differ significantly (P < 0.05).
! Linear, linear effect of tributyrin; Quadratic, quadratic effect of tributyrin.
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Table 4
Effect of tributyrin on organ index of weaned Small-Tailed Han female lambs (% BW)".
Items Tributyrin additions, g/kg DM basis SEM P-values?
0 0.5 1.0 2.0 4.0 Contrast Linear Quadratic

Forestomach® 2.67° 3.29% 2.89% 3.36% 3.272 0.175 0.02 0.04 0.04
Rumen 1.63° 1.97% 1.81%° 2.08% 1.99% 0.105 0.01 0.03 0.07
Reticulum 0.27¢ 0.33% 0.29° 0.36 0.323b¢ 0.018 0.02 0.06 0.02
Omasum 037 0.52 0.38 0.43 0.45 0.059 0.30 0.71 0.17
Abomasum 0.38 0.45 0.40 0.47 0.49 0.047 0.19 0.12 0.30
Heart 0.34 0.32 0.32 0.34 0.34 0.018 0.39 0.80 0.95
Liver 1.19 1.26 1.12 1.27 1.32 0.086 0.61 0.34 0.22
Spleen 0.12 0.13 0.13 0.13 0.15 0.010 0.42 0.15 0.49
Lung 1.75 1.63 1.71 1.93 1.72 0.138 0.99 0.57 0.64
Kidney 0.25 0.23 0.24 0.29 0.23 0.021 0.93 0.74 0.33
Gallbladder 0.03 0.02 0.03 0.03 0.03 0.009 0.90 0.44 0.29
Intestine® 2.82 3.08 3.04 3.07 3.06 0.180 0.26 0.45 0.73
Small intestine 1.51 1.75 1.91 1.66 1.82 0.129 0.08 0.20 0.30
Duodenum 0.06 0.15 0.14 0.06 0.10 0.033 0.19 0.91 0.52
Jejunum 1.28 1.32 1.34 1.45 1.52 0.151 0.46 0.23 0.86
Ileum 0.16 0.27 0.42 0.15 0.20 0.079 0.27 0.89 0.09
Large intestine 1.31 1.33 1.13 1.41 123 0.096 0.68 0.73 0.06
Colon 0.57 0.60 0.48 0.57 0.41 0.053 0.40 0.06 0.08
Caecum 039 0.39 0.30 0.38 0.51 0.059 0.99 0.26 0.43
Rectum 0.34 0.33 0.34 0.44 0.30 0.044 0.89 0.89 0.27

2¢ Values within a row with no common superscripts differ significantly (P < 0.05).
1 Organ index was calculated as follows: Organ index (%) = [organ (kg)/live BW (kg)]
2 Linear, linear effect of tributyrin; Quadratic, quadratic effect of tributyrin.
3 Forestomach including the rumen, reticulum, omasum and abomasum.
4 Intestine including the duodenum, jejunum, ileum, colon, caecum and rectum.

(P =0.01) and reticulum index (P = 0.02) than that of the lambs fed
the basal diet only. In the present study, there were no significant
effects of tributyrin on the indices of other organs such as the
omasum, abomasum, heart, liver, spleen, lung, kidney, gallbladder
and large intestine, despite tributyrin having a tendency to increase
the small intestine index (P = 0.08).

3.4. Effect of dietary supplementation with tributyrin on rumen
development

As shown in Table 5, compared to the lambs fed a basal diet only,
dorsal sac thicknesses of lambs fed the diet with tributyrin linearly

X100.

increased by 3.6%, 24.9%, 34.3% and 20.8% (P < 0.01). In addition,
dietary supplementation with tributyrin linearly increased both
papillae length (P = 0.03) and width (P < 0.01) of the dorsal sac.
Ventral sac papillae length (P = 0.02) and width (P = 0.03)
quadratically increased with increasing tributyrin. Lambs fed the
diet with 2.0 g/kg tributyrin had greater caudodorsal blind sac
thickness (P = 0.02) and papillae length (P < 0.01) than that of the
lambs fed basal diet only, while the lambs fed the diet with 4.0 g/kg
tributyrin had higher caudodorsal blind sac papillae width
(P < 0.01). In the present study, there were no significant differ-
ences observed in caudoventral blind sac thickness, papillae den-
sity, length and width.

Table 5
Effect of tributyrin on rumen development in weaned Small-Tailed Han female lambs.
Items Tributyrin additions, g/kg DM basis SEM P-values'
0 0.5 1.0 2.0 4.0 Contrast Linear Quadratic
Thickness, pm
Dorsal sac 1,565 1,622° 1,955 2,103? 1,891° 86.6 <0.01 <0.01 0.72
Ventral sac 1,571 1,575 1,744 1,599 1,671 77.0 0.33 0.33 0.16
Caudodorsal blind sac 1,315° 1,332° 1,574 1,728 1,497% 92.5 0.02 <0.01 0.98
Caudoventral blind sac 1,529 1,511 1,599 1,876 1,613 134.6 0.29 0.11 0.45
Papillae density, /cm?
Dorsal sac 111 109 99 92 94 9.5 0.11 0.36 0.30
Ventral sac 109 107 111 103 106 9.3 0.90 0.21 0.35
Caudodorsal blind sac 108 102 124 107 102 8.1 0.85 0.41 0.86
Caudoventral blind sac 106 110 113 103 102 7.6 0.05 0.19 0.86
Papillae length, pum
Dorsal sac 1,151° 1,373 1,344 1,425% 1,545% 1279 0.04 0.03 0.71
Ventral sac 1,153 1,845° 1,529 1,469%° 1,429° 128.2 <0.01 0.64 0.02
Caudodorsal blind sac 945°¢ 1,377% 1,186%¢ 1,439° 1,092 109.3 <0.01 0.28 0.04
Caudoventral blind sac 1,183 1,299 1,502 1,501 1,364 161.2 0.08 0.16 0.77
Papillae width, pm
Dorsal sac 378¢ 402°¢ 441 5122 464%° 21.1 <0.01 <0.01 0.41
Ventral sac 392° 5352 466 475% 404° 28.1 <0.01 0.65 0.03
Caudodorsal blind sac 350°¢ 362¢ 383Pb¢ 437 476% 219 <0.01 <0.01 0.72
Caudoventral blind sac 402 390 444 416 470 336 0.32 0.06 0.24

¢ Values within a row with no common superscripts differ significantly (P < 0.05).
! Linear, linear effect of tributyrin; Quadratic, quadratic effect of tributyrin.
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3.5. Effect of dietary supplementation with tributyrin on intestine
development

As shown in Table 6, there were no significant differences
observed in the lengths of total intestine, small intestine including
both jejunum and ileum and large intestine including colon, cae-
cum and rectum. However, lambs fed the diet with 2.0 g/kg tribu-
tyrin had greater length of duodenum (P = 0.04). In the present
study, lambs fed the diet with 1.0 g/kg tributyrin had higher duo-
denum thickness (P < 0.01) and ileum thickness (P = 0.01).
Compared to lambs fed the basal diet only, lambs fed tributyrin
supplementation had greater villus height in the duodenum
(P = 0.01), jejunum (P < 0.01), ileum (P < 0.01) and caecum
(P = 0.02) but lower crypt depth in both the duodenum (P < 0.01)
and caecum (P < 0.01).

3.6. Effects of tributyrin on rumen pH value and VFA formation

Compared to lambs fed the basal diet only, rumen pH values of
the lambs fed the diet with tributyrin supplementation linearly
decreased by 2.3%, 4.2%, 7.1% and 3.3% (P < 0.01), while rumen total
VFA concentration linearly increased by 6.9%, 10.4%, 20.1% and
12.0% (P < 0.01). As shown in Table 7, supplementing tributyrin
increased molar proportions of acetic acid (P = 0.02), valeric acid
(P < 0.01) and branched-chain VFA (P < 0.01) while decreasing
propionic acid (P < 0.01). In the present study, the molar proportion
of butyric acid was not significantly different among tributyrin
treatments.

3.7. Effect of tributyrin on the relative abundance of rumen digesta
bacteria

At phylum level, supplementing tributyrin increased the relative
abundances of Firmicutes (P < 0.01), Bacteroidetes (P = 0.01) and
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Fibrobacteres (P = 0.03), and tributyrin tended to increase the
relative abundance of Proteobacteria (P = 0.05), but tributyrin had
no significant effects on both Spirochaetes and Actinobacteria (as
shown in Table 8). At genus level, supplementing tributyrin
enhanced the relative abundances of Clostridium (P = 0.04),
Butyrivibrio (P < 0.01), Streptococcus (P = 0.04), Prevotella (P = 0.04),
Ruminobacter (P = 0.02) and Fibrobacter (P = 0.03), but tributyrin
had no significant effects on Lactobacillus, Bacteroides, Para-
bacteroides and Bifidobacterium.

4. Discussion

Limited research determining the effects of tributyrin on
weaned lambs is currently available. The present study showed that
supplementing tributyrin affected the growth performance, rumen
and intestine development, digesta bacteria colonization and VFA
concentration in the rumen of weaned Small-Tailed Han female
lambs.

4.1. Beneficial effect of tributyrin on growth performance of weaned
lambs

In the present study, supplementing tributyrin to weaned lambs
has been shown to improve growth performance by increasing
average daily weight gain and feed efficiency, possibly due to the
stimulatory effect of tributyrin on GIT development, including the
rumen and small intestine. It is well known that the GIT of rumi-
nants presents a uniquely organized system, and GIT development
can directly affect intake of feed, nutrient digestibility and overall
growth (Diao et al., 2019). Thereby improving rumen and intestine
development can lead to an improved growth performance of
lambs fed a diet with tributyrin supplementation. The obtained
results were consistent with the findings of Murayama et al. (2023),
who showed that tributyrin supplementation in milk replacer

Table 6
Effect of tributyrin on intestinal development in weaned Small-Tailed Han female lambs.
Items Tributyrin additions, g/kg DM basis SEM P-values'
0 0.5 1.0 2.0 4.0 Contrast Linear Quadratic
Intestine length, cm
Total intestine? 5,092 5,521 5,445 5,879 5,368 4136 0.34 0.50 0.49
Small intestine 2,276 2,441 2,451 2,643 2,398 188.4 0.34 0.47 0.55
Duodenum 70° 120?° 135 150? 140 26.9 0.04 0.02 0.78
Jejunum length 2,073 2,084 2,074 2316 2,057 189.1 0.78 0.74 0.53
lleum length 133 236 242 176 200 458 0.14 0.62 0.73
Large intestine length 540 639 542 592 572 55.7 0.47 0.92 0.25
Colon length 370 425 333 286 296 47.7 0.52 0.08 0.66
Caecum length 74 103 122 164 183 50.7 0.24 0.11 0.84
Rectum length 95 110 88 142 93 34.0 0.75 0.81 0.32
Small intestine to total intestine ratio, cm/cm 0.44 0.44 0.45 0.44 0.44 0.003 0.92 0.48 0.37
Intestine thickness, um
Duodenum 102°¢ 120° 1372 117°¢ 115P¢ 5.1 <0.01 0.20 0.05
Jejunum 103 119 112 108 101 7.6 0.40 0.48 0.63
Tleum 79° 98> 1152 962" 82P 6.6 0.01 0.88 0.02
Caecum 230 289 272 252 312 20.9 0.06 0.09 0.95
Villus height, pm
Duodenum 135° 137° 152 1572 1592 55 0.01 <0.01 0.54
Jejunum 138¢ 182% 2012 164° 165° 8.4 <0.01 0.20 0.03
Ileum 142¢ 165° 150°¢ 151P¢ 1832 5.3 <0.01 <0.01 0.43
Caecum 45P 532 49 552 50%° 2.1 0.02 0.18 0.03
Crypt depth, pm
Duodenum 1722 144 128° 134° 130° 11.8 <0.01 0.01 0.72
Jejunum 218 233 168 177 205 27.3 0.47 0.34 0.39
Tleum 140 122 114 142 128 7.7 0.14 0.89 0.15
Caecum 1442 121° 120° 85¢ 110° 6.5 <0.01 <0.01 0.02

#¢ Values within a row with no common superscripts differ significantly (P < 0.05).

! Linear, linear effect of tributyrin; Quadratic, quadratic effect of tributyrin.
2 Total length of intestine including both small and large intestines.
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Table 7
Effects of tributyrin on rumen pH value and VFA concentration of weaned Small-Tailed Han female lambs.
Items Tributyrin additions, g/kg DM basis SEM P-values'
0 0.5 1.0 2.0 4.0 Contrast Linear Quadratic
pH 7.28% 7.11%® 6.97° 6.76° 7.04° 0.069 <0.01 <0.01 0.28
TVFAZ, mol/L 68.154 72.82¢ 75.23% 81.85° 76.33° 0.908 <0.01 <0.01 <0.01
Acetic acid, mol/100 mol 73.81° 74.59% 74.10° 75.47° 74.63% 0.317 0.02 0.02 0.01
Propionic acid, mol/100 mol 16.57% 15.55° 15.54° 14.48¢ 15.41° 0.232 <0.01 <0.01 0.01
Butyric acid, mol/100 mol 6.65 6.63 6.88 6.73 6.71 0.171 0.64 0.69 0.41
Valeric acid, mol/100 mol 1.29¢ 1.43° 1.57° 1.38%¢ 135 0.034 <0.01 0.61 <0.01
BCVFA®, mol/100 mol 1.65° 1.77% 1.882 1.91° 1.872 0.048 <0.01 <0.01 0.80
TVFA = total volatile fatty acid; BCVFA = branched-chain VFA.
ad Values within a row with no common superscripts differ significantly (P < 0.05).
! Linear, linear effect of tributyrin; Quadratic, quadratic effect of tributyrin.
2 TVFA including acetic acid, propionic acid, butyric acid, valeric acid and BCVFA.
3 BCVFA including iso-butyric acid and iso-valeric acid.
Table 8
Effects of tributyrin on the relative abundance of rumen digesta bacteria in weaned Small-Tailed Han female lambs.
Items Tributyrin additions, g/kg DM basis SEM P-values'
0 0.5 1.0 2.0 4.0 Contrast Linear Quadratic
At phylum level
Firmicutes 14.09° 14.97° 18.74° 17.70° 18.33° 0.740 <0.01 <0.01 0.03
Bacteroidetes 31.19° 32.30°° 33.66° 32.68% 32.56% 0.510 0.01 0.06 0.18
Proteobacteria 230 2.18 1.97 1.89 1.94 0.135 0.05 0.03 0.86
Spirochaetes 131 1.29 1.21 1.18 1.25 0.067 0.20 0.24 0.93
Actinobacteria 0.75 0.82 0.87 0.72 0.74 0.051 0.48 0.42 0.20
Fibrobacteres 0.47° 0.52° 0.59° 0.53% 0.50° 0.023 0.03 033 0.02
At genus level
Clostridium 2.01° 2.17%® 2.60° 2.34% 2.21% 0.157 0.04 0.25 0.02
Butyrivibrio 1.01° 1.43% 1.65° 1.60° 1.54° 0.168 <0.01 0.03 0.81
Lactobacillus 0.08 0.08 0.09 0.08 0.08 0.005 0.77 0.93 0.62
Streptococcus 0.06" 0.06" 0.072° 0.072° 0.09? 0.004 0.04 <0.01 0.80
Prevotella 18.09° 20.39% 19.65%" 20.38% 21.67° 1.058 0.04 0.04 0.54
Bacteroides 2.72 2.94 2.91 2.89 2.95 0.178 0.32 0.48 0.86
Parabacteroides 0.53 0.60 0.62 0.58 0.58 0.049 0.23 0.62 0.84
Ruminobacter 0.10° 0.13% 0.12% 0.14 0.14 0.010 0.02 0.02 0.28
Bifidobacterium 0.09 0.10 0.11 0.11 0.12 0.012 0.10 0.09 0.98
Fibrobacter 0.79° 1.20%° 1.122% 1.56% 1.68° 0.236 0.03 <0.01 0.50

2 b yalues within a row with no common superscripts differ significantly (P < 0.05).
! Linear, linear effect of tributyrin; Quadratic, quadratic effect of tributyrin.

could improve growth performance and gut health of Holstein
dairy calves.

4.2. Effects of tributyrin on DMI, dietary nutrient digestibility and
loss in weaned lambs

Recent years, tributyrin as a feed additive has been widely used
in animals. The present study showed that tributyrin had a signif-
icantly positive effect on the DMI of lambs, and this may be due to
the anti-stress functions of tributyrin. As described earlier, the
present experiment was carried out between June and August, and
the lambs were inevitably affected by heat stress during the
experiment, despite all efforts being made to minimize the stress.
Guo et al. (2021) showed that dietary supplementation with trib-
utyrin could relieve heat stress in dairy cows by reducing the in-
flammatory responses of lymphocytes. Furthermore, Liu et al.
(2021) demonstrated that tributyrin at the level of 2.0 g/L in
pasteurized waste milk could alleviate oxidative stress and in-
flammatory status in dairy calves by reducing blood haptoglobin,
endothelin and IL-1p concentrations. Due to the advantage of
tributyrin on alleviating stress, it is believed that lambs fed a diet
with tributyrin supplementation, particularly higher dosages, had
greater DMI. The present results indicated that dietary supple-
mentation with tributyrin could stimulate feed intake of weaned
lambs, and this was in agreement with the observed result of
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Murayama et al. (2023), who reported that Holstein dairy calves fed
tributyrin with a dosage of 6.0 g/kg DM basis had higher DMI
during postweaning.

For ruminant animals, higher excretions of N and minerals such
as Ca and P in faeces and urine not only pollute the environment
but also result in feed resources wastage. Tan et al. (2021) reported
that rumen microbial metabolism of dietary protein is an obviously
important factor affecting N excretion through faeces and urine. It
is well known that rumen microbial protein is an important source
of metabolizable protein for ruminant animals due to its good
metabolic quantity and excellent amino acid profile, thus there is
good reason to expect that microbial growth efficiency is higher in
low quality feed. Previous studies have shown that dietary sup-
plementation with tributyrin could promote the yield of rumen
microbial protein (Ren et al., 2018c), which may contribute to
higher dietary N absorption in the intestine and lower daily
excretion of N in both faeces and urine. Hoenderop et al. (2005)
pointed out that the major absorption site of Ca and P mainly oc-
curs in the small intestine, particularly the duodenum and upper
jejunum in monogastric animals. Marked differences to mono-
gastric animals exist in ruminants, such as Ca absorption occurring
along the whole gastrointestinal axis, particularly in the rumen
(Wilkens and Muscher-Banse, 2020). In the present study, dietary
supplementation with tributyrin had beneficial effects on rumen
and intestine development, which may contribute to Ca and P
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absorption, thereby resulting in lower excretion of Ca and P in both
faeces and urine. Tributyrin could enhance rumen microbial
growth and fibrolytic enzymes such as xylanase, carboxymethyl
cellulase and avicelase (Ren et al., 2018a), thus dietary supple-
mentation with tributyrin may increase digestibility of dietary NDF
and ADF. The present results were in agreement with Li et al.
(2022), who reported that supplementing tributyrin could greatly
increase the apparent digestibility of both dietary crude protein and
NDF in weaned lambs.

4.3. Beneficial effect of tributyrin on rumen development

For ruminant animals, the rumen plays an obviously important
role in nutrient fermentation and absorption. However, the rumen
is incompletely developed both physically and metabolically in
newborn ruminants. Following the initiation of solid feed intake
and colonization of rumen microbiota, in particular the production
of VFA, the rumen undergoes physical and metabolic maturation.
The physical development of the rumen can be further partitioned
into two aspects, including increases in both rumen mass and
papillae growth (Baldwin et al., 2004). Generally, good rumen
development is recognized as a substantial increase in the amount
and size of rumen papillae.

Based on previous literature, it seems that additional accelera-
tion of rumen development can be obtained by dietary supple-
mentation with butyrate (Goérka et al., 2018b). The present study
showed that dietary supplementation with tributyrin could also
effectively facilitate rumen development in lambs, and this may be
due to the highly significant promoting effect of tributyrin on VFA
formation in the rumen. To date, there are at least two important
mechanisms for VFA to stimulate rumen development. On one
hand, the stimulatory effect of butyrate on rumen epithelium
growth has been known for years and its contribution of energy, by
providing available energy source for rumen epithelia cells, has
been considered as a specific molecular mechanism of butyrate to
speed up rumen development (Niwinska et al., 2017). Recently, Sun
et al. (2021), using transcriptomic analysis, revealed that VFA as an
energy substance during its metabolism may directly stimulate
rumen development, and both VFA absorption and metabolism are
regulated via the peroxisome proliferator-activated receptor
signaling pathway. On the other hand, VFA affects the expression of
various genes in the ruminal epithelium. Lin et al. (2019) reported
that the promotion of microbiome-driven generation of ruminal
VFA such as acetate and butyrate could upregulate the relative
expression of various growth-related genes in the ruminal epithe-
lium such as MAPK1, PIK3CB, TNFSF10, ITGA6, SNAI2, SAV1 and DLG,
whereas VFA significantly downregulated the BAD gene, related to
cell death. In addition, butyrate infusion into the rumen could
promote rumen papillae growth by enhancing the expression of
genes related to epithelial VFA uptake and metabolism in pre-
weaning twin lambs (Liu et al., 2019). Based on previous and pre-
sent results, it is believed that both butyrate and tributyrin could
exert a similar stimulatory effect on rumen development, despite
the lack of more available evidence.

4.4. Beneficial effect of tributyrin on small intestine development

The small intestine is an important tissue for animals, and better
intestinal development may increase nutrient absorption
(Mekbungwan et al., 2002) and growth performance (Swiatkiewicz
and Hanczakowska, 2006). So far, little is known about the benefit
of tributyrin added into solid feed on the development of the small
intestine of ruminants. Some information about the effect of trib-
utyrin on intestinal development can be extrapolated from studies
in simple-stomached species. Accordingly, Chen et al. (2022)
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demonstrated that dietary supplementation with tributyrin could
significantly increase the occludin expression level and ileum villus
height in weaned piglets, and Li et al. (2016) showed the promoting
effects of tributyrin on intestinal digestive and barrier functions in
intrauterine growth-restricted piglets. However, possible species
differences have to be taken into account.

In the present study, the beneficial effects of tributyrin supple-
mentation on intestinal development of weaned lambs were
observed, and this may be explained with two possible reasons. On
one hand, dietary supplementation with tributyrin could increase
DMI of lambs, thereby resulting in more available metabolic energy
and nutrition to meet the demands of intestinal development,
particularly the small intestine. Previous studies have shown that
there is a positive relationship between energy intake level and gut
mass change (Johnson et al., 1990; Burrin et al., 1992; Freetly et al.,
1995). Lately, McLeod and Baldwin (2000) proved that increasing
intakes of metabolic energy and dietary forage in sheep could result
in an increase in intestinal growth via cellular hyperplasia. In fact,
dietary supplementation with tributyrin not only resulted in higher
dietary metabolic energy and forage intake for weaned lambs but
also directly provided butyric acid by the action of intestinal lipase,
which serves as a major energy source for gastrointestinal epithe-
lial cells and promotes normal epithelial cell growth, particularly
intestinal villi. On the other hand, tributyrin administration could
improve the development and health of the intestine by stimu-
lating colonization of VFA-producing bacteria, enhancing barrier
function and suppressing inflammatory responses in dairy calves
fed milk replacer (Liu et al., 2022). The latest study by Zhong et al.
(2023) seems to support the findings of Liu et al. (2022) in that
dietary butyrate exhibited a promoting effect on the jejunal
development of calves fed a high fiber starter by inhibiting
inflammation, enhancing immunity and activating microbial
metabolism. To date, there have been limited studies investigating
the inclusion of tributyrin into lamb diets, and more research is
required to determine if a similar effect of butyrate observed in
calves could be achieved in lambs fed with tributyrin.

4.5. Benefits of tributyrin on rumen bacterial colonization and VFA
formation

A variety of microbes including bacteria, protozoa, fungi and
archaea colonize the rumen and they ferment feed components
such as carbohydrate and crude protein to produce metabolites
such as VFA and microbial protein to meet growth and production
requirements for both themselves and their hosts. Early studies
reported that rumen microbes may supply 70% to 100% of amino
acid requirements for ruminants and provide 70% to 85% of the
absorbed energy (AFRC, 1992; Dewhurst et al., 1986). For these
beneficial aspects, optimizing rumen microbial growth and me-
tabolites is particularly important.

Among the rumen microbes, digesta bacteria play an obviously
important role in the biological degradation of plant fiber due to
their much larger biomass as well as higher activity (Koike and
Kobayashi, 2009). In the present study, colonization of rumen
digesta bacteria was affected by dietary supplementation with
tributyrin, and greatly varied abundances at both phylum and
genus levels were observed. Among the present detected rumen
bacteria, Bacteroidetes and Firmicutes were the most numerous
groups, followed by Proteobacteria, Spirochaetes, Actinobacteria
and Fibrobacteres. At genus level, the results showed that dietary
supplementation with tributyrin could enhance the relative
abundances of Prevotella, Butyrivibrio and Fibrobacter, which have
been recognized as obviously important fibrolytic bacteria (Koike
and Kobayashi, 2009). Similar results were reported in an earlier
study by Li et al. (2012), who illustrated that exogenous butyrate
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infusion greatly enhanced the relative abundance of bacteria in the
rumen of dairy cows, especially Firmicutes. Besides, Liu et al. (2022)
showed that supplementing tributyrin could optimize intestine
microbial growth, particularly VFA-producing bacteria such as
Prevotella, Lachnospiraceae, Ruminococcaceae and Rikenellaceae.
To date, little is known about the potential mechanism of how
butyrate and tributyrin influence GIT microbiota and VFA-
producing bacteria. It has long been known that VFA-producing
bacteria play key roles in maintaining health, promoting organ
and tissue development, and improving the growth and produc-
tivity of ruminants (Yeoman and White, 2014). For the above rea-
sons, hosts usually do not generate colonization resistance for these
bacteria. And, calves and lambs would help even enhance the
bacteria colonization by inhibiting harmful bacteria or via other
pathways. Recently, Zhang et al. (2023) reported that butyrate
could effectively improve the intestine microbial structure in
weanling rabbits by suppressing harmful bacteria and promoting
beneficial ones. It is worth mentioning that so far not a single report
is available that presents the effect of tributyrin supplementation
on rumen microbial structure in ruminants. With transcriptomic
analysis, our unpublished data showed that dietary supplementa-
tion with tributyrin could upregulate the relative expression of
BPIFAT mRNA in the rumen, and the correlation between the rela-
tive expression and tributyrin dosage demonstrated that the rela-
tive expression of BPIFAT mRNA was higher in the rumen of the
lambs fed the diet with tributyrin dosage of at least 1.0 g/kg DM
basis. Interestingly, the relative expression of BPIFAT mRNA in the
rumen was significantly correlated with the relative abundances of
Prevotella, Butyrivibrio, Streptococcus and Fibrobacter, and this was
consistent with Wheeler et al. (2011), who reported that the BPIFA1
protein is an important molecular regulator to enhance coloniza-
tion of specific rumen microbiota such as fibrolytic bacteria. Since
the colonization of rumen microbiota is a very complex process and
is seriously affected by diet and host, more research is required to
determine the advantages of tributyrin supplementation on the
colonization of rumen microbiota.

Volatile fatty acids, also called short-chain fatty acids, including
acetic acid, propionic acid, butyric acid, valeric acid and branched-
chain VFA (iso-butyric acid and iso-valeric acid), are the major
metabolites of rumen microbes. In the present study, VFA concen-
tration in the rumen digesta was greatly promoted by supple-
menting tributyrin, which may be due to the stimulating effect of
tributyrin on the rumen microbial population and metabolism,
especially VFA-producing bacteria. For example, the present
experiment demonstrated that supplementing tributyrin could
enhance Prevotella, which is one of the most numerous groups of
rumen bacteria and produces acetic acid, succinate and propionic
acid (Hobson and Stewart, 1988). Butyrivibrio, a famous major
butyric acid-producing bacteria (Guo and Li, 2019), experiences
better growth through stimulation by tributyrin, which is beneficial
for increasing butyric acid formation in the rumen. Among the
fibrolytic bacteria, Fibrobacter has been considered the predomi-
nant fibrolytic bacteria in sheep and its fermentation products
include acetic acid, succinate, formate, propionic acid and valeric
acid (Hobson and Stewart, 1988), which may contribute to the
promotion of VFA formation in the rumen when its population has
been enhanced by tributyrin supplementation.

4.6. Recommended dose
In general, the recommended levels of butyrate supplemen-

tation in feed for lambs are low. Cavini et al. (2015) showed that
butyrate supplementation at the level of 3.0 g/kg of DM was
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sufficient to elicit a stimulatory effect on GIT development, feed
intake and growth performance in preweaning lambs, but the
level was insufficient to sustain such an effect after weaning. In
the present experiment, it has been shown that tributyrin sup-
plementation with the dosage of 4.0 g/kg of DM could significantly
exert positive effects on both GIT development and growth per-
formance of weaned lambs, while a tributyrin dosage of 0.5 g/kg of
DM was insufficient to significantly stimulate colonization of
digesta bacteria and to obviously promote VFA formation in the
rumen. Based on the stimulatory effect of tributyrin on growth
performance, tributyrin supplementation at 4.0 g/kg of DM was
recommended for 3-month-old weaned Small-Tailed Han female
lambs.

5. Conclusions

It has been shown that dietary supplementation with tributyrin
could enhance the colonization of ruminal bacteria, particularly
VFA-producing bacteria such as Prevotella, Clostridium, Butyrivibrio,
Streptococcus, Ruminobacter and Fibrobacter. The enhanced bacterial
colonization resulted in a promotion of VFA formation in the rumen,
which improved GIT development, particularly in the rumen and
small intestine. Improved GIT development led to an improved DMI
and reduced dietary nutrient excretion via faeces or urine. Based on
the above stimulatory effects, supplementing tributyrin promoted
the growth performance of weaned Small-Tailed Han female lambs.
In the present study, the optimal tributyrin dosage of 4.0 g/kg of
DM was recommended for the weaned lambs.
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