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Abstract

This experiment was conducted to investigate the effects of dietary supplemen-
tation of tributyrin and nucleotides on growth performance, serum biochemical
indices, and intestinal morphology in piglets. One hundred sixty healthy 21-day-
old Duroc x Landrace x Yorkshire (DLY) crossbred weaned piglets weighing
approximately 8.4 kg were selected and randomly allocated into 2 groups, with
10 replicates per group and 8 piglets per replicate. The control group was fed
a basal diet, while the experimental group was fed a test diet supplemented
with 0.20% tributyrin and 0.15% nucleotides. The experimental period lasted
38 days. The results showed that: 1) Compared with the control group, di-
etary supplementation of tributyrin and nucleotides significantly increased the
average daily gain of weaned piglets (P<0.05), extremely significantly decreased
the diarrhea rate (P<0.01), significantly increased serum immunoglobulin A, im-
munoglobulin G, immunoglobulin M, and globulin contents (p<0.05), and signif-
icantly decreased serum diamine oxidase activity and glucose content (P<0.05);
2) Compared with the control group, dietary supplementation of tributyrin and
nucleotides significantly increased villus height and villus height/crypt depth ra-
tio in the duodenum and jejunum of weaned piglets (P<0.05), and significantly
increased trypsin and maltase activities in jejunal contents (P<0.05). These
results indicate that dietary supplementation with 0.20% tributyrin and 0.15%
nucleotides can promote piglet growth, enhance immune function, reduce in-
testinal damage caused by weaning stress, increase digestive enzyme activities,
and improve nutrient digestion and absorption in piglets.
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Abstract

This experiment was conducted to investigate the effects of dietary tributyrin
and nucleotide supplementation on growth performance, serum biochemical in-
dices, and intestinal morphology of weaned piglets. One hundred and sixty
healthy 21-day-old Duroc x Landrace x Yorkshire (DLY) crossbred piglets with
an average body weight of 8.4 kg were randomly allocated into two groups, each
consisting of 10 replicates with 8 piglets per replicate. The control group was
fed a basal diet, while the experimental group received the basal diet supple-
mented with 0.20% tributyrin and 0.15% nucleotide. The trial lasted for 38
days. The results showed that: (1) compared with the control group, dietary
supplementation with tributyrin and nucleotide significantly increased average
daily gain (P < 0.05), extremely significantly reduced diarrhea rate (P < 0.01),
significantly elevated serum immunoglobulin A (IgA), immunoglobulin G (IgG),
immunoglobulin M (IgM), and globulin concentrations (P < 0.05), and signifi-
cantly decreased serum diamine oxidase activity and glucose concentration (P
< 0.05); (2) supplementation significantly increased villus height and the vil-
lus height/crypt depth ratio in the duodenum and jejunum (P < 0.05), and
significantly enhanced trypsin and maltase activities in jejunal contents (P <
0.05). These findings indicate that dietary supplementation with 0.20% tribu-
tyrin and 0.15% nucleotide can promote growth, enhance immunity, mitigate
intestinal damage caused by weaning stress, increase digestive enzyme activity,
and improve nutrient digestion and absorption in weaned piglets.

Keywords: tributyrin; nucleotide; weaned piglets; growth performance; serum
biochemical indices; intestinal morphology

Weaning is ideally a gradual, progressive process that should extend beyond 17
weeks [1]. However, with the intensification and scaling-up of swine production,
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most farms have advanced weaning age to 7-28 days to improve sow reproductive
efficiency. This abrupt transition subjects piglets to sudden changes in environ-
ment and diet, causing weaning stress that damages intestinal barrier function,
reduces feed intake [2], induces villus atrophy [3-5], and increases susceptibility
to infectious diseases [3].

Tributyrin serves as an excellent source of butyric acid that reaches the intestine
directly, providing energy and nutrients for intestinal development, promoting
intestinal epithelial cell proliferation, and enhancing nutrient absorption and uti-
lization [6-8]. Previous studies have demonstrated that dietary supplementation
with 0.08%-0.30% tributyrin increased average daily gain in weaned piglets by
5.79%-11.75%, decreased feed-to-gain ratio by 11.75%, significantly increased
jejunal villus height by 15.9%, significantly reduced crypt depth by 8.9%, and
increased intestinal contents of cadaverine, putrescine, spermine, and histamine
by 1.5-10.0-fold. Moreover, tributyrin supplementation significantly alleviated
acetic acid-induced increases in creatinine and prostaglandin E2 levels in the rec-
tum [8-12]. The optimal supplementation level of tributyrin has been reported
to be 0.1%-0.3% [8,10,12-13].

Nucleotides are biologically active compounds that are normally synthesized
endogenously. However, dietary supplementation becomes beneficial for piglet
growth performance and health during periods of rapid growth and stress
[14]. While suckling piglets consume nucleotide-rich sow milk, post-weaning
diets contain minimal nucleotides. Therefore, nucleotide supplementation in
weaned piglet diets can mitigate weaning stress and increase feed intake [15-16].
Studies have shown that adding 0.5-2.0 g/kg nucleotides to weaned piglet
diets significantly increased average daily gain and average daily feed intake
by 3.14%-11.07% and 5.58%-15.50%, respectively, and reduced feed-to-gain
ratio by 3.16%-4.24% [17]. Additionally, nucleotide supplementation decreased
diarrhea rate from 15.63% to 1.53% and mortality from 4.69% to 1.56% [16],
while playing important roles in immune function maintenance and oxidative
stress reduction [18-19].

Based on the established benefits of tributyrin for intestinal development and
nutrient absorption [8,10] and nucleotides for improving feed intake and growth
performance [14-17], combined supplementation of both compounds in weaned
piglets has not been reported. Most studies have focused on single-additive ap-
plications. Therefore, this experiment was designed to investigate the combined
effects of dietary tributyrin and nucleotide supplementation on growth perfor-
mance, serum biochemical indices, and intestinal morphology of weaned piglets,
providing a foundation for their combined application.

Materials and Methods

Experimental Design

The experiment was conducted at Heze Hongxing Original Pig Breeding Co.,
Ltd. One hundred and sixty healthy 21-day-old Duroc x Landrace x Yorkshire
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(DLY) crossbred piglets with an average body weight of 8.4 kg were randomly
divided into two groups, each comprising 10 replicates of 8 piglets. The control
group received a basal diet, while the experimental group received the basal
diet supplemented with 0.20% tributyrin and 0.15% nucleotide. The trial lasted
38 days, during which piglets had ad libitum access to feed and water, and
were managed according to routine farm protocols and normal immunization
procedures. The composition and nutrient levels of the basal diet are presented
in Table 1 .

Experimental Materials

Tributyrin and nucleotides were provided by Jinan Haihua Biological Technology
Co., Ltd. The tributyrin product contained 45% purity, while the nucleotide
product contained 50% purity, with the remainder being carrier.

Growth Performance Measurements

Piglets were individually weighed on days 1 and 38 before morning feeding.
During the trial, fecal consistency was observed daily between 9:00-10:00 and
17:00-18:00, and individual diarrhea cases were recorded. Mortality and culling
events were recorded individually, with feed remaining and wastage weighed
promptly when deaths or culls occurred. Average daily feed intake and feed-to-
gain ratio were calculated per replicate, while average daily gain and diarrhea
rate were calculated per individual.

Serum Biochemical Indices

On day 38, piglets were fasted and weighed before morning feeding, then 10
mL of blood was collected from the anterior vena cava of each piglet into non-
anticoagulant tubes. After standing for 15 minutes, serum was separated by
centrifugation at 3,000 r/min for 10 minutes and stored at -80°C. Serum con-
centrations of urea nitrogen, uric acid, glucose, total cholesterol, total protein,
globulin, immunoglobulin A (IgA), immunoglobulin G (IgG), immunoglobulin
M (IgM), and diamine oxidase activity were measured using a Hitachi 7180 bio-
chemical analyzer. Reagent kits were purchased from Sichuan Mike Biological
Technology Co., Ltd., and procedures followed the manufacturer’ s instructions.

Intestinal Morphology and Mucosal Immune Cell Counting

On day 38, three piglets from each group were randomly selected for slaughter
after fasting and weighing. Tissue samples from the duodenum, jejunum, and
ileum were collected for paraffin sectioning. After hematoxylin-eosin (HE), Al-
cian blue-periodic acid-Schiff (AB-PAS), and toluidine blue staining, sections
were photographed at 10x20 magnification. Villus height, crypt depth, mu-
cosal thickness, and intestinal wall thickness were measured using Image-Pro
Plus 6.0 software. Goblet cells, columnar cells, lymphocytes, and mast cells
were counted using the following methods: (1) five longest and most regularly
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arranged villi per cross-section were examined to count columnar cell density;
(2) five longest and most regularly arranged villi per cross-section were exam-
ined to count lymphocytes and goblet cells per 100 intestinal epithelial columnar
cells; (3) the entire intestinal wall cross-section, including mucosa, submucosa,
muscularis, and serosa, was examined to count mast cells and lymphocytes per
100 columnar cells.

Digestive Enzyme Activity in Jejunal Contents

On day 38, three piglets from each group were randomly selected for slaugh-
ter after fasting and weighing. Jejunal contents were collected to measure li-
pase, trypsin, amylase, maltase, lactase, and sucrase activities using colorimetric
methods. Reagent kits were purchased from Nanjing Jiancheng Bioengineering
Institute, and procedures followed the manufacturer’ s instructions.

Statistical Analysis

Data were analyzed using one-way ANOVA in SPSS 19.0 software. When signif-
icant differences were detected, multiple comparisons were performed using the
LSD method. P < 0.05 was considered significant, and P < 0.01 was considered
extremely significant. Results are expressed as “mean =+ standard error.”

Results
Effects on Growth Performance

As shown in Table 2 , initial body weight was similar between groups with no
significant difference (P > 0.05). After 38 days, final body weight in the exper-
imental group was numerically 4.86% higher than the control group, but the
difference was not significant (P > 0.05). Compared with the control group,
the experimental group showed 5.83% higher average daily feed intake (P >
0.05) and 7.76% higher average daily gain (P < 0.05), while diarrhea rate was
extremely significantly reduced by 61.90% (P < 0.01). Feed-to-gain ratio did
not differ significantly between groups (P > 0.05). These results indicate that
dietary supplementation with tributyrin and nucleotide increased average daily
feed intake, significantly improved average daily gain, and extremely signifi-
cantly reduced diarrhea rate in weaned piglets.

Effects on Serum Biochemical Indices

As shown in Table 3 , compared with the control group, the experimental group
exhibited a significant 10.34% reduction in serum glucose concentration (P <
0.05), significant or extremely significant increases in serum IgA, IgG, and IgM
concentrations by 82.03% (P < 0.01), 15.65% (P < 0.05), and 15.69% (P <
0.05), respectively, a significant 15.82% increase in serum globulin concentra-
tion (P < 0.05), and an extremely significant 34.04% decrease in serum diamine
oxidase activity (P < 0.01). No significant differences were observed in serum
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urea nitrogen, uric acid, total cholesterol, or total protein concentrations be-
tween groups (P > 0.05). These findings demonstrate that dietary tributyrin
and nucleotide supplementation significantly increased serum globulin and im-
munoglobulin concentrations while significantly reducing serum glucose concen-
tration and diamine oxidase activity.

Effects on Intestinal Morphology

As shown in Table 4 , villus height decreased progressively from duodenum to
jejunum to ileum, while crypt depth was greater in jejunum and ileum than in
duodenum. The villus height/crypt depth (V/C) ratio followed the same trend
as villus height. Compared with the control group, the experimental group
showed varying degrees of increased villus height and V/C ratio, and decreased
crypt depth across all intestinal segments. Specifically, villus height in duo-
denum and jejunum significantly increased by 25.58% and 26.98% (P < 0.05),
respectively. The V/C ratio in duodenum and jejunum increased significantly
or extremely significantly by 45.55% (P < 0.01) and 32.51% (P < 0.05), respec-
tively. Crypt depth decreased in all segments but differences were not significant
(P > 0.05). Tleal villus height and V/C ratio increased by 10.39% and 8.44%,
respectively, but these differences were not significant (P > 0.05).

Intestinal wall thickness and mucosal thickness also decreased progressively from
duodenum to jejunum to ileum. Compared with the control group, the experi-
mental group showed increased intestinal wall thickness by 5.16%, 4.88%, and
9.02% in duodenum, jejunum, and ileum, respectively (P > 0.05), and increased
mucosal thickness by 3.30% (P > 0.05), 10.91% (P > 0.05), and 35.89% (P <
0.01), respectively.

No significant differences were observed in goblet cell, columnar cell, lymphocyte,
or mast cell counts among duodenum, jejunum, and ileum between groups (P
> 0.05). However, numerically, the experimental group showed 32.82% and
22.69% increases in duodenal goblet cells and lymphocytes, respectively; 25.37%,
10.10%, and 22.66% increases in jejunal goblet cells, columnar cells, and mast
cells, respectively; and 28.09%, 19.21%, 11.28%, and 25.35% increases in ileal
goblet cells, columnar cells, lymphocytes, and mast cells, respectively.

These results indicate that dietary tributyrin and nucleotide supplementation in-
creased villus height, V/C ratio, intestinal wall thickness, and mucosal thickness
while reducing crypt depth in weaned piglets.

Effects on Intestinal Enzyme Activities

As shown in Table 5 , the experimental group exhibited higher activities of
lipase, trypsin, amylase, maltase, lactase, and sucrase in intestinal contents, with
increases of 18.08%, 75.00%, 9.69%, 78.21%, 8.66%, and 17.16%, respectively.
Notably, trypsin and maltase activities increased significantly (P < 0.05), while
other enzyme activities showed non-significant improvements (P > 0.05).
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Discussion
Effects on Growth Performance

Previous studies have reported that dietary supplementation with 0.1% tribu-
tyrin did not significantly affect average daily gain, average daily feed intake,
or feed-to-gain ratio, but significantly reduced diarrhea rate by 6.83% and de-
creased mortality from 18.75% to 6.25% [10,12]. Supplementation with 0.15%-
0.20% tributyrin significantly increased average daily gain by 10.24%-11.79%,
reduced feed-to-gain ratio by 4.14%-6.62%, and decreased diarrhea rate by
49.35%-66.67%, while increasing average daily feed intake by 3.10%-7.02% and
significantly improving apparent digestibility of crude fat, crude protein, and
energy by 4.09%-12.38% [11,13]. Combined supplementation of tributyrin with
lactitol or oregano oil has shown superior effects on piglet growth performance
compared to individual additives [5,10,12]. Dietary nucleotide supplementation
at 0.5%-2.0% significantly increased average daily gain and average daily feed
intake by 3.14%-11.07% and 5.58%-15.50%, respectively, and reduced feed-to-
gain ratio by 3.16%-4.24% [17], while decreasing diarrhea rate from 15.63% to
1.53% and mortality from 4.69% to 1.56% [16].

Tributyrin reaches the distal intestine where it is rapidly hydrolyzed by lipase
into glycerol and butyric acid, which is absorbed by intestinal epithelial cells to
provide energy for cell development [20]. Butyric acid not only supplies carbo-
hydrates and energy for intestinal cells but also prevents osmotic diarrhea [21].
During intestinal absorption, butyric acid promotes sodium, potassium, and
water absorption, thereby exerting anti-diarrheal effects [20]. Dietary butyrate
supplementation has been shown to increase plasma cholecystokinin levels four-
fold, which promotes growth [22]. Bioactive nucleotides play important roles
in metabolism, structural functions, surveillance, immune system maintenance,
and oxidative stress reduction [18-19], and can increase feed intake during rapid
growth and stress periods [14].

When tributyrin was combined with lactitol, the tributyrin inclusion level was
3,000 mg/kg [8,10], while combination with oregano oil used 1,000 mg/kg tribu-
tyrin [12], with combined supplementation showing significantly greater effects
than individual additives [8,10,12]. Piva et al. [10] found that combined trib-
utyrin and lactitol supplementation increased average daily gain by 78.99% or
5.97% compared to individual supplementation, with 0% mortality in the com-
bined group versus 6.25% in individual additive groups and 18.75% in the control
group. Zhang et al. [12] reported that combined tributyrin and oregano oil sup-
plementation reduced diarrhea rate to 3.96% and increased average daily gain
by 8.86% and 6.65% compared to individual tributyrin or oregano oil supple-
mentation, respectively.

In the current study, dietary supplementation with 0.20% tributyrin and 0.15%
nucleotide increased average daily feed intake, significantly improved average
daily gain by 7.76%, and extremely significantly reduced diarrhea rate from
4.96% to 1.89% (a 61.90% reduction). While the improvement in average daily
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gain was smaller than reported by Piva et al. [10] and Zhang et al. [12], the
reduction in diarrhea rate was more pronounced, possibly due to differences in
additive levels or ratios.

Effects on Serum Biochemical Indices

Reduced feed intake after weaning causes intestinal villus atrophy [3-5], in-
testinal barrier dysfunction, and increased susceptibility to infectious diseases,
severely affecting growth performance and health [3] and damaging tissue and
organ cell membranes, leading to altered enzyme activities. Serum total protein
is an important protein source for tissue repair and energy provision, reflecting
dietary crude protein levels and protein absorption and metabolism. High total
protein concentration indicates rapid protein anabolism. Globulin, secreted by
plasma cells, reflects anti-stress capacity. IgA, IgG, and IgM are immunoglobu-
lins secreted by bone marrow-derived lymphocytes that participate in humoral
immunity, with serum concentrations reflecting immune status [23].

Tributyrin improves immune function primarily by controlling inflammatory
responses and regulating anti-inflammatory cytokine expression [24], while nu-
cleotides enhance humoral immune responses to T lymphocyte-dependent anti-
gens, increasing IgG and IgM production [17,25]. Diamine oxidase is a highly
active intracellular enzyme in mammalian small intestinal mucosal villi that
participates in histamine and polyamine metabolism. When intestinal mucosa
is damaged, diamine oxidase enters the bloodstream, making serum diamine ox-
idase activity an indicator of intestinal mechanical barrier integrity and damage
severity [26].

Previous studies have shown that 0.1% tributyrin supplementation increased
serum IgA, IgG, and IgM concentrations by 24.42%, 13.68%, and 15.00%, re-
spectively, while combined tributyrin and oregano oil supplementation increased
these immunoglobulins by 24.42%, 17.31%, and 8.75%, respectively, without af-
fecting total protein or globulin concentrations [12]. Tributyrin supplementation
at 0.10%-0.15% increased serum total protein and globulin concentrations in a
dose-dependent manner [11]. The current study found that combined tributyrin
and nucleotide supplementation significantly increased serum globulin and im-
munoglobulin concentrations and extremely significantly reduced serum diamine
oxidase activity by 34.04%, consistent with Yang [11] and Zhang et al. [12], in-
dicating enhanced immune function and improved intestinal development with
reduced weaning stress.

Serum urea nitrogen, the primary end product of protein metabolism, accu-
rately reflects protein metabolism and amino acid balance [27]. The observed
2.31% reduction in serum urea nitrogen and significant 10.34% reduction in
serum glucose suggest improved protein utilization and enhanced carbohydrate
metabolism, likely due to tributyrin providing energy for intestinal develop-
ment and nucleotides supplying essential nucleosides for cell proliferation and
differentiation, thereby promoting intestinal development, improving nutrient
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absorption, and enhancing protein metabolism.

Effects on Intestinal Morphology

The current study demonstrated that dietary supplementation with 0.20% trib-
utyrin and 0.15% nucleotide increased villus height by 10.39%-26.98% and re-
duced crypt depth by 3.13%-9.44% in all intestinal segments. These findings
align with Piva et al. [8], who reported increased mucosal thickness and jejunal
villus height with reduced crypt depth following tributyrin and lactitol supple-
mentation. The increased absorptive surface area may result from enhanced
intestinal epithelial cell mitosis, reduced apoptosis, or a combination of both
[22,28-29)].

The progressive decrease in intestinal wall and mucosal thickness from duode-
num to ileum was observed in both groups, with the experimental group showing
increases of 4.88%-9.02% in wall thickness and 3.30%-35.89% in mucosal thick-
ness. These results are consistent with Piva et al. [8] and likely reflect rapid
proliferation of intestinal epithelial, mucosal, and immune cells, which increases
wall and mucosal thickness while enhancing villus vitality and nutrient digestion
[30].

Intestinal epithelial cells form the first line of defense against feed toxins and
pathogenic bacteria, containing receptors for toxins and bacteria and housing
immune cells such as lymphocytes and goblet cells [31-34]. Goblet cells regulate
intestinal immune function through specific and non-specific immune mecha-
nisms, secreting acidic substances that form a protective barrier on the mucosal
surface [35]. Mast cells provide anti-infective immune function through cytokine
secretion and participate in acquired immunity [30,36-37], making lymphocytes,
goblet cells, and mast cells crucial for intestinal immune regulation. The nu-
merical increases in these cell populations following tributyrin and nucleotide
supplementation suggest enhanced intestinal immune function, possibly through
inhibited apoptosis and stimulated proliferation of these immune cells.

Effects on Intestinal Enzyme Activities

Dong et al. [38] reported that tributyrin supplementation significantly increased
digestive enzyme activities in intrauterine growth-restricted piglets, with lactase
activity increasing 3.66-fold, 1.35-fold, and 2.63-fold in duodenum, jejunum, and
ileum, respectively, and sucrase, maltase, and lipase activities in ileum increas-
ing 2.30-fold, 2.43-fold, and 4.15-fold, respectively. Trypsin activity in jejunum
and ileum increased 2.82-fold and 10.52-fold, respectively. The current study
similarly found that tributyrin and nucleotide supplementation increased activ-
ities of lipase, trypsin, amylase, maltase, lactase, and sucrase, with trypsin and
maltase activities significantly increasing by 75.00% and 78.21%, respectively.
These improvements likely result from tributyrin and nucleotides providing en-
ergy and nucleosides for intestinal development, increasing villus height and
absorptive surface area, and promoting digestive enzyme secretion. Thus, trib-
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utyrin supplementation enhances intestinal digestion and absorption capacity
[39], while increased enzyme activities strengthen intestinal defense against bac-
terial invasion [38].

Conclusion

Dietary supplementation with 0.20% tributyrin and 0.15% nucleotide signifi-
cantly increased average daily gain by 7.76% (P < 0.05) and extremely signifi-
cantly reduced diarrhea rate by 61.90% (P < 0.01) in weaned piglets. Supple-
mentation numerically increased intestinal villus height, V/C ratio, intestinal
wall thickness, and mucosal thickness (P > 0.05), significantly increased trypsin
and maltase activities in ileal contents (P < 0.05), significantly elevated serum
immunoglobulin concentrations by 15.65%-82.03% (P < 0.05), and extremely
significantly reduced serum diamine oxidase activity by 34.04% (P < 0.01).
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