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Dietary supplement with nucleotides in the
form of uridine monophosphate or uridine
stimulate intestinal development and promote
nucleotide transport in weaned piglets
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Abstract
BACKGROUND: Nucleotides are key constituents of milk, where they are utilized in cell replication, although there are
limited studies for weaned piglets. This study evaluated the eﬀects of uridine monophosphate (UMP) with uridine (UR) feed
supplementation on the intestinal development and nucleotide transport in weaned piglets.
RESULTS: Supplementation with UMP signiﬁcantly increased (P < 0.05) plasma glucose, and UR supplementation signiﬁcantly
reduced (0.05 < P < 0.10) the plasma total cholesterol (TC) of piglets when compared with that of the control group, although
non-signiﬁcant diﬀerence (P > 0.05) in growth performance was observed among three groups. Piglets fed supplementary UR
exhibited greater (P < 0.05) crypt depth in the duodenum and ileum when compared with those in the supplementary UMP and
control groups. Real-time quantitative polymerase chain reaction (RT-qPCR) results revealed that UR supplementation increased
(P < 0.05) the relative mRNA levels of genes encoding the transmembrane proteins ZO-1 and occludin in the duodenum mucosa,
and ZO-1 in the jejunum mucosa (P < 0.05). Similarly, UR supplementation increased (P < 0.05) expression of solute carriers
SLC28A1 and SLC29A1 in the duodenum mucosa. Conversely, claudin-1 expression in the duodenum mucosa was inhibited
(P < 0.05) by dietary supplementation with UMP or UR.
CONCLUSION: Collectively, our data indicated that dietary supplementation with UMP or UR was conducive to stimulating
intestinal development and promoting nucleotide transport in weaned piglets.
© 2019 Society of Chemical Industry
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INTRODUCTION
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Nucleotides are a group of bioactive agents that play important roles in nearly all biochemical processes, including cellular
immune responses,1 intestine development,2,3 and nutrients utilization.4,5 Nucleotides are usually considered to be
semi-essential nutrients, their requirements being met via three
routes: de novo synthesis, salvage pathways and absorption from
food. However, under certain conditions, such as stress, limited
nutrient intake, immunological challenges and disease states,
supply of exogenous nucleotides may become essential nutrients
to optimize intestinal and physiological function. Under such circumstances, nucleotides may become limiting because the body
cannot aﬀord the cost of de novo synthesis or salvage because
they may compromise tissue function.6 Generally, the milk of
mammal animals has a higher nucleotide concentration than any
other foods. What is more, it has been demonstrated that uridine
5′ -monophosphate (5′ -UMP) accounts for the vast majority of all
5′ -monophosphate nucleotides during the whole lactation period
of sows,7 which is the major diﬀerence between milk and creep
feed, indicating the high requirement for nucleotides in weaned
piglets.8 Furthermore, intestinal epithelial cells have poor ability
J Sci Food Agric 2019; 99: 6108–6113

to synthesize nucleotides, indicating that supplementation of
some nucleotides is important, especially 5′ -UMP.9 Our previous
studies showed that uridine monophosphate (UMP) supplementation during the immediate post-weaning improved the growth
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UMP and UR aﬀect intestinal development of weaned piglets
performance of the piglets, and it may have a positive inﬂuence
on their intestinal morphology development.10
As the metabolic product of UMP, uridine (UR) exerts restorative
functions in tissues under stress.11 It has been reported that supplementation with ﬁsh oil and UR supports the intestinal physical
barrier via up-regulating of the ZO-1 level.12 Intra-colonic administration of UR eﬀectively prevented the development and progression of the dextran sulfate sodium (DSS) induced colitis symptoms
in mice.13 Moreover, it has been reported that uridine adenosine
tetraphosphate, released from human and murine colon muscles,
could be degraded to be ATP and UMP, causing vascular smooth
muscle cell proliferation and migration.14 Nevertheless, UMP and
UR have received limited attention in studies of weaned piglets.
Therefore, the objective of this study was to assess the eﬀects
of dietary supplementation with UMP and UR on growth performance and intestinal barrier of weaned piglets.

MATERIALS AND METHODS
Ethics statement
Animal experiments were approved by the Animal Care Committee of the Institute of Subtropical Agriculture, Chinese Academy of
Science. Experiments were performed in accordance with regulations and guidelines established by this committee.
Materials
UMP-Na2 (C9H13N2O9P, MW 368.2 g/mol, purity 990 g/kg) and UR
(C9H12- N2O6, MW 244.2 g/mol, purity 990 g/kg) were provided by
Meiya Haian Pharmaceutical Co., Ltd (Hai’an, China).
Animals and experimental design
After 3 days of accommodation, 108 weaned piglets (Large White ×
Landrace × Duroc, 7.53 ± 0.31 kg) aged at 21 days were randomly
assigned into 18 pens (six piglets per pen). They were fed one of
three diets (n = 6 pens/diet): (1) piglets from the control group
were fed a basal diet formulated to meet nutritional speciﬁcations
for weaned piglets (NRC 2012); (2) piglets from the UMP group
were fed a basal diet containing 0.6 g/kg UMP-Na2 ; (3) piglets
from the UR group were fed a basal diet containing 0.45 g/kg UR
(Table 1). All piglets were fed 2–3 times daily and they had free
access to water. The experiment lasted for 14 days.
Growth performance and samples collection
In this study, average daily gain (ADG), average daily food intake
(ADFI), feed/gain ratio (F/G), and diarrhea incidence of piglets per
pen were recorded or determined. At the end of the trial, one piglet
per pen with an average weight was randomly selected for sample
collection. A blood sample was collected from the jugular vein
after 12 h of fasting as described previously.15 Intestinal segments
(5 cm) were obtained from the duodenum, proximal jejunum, and
the distal ileum, which were then thoroughly ﬂushed with sterile
saline, and immediately frozen in liquid nitrogen. They were stored
at −80 ∘ C for later analysis or ﬁxed in 10% neutral buﬀered formalin
for intestinal morphology.16
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low-density lipoprotein cholesterol (LDL-C) were analyzed using
a CX-4 Automatic Biochemical Analyzer (Mairui Inc., Shenzhen,
China) and commercial kits (Leadman Biochemistry Technology Company, Beijing, China) according to the manufacturers’
instructions.
Intestinal morphology
For light microscopy observations, jejunum and ileum tissues were
sectioned to a thickness of 5 μm and stained with hematoxylin and
eosin. Villous lengths and crypt depths were quantiﬁed using a
ﬂuorescence microscope. The villus length and crypt depth were
measured, and then the villus length/crypt depth ratio (VCR) was
also calculated. Ten of the longest and straightest villi and their
associated crypts from each segment were measured. Mean villus
length, crypt depth, and VCR within each segment was calculated
for statistical analysis.17
RNA isolation and cDNA synthesis
Total RNA of intestinal tissues was isolated using TRIzol Reagent
(Life Technologies, Tokyo, Japan) according to the manufacturer’s
instructions. Approximately 1.0 μg of total RNA was used to synthesize cDNA using a reverse transcription kit (Takara Biotechnology Co., Ltd, Dalian, China) according to the manufacturers’
instructions.
Real-time quantitative polymerase chain reaction (RT-qPCR)
The relative mRNA expression levels were quantiﬁed by SYBR
real-time polymerase chain reaction (PCR) (SYBR Premix Ex Taq;
Takara Bio Inc., Shiga, Japan). Primers were designed with Primer
5.0 according to published pig gene sequence (http://www.ncbi
.nlm.nih.gov/pubmed/) to produce an ampliﬁcation product
(Table 2). Ampliﬁcation was carried out in an ABI Prism 7900 HT
sequence detection system (Applied Biosystems, Foster, CA, USA).
The relative level of mRNA expression was calculated using the
2−ΔΔCt method after normalization with 𝛽-actin as a housekeeping
gene.18
Statistical analysis
Statistical analyses of data were carried out using the one-way
analysis of variance (ANOVA) with SAS 8.2 software (Cary, NC,
USA) followed by a Duncan’s multiple comparison test. Diﬀerences
between signiﬁcant means were considered as statistically diﬀerent at P < 0.05, and a trend toward signiﬁcance was 0.05 < P < 0.10.

RESULTS
Growth performance
Growth performance of weaned piglets is presented in Table 1.
Non-signiﬁcant diﬀerences were observed for ADFI, ADG, F/G and
diarrhea incidence (P > 0.10).
Plasma biochemical indices
Plasma biochemical indices of piglets are listed in Table 3. In this
study, UMP supplement signiﬁcantly increased (P < 0.05) plasma
glucose, and UR supplementation showed a trend (0.05 < P < 0.10)
of reducing the plasma TC of piglets when compared to those in
the other two groups. However, non-signiﬁcant diﬀerences were
observed for other plasma biochemical indices (P > 0.10).
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Plasma biometers
Plasma total protein (TP), alkaline phosphatase (ALP), alanine
transaminase (ALT), aspartate aminotransferase (AST), lactate
dehydrogenase (LDH), triglyceride (TG), glucose, total cholesterol
(TC), urea, high-density lipoprotein cholesterol (HDL-C), and
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Table 1. Growth performance of weaned piglets aﬀected by uridine monophosphate (UMP) and uridine (UR) supplementationa
Dietary treatment
Items
Initial body weight (kg)
Final body weight (kg)
ADFI (g/d)
ADG (g/d)
F/G
Diarrhea incidence (%)

Control

UMP

UR

SEM

7.53
10.83
380.6
236.2
1.62
0.13

7.53
10.79
381.2
233.0
1.66
0.17

7.54
10.91
383.6
240.8
1.60
0.14

0.13
0.27
2.31
2.21
0.15
0.10

P-Value
0.97
0.90
0.99
0.90
0.75
0.58

a n = 6.
Note: SEM, standard error of the mean; ADFI, average daily food intake; ADG, average daily gain; F/G. feed/gain ratio.

Table 2. Primers used in this study
Gene

Accession number

Claudin-1

NM_001244539.1

ZO-1

XM_013993251.1

Occludin

NM_001163647.2

SLC28A1

NM_214112.1

SLC29A1

XM_005666066.2

𝛽-Actin

XM_003357928.2

Sequence
F: CTCAATACAGGAGGGAAGCCA
R: ATATTTAAGGACCGCCCTCTCC
F: ACCATGTCTTGAAGCAGCCA
R: GCCTGTCTCTCCATGTACGG
F: TCAGGTGCACCCTCCAGATT
R: TGTCGTTGCTGGGTGCATAA
F: TTTGTGAGTCAGACCGAGGC
R: ATCACCGAGGCAGCAATCAA
F: GGGTCACAGGCGCCTTTATT
R: CGTCGCCATTGTCCAGAAAC
F: CGTTGGCTGGTTGAGAATC
R: CGGCAAGACAGAAATGACAA

Intestinal morphology
Intestinal morphology is the major indicator of intestinal health
and also reﬂects the maturation rate of enterocytes.16 UR supplementation increased (P < 0.05) crypt depth in the duodenum and
ileum, whereas the villus length and the VCR did not reach the
signiﬁcant diﬀerence level (Fig. 1). These results suggested that
UR supplementation improved intestinal development, but UMP
did not.
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Relative mRNA expression of tight junction proteins
and nucleotide transporters in the small intestine
Our data showed that, compared with the control group, dietary
supplementation with UR improved (P < 0.05) the relative levels
of ZO-1 in the duodenum and jejunum. Supplementation of both
UR and UMP increased (P < 0.05) the relative level of occludin in
the duodenum when compared with that in the control group.
Interestingly, UMP or UR supplementation inhibited (P < 0.05) the
expression of Claudin-1 in the duodenum, which needs further
study to verify. We did not ﬁnd any signiﬁcant diﬀerence in the
expression of tight junction proteins in the ileum among the three
groups (Fig. 2).
In addition, UR supplementation increased (P < 0.05) the mRNA
levels of SLC28A1 and SLC29A1 in the duodenum when compared
with those in the control group, whereas UMP supplement inhibited (P < 0.05) the mRNA expression of SLC29A1 in the duodenum,
jejunum and ileum. The mRNA level of SLC28A1 in the jejunum and
ileum did not show signiﬁcant diﬀerence (Fig. 3).
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Product length (bp)
91
103
167
173
236
132

DISCUSSION
Nucleotides, including their metabolic products, such as
coenzymes, nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP), are essential
to many biological processes.19 Nucleotides have essential roles
in the maintenance of the nucleic acids, lipid metabolism, and
hepatic function.20,21 Provision of extra nucleotides in the diet
improved the stress-coping abilities of weaned piglets, thus
enhancing the growth performance.22 Nucleotide supplements
increase ADG, ADFI, and F/G of piglets when concentrations reach
up to 1 g/kg.23 In contrast, neither UMP nor UR had signiﬁcant
eﬀects on the growth performance of weaned piglets tested. This
may be explained by the diﬀerent techniques we used to supplement the nucleotides as the poor oral bioavailability may limit
the use of UR as an eﬀective oral therapeutic agent.24 However,
further studies are required to conﬁrm this hypothesis.
Nucleosides play important roles in cell physiology, both as nutrients and as modulators of cellular homeostasis, both of which are
implicated in crucial processes such as cell signaling and metabolic
regulation related to adenosine triphosphate, as messengers and
coenzymes in metabolic pathways, and in nucleic acid production
and salvage.25 Moreover, gut epithelial cells have limited capacity for de novo nucleotides synthesis. Hence, external provision
of nucleotides is essential to gut development.26–28 Nucleoside
transporters are integral membrane proteins implicated in the
salvage of natural nucleobases and nucleosides for nucleic acid
synthesis.29 Nucleosides belong to solute carrier families 28 and
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Table 3. Plasma indices of weaned piglets aﬀected by uridine monophosphate (UMP) and uridine (UR) supplementation1
Dietary treatment
Items
TP (g/L)
Glucose (mmol/L)
ALT (U/L)
AST (U/L)
ALP (U/L)
TC (mmol/L)
TG (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
LDH (U/L)
Urea (mmol/L)

Control

UMP

UR

SEM

39.66
4.04b
65.42
68.23
373.8
2.52a
0.39
0.91
1.25
602.1
4.19

37.30
6.55a
62.16
59.08
386.4
2.23ab
0.38
0.83
1.14
607.6
3.60

42.88
4.51b
68.27
61.70
449.3
2.16b
0.48
0.91
1.08
638.8
4.02

0.99
0.41
1.56
1.62
4.62
0.20
0.14
0.14
0.19
3.60
0.31

P-Value
0.32
0.01
0.79
0.59
0.60
0.07
0.33
0.43
0.38
0.70
0.27

Data are mean value of three replicates ± standard error of the mean (SEM). Means in a row with a superscript without a common letter indicate
signiﬁcant diﬀerence (P < 0.05).
1 n = 6.
Note: TP, total protein; ALT, alanine transaminase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; TC, total cholesterol; TG, triglyceride;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; LDH, lactate dehydrogenase.

Figure 1. Intestinal morphology of weaned piglets aﬀected by uridine monophosphate (UMP) and uridine (UR) supplements. Values are means plus
standard error of the mean (SEM), n = 6. Means with a superscript without a common letter indicate signiﬁcant diﬀerence (P < 0.05).
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molecules, such as pathogens, toxins, and antigens, from the
luminal environment into the mucosal tissues and circulatory
system. Tight junctions are multi-protein complexes composed
of transmembrane proteins, such as claudins, ZO-1, occludin, and
a wide spectrum of cytosolic proteins.34 Nucleotide supplementation for infants less than six-months old decreased the severity
and incidence of diarrhea, due to eﬀects on the intestinal integrity
and stimulation of repair function.35 Interestingly, it has been
shown that ZO-1-deﬁcient cells exhibited a clear delay in the
assembly of other tight junction proteins including occludin and
claudins, indicating ZO proteins have an important role in the
regulation of tight junction assembly.36 In the present study, we
found that UR supplementation enhanced ZO-1 gene transcription in the duodenum and jejunum, and occludin accumulation
in the duodenum, which indicated UR contributed to maintaining
intestinal integrity of weaned piglets.
Notably, we found dietary UMP signiﬁcantly increased the
plasma glucose levels of weaned piglets, which was an unexpected ﬁnding. It is well known that adequate uptake of glucose
from the plasma is a key factor for maintaining normal brain
function and piglets survival.37 This conﬁrms our previous study
that showed that weaning process could suppresses glucose
metabolism in the liver of piglets.38 These ﬁndings strongly
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29 (SLC28 and SLC29), which encode human concentrative nucleoside transporters and equilibrate nucleoside transporter proteins, respectively.30 In our assay, UR supplementation improved
the mRNA expression of SLC28A1 and SLC29A1 in the duodenum,
suggesting that UR may improve the bioavailability or action of
nucleotides by providing the additional carrier proteins.31 However, the eﬀect of UMP on the nucleoside transport in the small
intestine requires further investigation.
As a precursor to nucleic acid synthesis, nucleotides are important for intestinal epithelial cell division.9 As mentioned earlier, dietary nucleotides increased mucosal protein and villus
height of weaned rats, whereas nucleotides restriction decreased
mucosal height and gut wall thickness.4,32 Exogenously-supplied
purines and pyrimidines increased mucosal wet weights in the
jejunum and the ileum.33 In the present study, dietary supplementation with UR increased the crypt depth in the duodenum and ileum, which was consistent with previous studies
that showed nucleotides were important nutrients for intestinal repair and the intestinal development and repair in pigs,3
whereas neither UR nor UMP had signiﬁcant eﬀect on intestinal
length.
Besides the intestinal morphology, epithelial tight junctions
are critical physical barrier to the permeation of proinﬂammatory
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Figure 2. The relative mRNA level of tight junction proteins in the small intestine of weaned piglets. Values are means plus SEM, n = 6. Means with a
superscript without a common letter indicate signiﬁcant diﬀerence (P < 0.05).

Figure 3. The relative mRNA level of nucleotide transporters in the small intestine of weaned piglets. Values are mean plus SEM, n = 6. Means with a
superscript without a common letter indicate signiﬁcant diﬀerence (P < 0.05).

suggested that UMP supplementation is crucial to maintaining
normoglycemia in weaned piglets.
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