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a b s t r a c t

Pyrimidine nucleosides (PN) are abundant in mammalian milk and mainly involved in glycogen depo-
sition and lipid metabolism. To investigate the effects of maternal supplementation with pyrimidine
nucleoside on glucose, fatty acids (FAs), and amino acids (AAs) metabolism in neonatal piglets. Forty
pregnant sows were randomly assigned into the control (CON) group (fed a basal diet, n ¼ 20) or the PN
group (fed a basal diet supplemented with PN at 150 g/t, n ¼ 20). Litter size, born alive and birth litter
weight were recorded. The serum and placenta of sows, and jejunum and liver of neonatal piglets were
sampled. The results indicated that supplementing sow diets with PN decreased birth mortality and
increased the birth weight of piglets (P < 0.05). In addition, neonates from sows supplemented with PN
had higher glucose levels in serum and liver compared with the CON group (P < 0.05). Moreover,
maternal PN supplementation regulated the ratio of saturated FAs and polyunsaturated FAs, and AAs
content in serum and liver of piglets (P < 0.05). Furthermore, an up-regulation of mRNA expression of
genes related to glucose and AA transport were observed in the neonatal jejunum from the PN group
(P < 0.05). Additionally, hepatic protein expressions of phosphorylated hormone-sensitive lipase (P-HSL),
HSL, sterol regulatory element-binding transcription factor 1c (SREBP-1c), and phosphorylated protein
kinase B (P-AKT) was higher in the piglets from the PN group than the CON group (P < 0.05). Together,
maternal PN supplementation may regulate nutrient metabolism of neonatal piglets by modulating the
gene expression of glucose and AA transporters in placenta and jejunum, and the gene and protein
expression of key enzymes related to lipid metabolism in liver of neonatal piglets, which may improve
the reproductive performance of sows.
© 2022 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/).
1. Introduction

Maternal nutrition regulates mothers' health and their infants at
birth and the neonatal period (Wu et al., 2004). Nutrient re-
quirements of sows increase significantly in late gestation due to
the rapid growth of the fetal-placental unit (Kim et al., 2013). As the
iation of Animal Science and
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most important factors of maternal nutrition, glucose (GLU), fatty
acids (FAs), and amino acids (AAs) are of great significance to the
health and growth of the fetus (Han et al., 2010; Peng et al., 2010;
Wu et al., 2015). Therefore, promoting piglet health by regulating
the nutrition of sows in late gestation is crucial for improving
productive and reproductive performance in the pig industry.

Nucleotides play a crucial role in biological processes, such as
promoting growth (Daneshmand et al., 2017a,b), improving im-
munity (Waititu et al., 2017), and regulating AAs and FAs compo-
sition in animals (Tie et al., 2019). Previous studies showed that
nucleotide supplementation regulated AAs and FAs metabolism in
sow-piglet and fishmodels (Gao et al., 2021a,b,c; Tie et al., 2019). As
the most abundant nucleotide in mammalian milk (Mateo et al.,
2004), it is believed that pyrimidine nucleoside (PN) including
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Table 1
Ingredients and nutrient levels of the basal diet for late gestating
sows (air-dry basis, %).

Item Content

Ingredients
Yellow corn 65.0
Soybean meal 24.3
Soybean oil 2.5
Steam fish meal 3.0
Fine stone powder 1.2
Glucose 1.0
DL-Methionine 0.08
L-Threonine 0.07
L-Lysine�HCl 0.35
CaHPO4 1.0
NaCl 0.5
Vitamin-mineral premix1 1.0

Total 100.0
Nutrient levels2

ME, MJ/kg 13.4
Crude protein 17.0
Total P 0.66
Ca 0.85

1 The vitamin-mineral premix provided the following per kilo-
gram of the basal diets: sweetening agent 200 mg, antioxidant
100 mg, vitamin D3 3,000 IU, vitamin E 20 IU, vitamin K3 1.8 mg,
vitamin A 6,000 IU, riboflavin 6.0 mg, thiamine 2.0 mg, pyridoxine
4.0 mg, vitamin B12 0.02 mg, niacin 26.0 mg, pantothenic acid
18.0 mg, folic acid 3.2 mg, biotin 0.4 mg, Zn (as ZnSO4,H2O) 100 mg,
Cu (as CuSO4,5H2O) 20 mg, Mn (as MnSO4,H2O) 50 mg, Se (as
Na2SeO3) 0.30 mg, I (as KI) 1.2 mg.

2 The nutrient levels were calculated values.
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uridine (Ur) and cytidine (Cy) may play an important role in
regulating the health of piglets. Nucleosides are the only forms
absorbed in the intestine of the animal; thus, dietary nucleotides
require to be enzymatically hydrolyzed to nucleosides in vivo
(Ricardo et al., 1994). A study showed that supplementation of
adenosine, Ur and Cy in broiler chickens was found to improve their
growth performance (Daneshmand et al., 2017a,b). Similarly, di-
etary supplementation with Ur improves the growth performance
of weaned piglets (Li et al., 2019; Xie et al., 2019). In addition, Ur
also plays an important role in regulating AAs, FAs and bile acid
metabolism, and is conducive to maintaining energy homeostasis
(Deng et al., 2017; Liu et al., 2019; Zhang et al., 2019; Gao et al.,
2021b,c), as it can also produce pyrimidine-lipid and
pyrimidineesugar conjugates that are substrates for the deposition
of glycogen (Yamamoto et al., 2011). Furthermore, Cy and Ur in the
body can be transformed into each other, and Cy plays an important
role in the nucleoside-lipids metabolism, DNA methylation, anti-
depressant, and toll-like receptor 8 (Ramiro et al., 2015; Alies et al.,
2018; Furusho et al., 2019). Previous work also indicates that Ur
affects body temperature and feeding behavior (Deng et al., 2017).
For example, elevated serum Ur promotes food intake by increasing
brain levels of uridine diphosphate (UDP; Steculorum et al., 2015).
Therefore, this suggests that the growth-promoting effects of Ur
may be related to its effects on nutrient metabolism and energy
homeostasis.

However, there is no report about the impact of adding PN to the
sow's diet on the development of neonatal piglets. Based on the
previous research results, it could be inferred that maternal PN
supplementation may regulate the absorption and utilization of
nutrients in offspring. Thus, the current study was conducted to
explore the effects of dietary PN supplementation to sows during
late pregnancy on the reproductive performance, and the absorp-
tion and metabolism of GLU, FAs, and AAs of neonatal piglets.

2. Materials and methods

2.1. Animal ethics

All animal experiments were approved by the Animal Care
Committee of the Institute of Subtropical Agriculture, Chinese
Academy of Science (Beijing, China), and all procedures in this
study were conducted according to the guidelines established by
the committee (2015-8A).

2.2. Experimental design

Forty pregnant sows (Large White � Landrace) with similar
parity (3.23 ± 0.247 parities), back-fat thickness (BFT, approxi-
mately 17.24 ± 0.384mm), and close parturition datewere assigned
to 1 of the 2 dietary treatments (n ¼ 20): (1) control (CON) and (2)
PN groups (PN, 150 g/t) from 85 d of gestation to parturition. In this
study, single-column feeding was used, and sows in the CON group
received the basal diet, and sows in the PN group received the basal
diet supplemented with PN at 150 g/t (Ur:Cy ¼ 1:1, the dose was
selected based on the preliminary experiment). Uridine (purity
�99%) and Cy (purity �99%) were provided by Meiya Co., Ltd.,
(Hangzhou, China).

Experimental diets were based on corn, sorghum, barley, wheat
germ and soybean meal. The experimental diet was corn-soybean-
based, and the nutrients in the basal diet met the nutrient
recommendation of the NRC 2012 for sows (Table 1). All sows in
this study were fed twice a day at 06:30 and 14:30, and each sow
was housed in slatted-floor enclosures with free access to drinking
water during the experiment period. The average daily feed intake
of each sow was approximately 3.0 kg from 85 to 109 d of
310
pregnancy, and 1.8 kg from 110 to 114 d of pregnancy. The breeding
management of animals was described in detail (Gao et al., 2019).
The animal experiment was carried out at a large-scale breeding
farm at Henan Guang’ an Biology Technology Co., Ltd., (Zhengzhou,
China).

2.3. Sample collection

On delivery day, the litter size, numbers of born alive, stillborn
piglets, intrauterine growth restriction (IUGR) (Myrie et al., 2012),
and individual piglet weight of each sow were recorded. Moreover,
during parturition, seven sows per group were randomly selected
for sample collection. An approximately 5 mL blood sample was
collected from the ear vein of the sow, and the blood samples were
centrifuged at 3,000� g at 4 �C for 10 min, and then serum samples
were stored at �80 �C for further analysis. Furthermore, 2 slices of
placenta per sow were collected and frozen in liquid nitrogen, and
then stored at �80 �C until analysis (Gao et al., 2019).

Seven new born male piglets (1.54 ± 0.05 kg) were randomly
selected from seven sows per group immediately after they were
born as previously described (Wu et al., 2020). Following blood
collection (5 mL), piglets were anesthetized with sodium pento-
barbital (50 mg/kg BW) via IV injection and bled by exsanguination
(Deng et al., 2009). Liver and kidneyweights weremeasured, then 2
liver samples and one jejunal sample were collected, one of the
hepatics and jejunal samples were immediately frozen in liquid
nitrogen, and stored at�80 �C, and the other liver tissue was stored
at - 20 �C.

2.4. Sample analysis

2.4.1. Serum chemistry
According to the manufacturer's instructions, serum total pro-

tein (TP), albumin (ALB), alkaline phosphatase (ALP), aspartate
transaminase (AST), alanine aminotransferase (ALT), urea nitrogen
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(UN), GLU, cholesterol (CHOL), total triglyceride (TG), ammonia
(NH3), high-density lipoprotein (HDL), low-density lipoprotein
(LDL), total bile acid (TBA) and lactate dehydrogenase (LDH) were
determined by Roche Diagnostics kits (Division of Hoffmanela
Roche Limited, Montreal, QC, Canada), using an Automated
Biochemistry Analyzer (Synchron CX Pro, Beckman Coulter, Full-
erton, CA, USA).

2.4.2. Hepatic GLU analysis
The hepatic GLU level of neonatal piglets was determined using

the CheKine Glucose Assay Kit (Abbkine Scientific Co., Ltd., Wuhan,
China) according to the manufacturer's instructions.

2.4.3. Amino acids in the serum and liver analysis
Free AA profiles in the serum and liver were detected by a

L-8800 automatic AA analyzer (L8800; Hitachi, Tokyo, Japan), using
standards from Sigma Chemicals (St Louis, MO, USA). The methods
were described by Gao et al. (2021a,b,c).

2.4.4. Medium- and long-chain FAs proportion in the serum and
liver analysis

For FAs proportion analysis, 1 mL serum sample was extracted
overnight at 50 �C in awater bath with 5% acetyl chloride/methanol
solution. And then, 1 mL of n-hexane was added and centrifuged at
2,500�g at 4 �C for 5 min. Finally, the supernatant was collected
and used to determine FAs composition. In addition, the FA in the
liver of piglets was extracted with chloroform-methanol, and
transmethylated with boron trifluoride (BF3) and methanolic KOH.
The gas chromatography (Agilent 6890, Boston, MA) was used to
analyze the FA profiles, and the results were expressed as a per-
centage of total FA.

2.4.5. Quantitative real-time PCR (qRT-PCR)
The placental, hepatic and jejunal tissues were homogenized

under liquid nitrogen, and the messenger RNA (mRNA) was
extracted as previously described by Gao et al. (2021a,b,c). Ac-
cording to the manufacturer's instructions, the relative mRNA
expression levels of b-actin (reference gene), and the target genes
related to AA, and glycolipid metabolism were determined by a
Luminaris Color HiGreen High ROX (Thermo Scientific, Waltham,
MA, USA) on a Bio-Rad iCycler. The primers used are shown in
Table 2. The fold change in mRNA expression levels was calculated
using the 2�DDCt method.

2.4.6. Total protein extraction and automated capillary Western
blotting (WES)

Total protein was extracted as described in detail (Xie et al.,
2016), and WES was performed as previously described (Zhou
et al., 2019). Briefly, hepatic protein lysates were mixed with
5� fluorescent master mix and boiled for 5 min. Then, the samples,
wash buffer, primary antibodies including phosphorylated protein
kinase B (P-AKT; #9271; Cell Signaling Technology), protein kinase
B (AKT; #9272; Cell Signaling Technology), phosphorylated
hormone-sensitive lipase (P-HSL; ab109400; Abcam), hormone-
sensitive lipase (HSL; ab45422; Abcam), sterol regulatory
element-binding transcription factor 1c (SREBP-1c; ab28481;
Abcam), cytochrome P450 family 27 subfamily a member 1
(CYP27A1; ab126785; Abcam), GAPDH (# 2118; Cell Signaling
Technology), secondary antibodies, blocking reagent, and then, in a
manufacturer-provided microplate, chemiluminescent substrate
was dispensed into the designated wells. In the individual capil-
laries, protein separation was performed automatically using the
default settings. Compass software 3.1 (Protein Simple, San Jose, CA,
USA) was used to analyze the data.
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2.5. Statistical analysis

All statistical analyses were performed using SPSS 21.0 (2015,
IBM-SPSS Inc., Chicago, Illinois, USA), and all datawere presented as
the mean ± standard error of the mean (SEM). Pearson's correlation
between serum biochemical parameters of sows and neonatal
piglets was carried out by GraphPad Prism 7.00 for Windows
(GraphPad Software, San Diego, CA, USA). The differences between
the 2 groups were identified using an independent samples T-test.
The probability value < 0.05 was considered statistically significant,
and trends were identified when P < 0.10.

3. Results

3.1. Litter size and litter weights

The reproductive performance of sows is summarized in Table 3.
Maternal PN supplementation increased the birth weight of piglets
(1.40 vs. 1.53 kg; P¼ 0.02), and decreased birth mortality compared
with those in the CON group (P < 0.05). Similarly, compared to the
CON group, the birth litter weight in the PN group tended to be
higher (P ¼ 0.08). In addition, the renal index tended to increase in
the neonatal piglets from the PN group than in the CON group
(P ¼ 0.09, Fig. 1).

3.2. Serum biochemical parameters

The serum biochemical parameters are summarized in Table 4.
Compared with the CON group, maternal PN supplementation
significantly decreased sow's serum ALT, AST, LDH, LDL and UN
contents (P < 0.05), and tended to increase sow's serum GLU con-
tents (P ¼ 0.08). However, sows supplemented with PN signifi-
cantly increased serum GLU, AST and BUN contents of neonatal
piglets compared with the CON group's piglets (P < 0.05).

3.3. Serum FA proportion of sows and neonatal piglets

To test whether PN supplementation regulates FA metabolism,
we analyzed FA composition in the serum of sows and neonates.
The results showed that dietary PN supplementation increased
sow's serum C16:0 and total saturated FA (SFA) proportion, and
decreased sow's serum C22:6n3 compared with the CON group
(P < 0.05). Additionally, some FAs such as C10:0 and C24:0 showed
an uptrend in the serum of sows in the PN group (P < 0.10, Fig. 2,
A1-C1). In neonatal piglets, maternal dietary PN supplementation
increased serum C10:0 and total polyunsaturated FA (PUFA) pro-
portion, and decreased the C16:0, C18:0, C24:1 and SFA proportion
(P < 0.05, Fig. 2, A2-C2).

3.4. Serum AA profiles of sows and neonatal piglets

Free AAs in the serum of sows and neonatal piglets were
assessed, and the results are shown in Table 5. Compared with the
CON group, dietary PN supplementation decreased isoleucine,
phenylalanine, valine, serine, citrulline, b-alanine and increased
glutamic acid contents (P < 0.05) and tended to increase methio-
nine content in the sow's serum (P < 0.10).

On the other hand, maternal dietary PN supplementation
increased serum leucine, lysine, arginine, citrulline and hydrox-
ylysine contents, and decreased serum histidine and glycine con-
tents of neonatal piglets (P < 0.05). Moreover, serum glutamic acid
content tended to decrease, and serum taurine and 3-methyl-his-
tidine contents tended to increase in neonatal piglets from the PN
group (P < 0.10).



Table 2
Sequence of primers for quantitative real-time PCR.

Genes Nucleotide sequence of primers (50-30) Accession no. Length, bp

Glucose metabolism
GLUT1 F: GCAGGAGATGAAGGAGGAGAGC XM_021096908.1 258

R: ACGAACAGCGACACGACAGT
GLUT3 F: GCCCTGAAAGTCCTCGGTTCCT XM_021092392.1 252

R: ACACGGCGTTGATGCCAGAGA
OGT F: TTGACTGCCCCTCTATGCTG NM_001039748.2 131

R: CCTGGGATTTCATTTCTGCTG
GSK3B F: AGGTCCTAGGGACACCAACA XM_021068187.1 161

R: TGTGTACTCCAACAGACGGC
G6PC F: AAGCCAAGCGAAGGTGTGAGC NM_001113445.1 165

R: GGAACGGGAACCACTTGCTGAG
GR F: CCAAACTCTGCCTTGTGTGTTC XM_021080412.1 108

R: TGTGCTGTCCTTCCACTGCT
FOXO1 F: GCAAATCGAGTTACGGAGGC NM_214014.3 95

R: AATGTCATTATGGGGAGGAGAGT
Lipid metabolism
FABPpm F: ATGGGCTTATACGGTGAGCG NM_213928.1 127

R: CGTTGACAGGAGGGTTGGAA
FAT/CD36 F: CTGGTGCTGTCATTGGAGCAGT XM_021102279.1 161

R: CTGTCTGTAAACTTCCGTGCCTGTT
FBP1 F: TCCACCGCACGCTGGTCTAT NM_213979.1 129

R: CCAGTCCTCCTGCCTTCTCCAT
FATP4 F: AGACACACGTTGGACCTTCC XM_013993903.2 188

R: GCAGGTTGGTGTTGATGAGC
FATP3 F: CAGCATAGGGTGACGGTGTT XM_021089805.1 194

R: CCCTCTGTCAGTCCGTAGGT
CYP7a1 F: ACCTGACCAGTTCCGAGATG XM_013996745.2 200

R: TATAGGGCACGATGCACAGA
FADS2 F: ACGGCCTTCATCCTTGCTAC NM_001171750.1 144

R: GTTGGCAGAGGCACCCTTTA
SREBP-1c F: GACCGGCTCTCCATAGACAA XM_021066226.1 229

R: CCTCTGTCTCTCCTGCAACC
ELOVL5 F: TACCACCATGCCACTATGCT XM_021098832.1 102

R: GACGTGGATGAAGCTGTTGA
ELOVL2 F: ATTCTTCACCACCAGCGAGG XM_013977421.1 131

R: TGCCTGGCTGTTATCACTCG
Amino acid metabolism
LAT1 F: TTTGTTATGCGGAACTGG XM_013978228.2 155

R: AAAGGTGATGGCAATGAC
CAT-1 F: TGCCCATACTTCCCGTCC NM_001012613.1 192

R: GGTCCAGGTTACCGTCAG
PAT1 F: TGTGGACTTCTTCCTGATTGTC XM_021077073.1 125

R: CATTGTTGTGGCAGTTATTGGT
EAAT1 F: GATGGGACCGCCCTCTAT XM_021076550.1 105

R: CGTGGCTGTGATGCTGATG
EAAT2 F: GGCTGCTGGACAGGATGA XM_021085278.1 154

R: TAAATGGACTGGGTCTTGGT
ASCT2 F: GATTGTGGAGATGGAGGATGTGG XM_003355984.4 127

R: GCGAGTGAAGAGGAAGTAGATGA
SNAT1 F: AAGAACCTGGGCTATCTCGG XM_003355629.4 138

R: TGTTGCGTTAGGACTCGTTG
SNAT4 F: GCTGTGGCAATCCTGTCACT XM_021092582.1 105

R: CCATCCAAATGCTTTTTCACCCA
GLUD1 F: GGAGGCTGACTGTGACATACTGATTC NM_001244501.2 81

R: TTGGCTTTGACTCTAGGTGCATTGG
GAD1 F: GGAAGAGAAGAGCAGGCTTGTGAG XM_005671944.3 132

R: CGAGCGAACAGGTTGGAGAAGTC
OGDH F: AGACCAGCAGCAGCCAGGAC XM_021079066.1 113

R: GCGTAGTACATCTCCTCCACATAGTTG
GSTA1 F: CATCGCCACCAAGTACAACCTCTAC NM_214389.2 91

R: TTCACCCAAATCTGCCACACCTTC
b-actin F: CGTTGGCTGGTTGAGAATC XM_003357928.4 132

R: CGGCAAGACAGAAATGACAA

GLUT1 ¼ glucose transporter-1; GLUT3 ¼ glucose transporter-3; OGT ¼ O-linked N-acetylglucosamine transferase; GSK3B ¼ glycogen synthase kinase 3 beta;
G6PC¼ glucose-6-phosphatase catalytic subunit 1; GR¼ glucocorticoid receptor; FOXO1¼ forkhead box O1; FABPpm¼ plasmamembrane fatty acid binding protein; FAT/
CD36 ¼ fatty acid transporter/CD36; FABP1 ¼ fatty acid binding protein 1; FATP3 ¼ fatty acid transport protein 3; FATP4 ¼ fatty acid transport protein 4;
CYP7a1¼ cholesterol-7a-hydroxylase; FADS2¼ fatty acid desaturase 2; SREBP-1c¼ sterol regulatory element binding transcription factor 1c; ELOVL5¼ fatty acid elongase
5; ELOVL2 ¼ fatty acid elongase 2; LAT1 ¼ neutral AA transporter 1; CAT-1 ¼ cationic amino acid transporter 1; PAT1 ¼ proton-coupled amino acid transporter 1;
EAAT1 ¼ excitatory amino acid transporters 1; EAAT2 ¼ excitatory amino acid transporters 2; ASCT2 ¼ amino-acid transporter 2; SNAT1 ¼ sodium-dependent neutral
amino acid transporter 1; SNAT4 ¼ sodium-dependent neutral amino acid transporter 4; GLUD1 ¼ glutamate dehydrogenase 1; GAD1 ¼ glutamate decarboxylase 1;
OGDH ¼ recombinant oxoglutarate dehydrogenase; GSTA1 ¼ glutathione S-transferase alpha 1.
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Table 3
Influence of PN supplementation in the diet of sows from d 85 to 114 of gestation on
reproductive performance.

Item Groups (n ¼ 20) P-value

CON group PN group

Daily feed intake per sow, kg 2.12 ± 0.07 2.18 ± 0.08 0.60
Reproductive performance
FARPLA, h 4.66 ± 0.44 4.55 ± 0.29 0.83
Total born 11.16 ± 0.37 11.15 ± 0.39 0.99
Born alive 9.74 ± 0.29 10.00 ± 0.33 0.56
Birth mortality1, % 7.35 ± 1.63 3.01 ± 1.12 0.03
IUGR rate2, % 2.62 ± 1.12 3.28 ± 1.11 0.68
Birth litter weight, kg 15.26 ± 0.64 16.99 ± 0.71 0.08
Birth weight, kg 1.40 ± 0.03 1.53 ± 0.04 0.02

PN ¼ pyrimidine nucleoside; FARPLA ¼ duration of farrowing and placenta expul-
sion of sows; IUGR ¼ intrauterine growth restriction.

1 Birth mortality (%) ¼ (total litter size e alive)/total � 100.
2 IUGR rate (%) ¼ the number of IUGR/total � 100.

Fig. 1. Influence of PN supplementation in the diet of sows from 85 d of gestation to
parturition on the (A) liver and (B) kidney indexes of piglets. Data are presented as
mean ± SEM, n ¼ 7. PN ¼ pyrimidine nucleoside.
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3.5. Hepatic FA proportion, GLU and AA constituents of neonatal
piglets

To evaluate the effects of PN on hepatic nutrient composition,
hepatic GLU, FA, and AA constituents of neonatal piglets were
analyzed (Fig. 3, Table 6). Compared with the CON group, maternal
dietary PN supplementation increased hepatic C16:0 and SFA pro-
portion (P < 0.05, Fig. 3 A), and decreased hepatic C24:0 and
Table 4
Influence of PN supplementation in the diet of sows from 85 d of gestation to parturitio

Item The serum of sows (n ¼ 7) P-valu

CON group PN group

TP, g/L 71.10 ± 1.39 72.93 ± 1.15 0.33
ALB, g/L 36.89 ± 0.80 34.79 ± 1.71 0.29
ALT, U/L 41.59 ± 3.77 30.77 ± 2.24 0.03
AST, U/L 44.29 ± 7.83 25.78 ± 1.34 0.04
ALP, U/L 34.86 ± 3.83 29.57 ± 3.53 0.33
UN, mmol/L 6.67 ± 1.31 3.86 ± 0.19 0.04
LDH, U/L 335.57 ± 26.07 237.00 ± 18.86 0.01
GLU, mmol/L 4.49 ± 0.24 5.25 ± 0.32 0.08
TG, mmol/L 0.34 ± 0.04 0.38 ± 0.04 0.49
CHOL, mmol/L 1.54 ± 0.13 1.32 ± 0.10 0.23
HDL, mmol/L 0.46 ± 0.03 0.51 ± 0.05 0.37
LDL, mmol/L 0.96 ± 0.12 0.66 ± 0.07 0.05
HDL/LDL 0.52 ± 0.07 0.76 ± 0.10 0.07
HDL/CHO 0.32 ± 0.04 0.41 ± 0.02 0.06
LDL/CHO 0.62 ± 0.04 0.54 ± 0.04 0.19
TBA, mmol/L 18.17 ± 2.75 15.08 ± 1.47 0.34

TP ¼ total protein; ALB ¼ albumin; ALT ¼ alanine aminotransferase; AST ¼ aspartate tra
drogenase; GLU ¼ glucose; TG ¼ total triglyceride; CHOL ¼ total cholesterol; HDL ¼
PN ¼ pyrimidine nucleoside.

1 Data are presented as mean ± SEM.
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C22:6n3 proportion of piglets (P < 0.05, Fig. 3A and C). In the liver of
neonatal piglets from the PN group, the C18:1n9t and C20:4n6
proportion tended to increase, while the monounsaturated FA
(MUFA) and n-6/n-3 proportion tended to decrease (P< 0.10, Fig. 3B
and C). Furthermore, a positive correlation in the C14:0 proportion,
and a negative correlation in C18:0 proportion between serum and
liver of piglets were observed in this study (P < 0.05, Fig. 3E and F).

On the other hand, the inclusion of PN in the sow's diet signifi-
cantly increased hepatic GLU content (1,119.18 mmol/g) of neonatal
piglets compared to those in the CON group (866.50 mmol/g;
P ¼ 0.03, Fig. 3D). Moreover, sows fed a PN supplemented diet had
higher hepatic essential AA (EAA) including isoleucine, leucine,
lysine, threonine, and tyrosine contents of neonatal piglets than
those in the CON group (P < 0.05). In addition, compared to those in
the CON group, an increment in hepatic phenylalanine and valine
contents from neonatal piglets in the PN group was observed, but
not statistically significant (P < 0.10, Table 6).

3.6. Relative gene expression level of GLU, FA and AA transporters in
the jejunum of neonatal piglets

To study the effects of PN on nutrient transport in the small
intestine, the gene expressions related to AA, FA, and GLU trans-
porters was detected in the jejunum of neonatal piglets, and the
results are depicted in Fig. 4. Compared with the CON group,
glucose transporter (GLUT) 1 and GLUT3, which encode GLU
transporters, were highly expressed in the jejunum of neonatal
piglets from the PN group (P < 0.05, Fig. 4A). Furthermore, the
genes encoding AA transporters, including cationic AA transporter
1 (CAT-1), excitatory AA transporters 1 (EAAT1), and sodium-
dependent neutral AA transporter 4 (SNAT4) manifested expres-
sion patterns similar to GLUT1 and GLUT3 (P < 0.05, Fig. 4C). In
addition, the jejunal mRNA expression of proton-coupled AA
transporter 1 (PAT1) in the neonatal piglets from the PN group
tended to upregulate (P ¼ 0.07).

3.7. Hepatic relative gene expression related to AA and glycolipid
metabolism of neonatal piglets

Based on the above results, the relative expression of key en-
zymes related to AA and glycolipidmetabolism in the hepatic tissue
was investigated. As shown in Fig. 5, glutathione S-transferase
n on serum biochemical parameters.1

e The serum of piglets (n ¼ 7) P-value

CON group PN group

25.01 ± 1.38 31.88 ± 7.02 0.36
5.54 ± 0.55 6.23 ± 0.60 0.42
21.17 ± 2.67 24.00 ± 4.75 0.61
39.00 ± 4.78 71.04 ± 12.06 0.03
1,863.57 ± 360.62 1,338.71 ± 295.00 0.28
3.46 ± 0.33 5.89 ± 0.99 0.04
451.86 ± 33.20 494.43 ± 82.93 0.64
3.61 ± 0.28 4.62 ± 0.25 0.02
0.39 ± 0.06 0.39 ± 0.04 0.93
1.27 ± 0.14 1.68 ± 0.41 0.37
0.54 ± 0.10 0.65 ± 0.16 0.58
0.68 ± 0.08 0.95 ± 0.31 0.41
0.92 ± 0.27 0.80 ± 0.11 0.68
0.48 ± 0.13 0.38 ± 0.02 0.48
0.55 ± 0.04 0.51 ± 0.05 0.60
19.51 ± 3.95 17.56 ± 3.99 0.73

nsaminase; ALP ¼ alkaline phosphatase; UN ¼ urea nitrogen; LDH ¼ lactate dehy-
high-density lipoprotein; LDL ¼ low-density lipoprotein; TBA ¼ total bile acid;



Fig. 2. Influence of PN supplementation in the diet of sows from 85 d of gestation to parturition on serum FA proportion of (A1eC1) sows and (A2eC2) piglets. Data are presented as
mean ± SEM, n ¼ 7. Statistical significance was set at *P < 0.05 or **P < 0.01. FA ¼ fatty acid; SFA ¼ saturated fatty acids; MUFA ¼ monounsaturated fatty acids;
PUFA ¼ polyunsaturated fatty acids. Total SFA includes C10:0, C12:0, C14:0, C16:0, C17:0, C18:0, C22:0 and C24:0; total MUFA includes C16:1, C18:1n9t; total PUFA includes C18:2n6c,
C18:3n6, C20:3n6, C20:4n6, C18:3n3, C20:2, C22:6n3 and C20:5n3; PN ¼ pyrimidine nucleoside.
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alpha 1 (GSTA1) and recombinant oxoglutarate dehydrogenase
(OGDH), which encode the rate-limiting enzymes for AA meta-
bolism, were highly expressed in neonatal piglets from the PN
group than in the CON group (P < 0.05, Fig. 5C). Similarly, the genes
encoding rate-limiting enzymes for long-chain fatty acids (LCFAs)
elongation reaction, FA elongase (ELOVL) 2 and ELOVL5 manifested
expression patterns similar to GSTA1 in neonatal piglets' liver from
the PN group (P < 0.05, Fig. 5F). Conversely, cholesterol-7a-
hydroxylase (CYP7a1), which encodes the rate-limiting enzymes
for TBA metabolism, was down-regulated in neonatal piglets' liver
from the PN group (P < 0.05). Furthermore, maternal supplemen-
tation with PN up-regulated hepatic gene expression of neutral AA
transporter 1 (LAT1), CAT-1, and fatty acid transport protein 3
(FATP3), which are involved in AA and FA transport (P < 0.05). Also,
the genes encoding the regulation factor in protein and glycolipid
metabolism, forkhead box O1 (FOXO1) showed higher expression in
neonatal piglets from the PN group than those piglets from the CON
group (P < 0.05). Maternal PN supplementation tended to increase
the hepatic mRNA expression level of SREBP-1c in neonatal piglets
from the PN group compared to those from the CON group
(P < 0.10).

3.8. Hepatic relative protein expression level related to lipid
metabolism in neonatal piglets

The hepatic protein levels related to lipid metabolism of
neonatal piglets are shown in Fig. 6. As the rate-limiting enzyme for
fat decomposition, the relative protein expression of HSL and P-HSL
was increased in the liver of neonatal piglets from the PN group
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compared to those in the CON group (P < 0.05). In addition,
maternal dietary PN supplementation up-regulated the hepatic
protein level of SREBP-1c and P-AKT in neonatal piglets (P < 0.05).

3.9. Placental gene expression related to AA, FA and GLU transport

To determine whether PN regulates nutrient metabolism of
neonatal piglets partially through placental transport, placental
gene expression related to AA, FA, and GLU transport was analyzed
and presented in Fig. 7. Compared to those in the CON group,
maternal dietary PN supplementation up-regulated placental
mRNA expression of GLUT3 and SNAT4, and down-regulated
placental mRNA expression of PAT1 (P < 0.05). Furthermore,
compared with the CON group, maternal dietary PN supplemen-
tation tended to upregulate GLUT1 and FA transporter/CD36 (FAT/
CD36) mRNA expression in the placenta (P < 0.10).

4. Discussion

4.1. Exogenous PN increased birth weight and decreased birth
mortality

During late pregnancy, more nutrients are required for fast fetal
growth and thus endogenous nucleotide synthesis may not satisfy
the demand of the body (Martinez-Puig et al., 2007). Nucleotides
include purine nucleotides and pyrimidine nucleotides, such as
uridine 50monophosphate (UMP), cytidine 50monophosphate
(CMP), and their phosphorylated forms or coenzymes are the most
abundant nucleotides in sow's milk (Mateo et al., 2004). The



Table 5
Influence of PN supplementation in the diet of sows from 85 d of gestation to parturition on AAs in serum of sows and neonatal piglets (mg/L).

Item Serum of sows (n ¼ 7) P-value Serum of neonatal piglet (n ¼ 7) P-value

CON group PN group CON group PN group

Histidine 7.41 ± 1.02 5.98 ± 0.61 0.24 3.46 ± 0.42 2.22 ± 0.38 0.05
Isoleucine 11.40 ± 2.18 6.28 ± 0.82 0.04 2.98 ± 1.01 2.50 ± 0.38 0.76
Leucine 16.45 ± 3.41 9.08 ± 1.42 0.06 2.79 ± 0.53 4.83 ± 0.70 0.04
Lysine 17.68 ± 2.44 16.62 ± 3.60 0.82 11.29 ± 1.91 18.28 ± 2.36 0.05
Methionine 2.50 ± 0.52 1.53 ± 0.22 0.09 1.06 ± 0.39 1.26 ± 0.31 0.69
Phenylalanine 9.09 ± 0.88 6.71 ± 0.64 0.04 4.62 ± 1.15 6.05 ± 1.26 0.42
Threonine 10.56 ± 1.74 8.53 ± 1.32 0.36 3.89 ± 0.86 3.27 ± 0.35 0.60
Valine 22.40 ± 3.20 13.44 ± 1.61 0.05 13.55 ± 3.57 12.92 ± 1.57 0.87
EAA 99.39 ± 15.29 68.18 ± 9.83 0.10 43.66 ± 8.41 47.25 ± 5.16 0.72
Alanine 20.61 ± 1.67 23.97 ± 1.85 0.21 44.94 ± 5.58 45.02 ± 4.34 0.99
Aspartic acid 0.23 ± 0.08 0.30 ± 0.14 0.69 0.69 ± 0.11 0.63±0.11 0.69
Arginine 17.81 ± 1.42 18.23 ± 2.27 0.88 2.26 ± 0.46 5.22±0.90 0.01
Glutamic acid 6.94 ± 0.40 10.73 ± 1.51 0.04 10.87 ± 1.82 6.82±1.17 0.08
Glycine 18.83 ± 1.95 21.35 ± 1.51 0.32 33.28 ± 3.11 25.76 ± 0.73 0.05
Serine 7.58 ± 0.78 5.36 ± 0.52 0.03 9.41 ± 0.29 8.94 ± 1.02 0.68
Tyrosine 11.36 ± 1.81 9.42 ± 1.46 0.41 6.12 ± 1.35 7.60 ± 2.11 0.58
Cysteine 3.56 ± 1.16 2.42 ± 0.52 0.37 2.78 ± 0.32 2.62 ± 0.15 0.64
Proline 13.91 ± 1.85 12.79 ± 2.10 0.70 8.20 ± 0.96 8.15 ± 0.61 0.96
NEAA 105.61 ± 8.63 103.34 ± 9.64 0.86 121.99 ± 10.42 115.53 ± 5.20 0.59
Taurine 6.91 ± 0.82 7.95 ± 0.57 0.31 8.68 ± 0.63 12.54±1.70 0.05
a-Aminoadipic acid 2.39 ± 0.63 1.74±0.23 0.32 1.77 ± 0.48 1.28 ± 0.27 0.37
Citrulline 2.05 ± 0.26 2.99 ± 0.28 0.03 3.44 ± 0.25 4.79 ± 0.22 <0.01
b-Alanine 0.54 ± 0.03 0.42 ± 0.03 0.01 1.72 ± 0.19 1.48 ± 0.23 0.43
b-Aminoisobutyric acid 0.15 ± 0.07 0.10 ± 0.01 0.49 0.13 ± 0.03 0.14 ± 0.06 0.89
Ethanolamine 1.17 ± 0.21 0.79 ± 0.20 0.21 0.40 ± 0.04 0.51 ± 0.14 0.48
Hydroxylysine 0.41 ± 0.07 0.44 ± 0.14 0.85 0.19 ± 0.10 0.65 ± 0.19 0.05
Ornithine 5.09 ± 0.84 4.46 ± 0.81 0.60 5.95 ± 1.43 6.91 ± 0.84 0.60
3-Methyl-histidine 3.22 ± 0.42 2.64 ± 0.36 0.31 0.59 ± 0.06 0.75 ± 0.06 0.09
Carnosine 1.30 ± 0.29 1.22 ± 0.20 0.83 1.17 ± 0.29 0.95 ± 0.16 0.50
Total AA 239.52 ± 22.63 199.89 ± 20.54 0.23 190.78 ± 17.94 190.60 ± 9.93 0.99

Data are presented as mean ± SEM. AAs ¼ amino acids; EAA ¼ essential amino acid; NEAA ¼ non-essential amino acid; PN ¼ pyrimidine nucleoside.
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research has shown that nucleosides are the only forms that can be
absorbed in the intestine, thus, dietary nucleotides must be enzy-
matically hydrolyzed to nucleosides before they are utilized
(Ricardo et al., 1994). Consistently, our previous study showed that
dietary nucleosides may have a higher utilization rate than nucle-
otides in pigs (Li et al., 2019). Previous studies have shown that
supplementation of sow’ diet with yeast extract, live yeast, yeast
RNA, or NuPro during late pregnancy did not affect the reproductive
performance of sows (Plante et al., 2011; Jang et al., 2013; Vitagliano
et al., 2014; Hung, 2015). In contrast to the previous report, dietary
nucleotide supplementation improves the growth performance,
and healthy FA proportion in fish (Tie et al., 2019). In addition, sows
supplemented with yeast-based nucleotides or Ur during late
pregnancy have a lower stillbirth rate (Gao et al., 2021b,c).
Furthermore, the components of nucleotides participate in energy
metabolism, protein metabolism, and blood GLU regulation sug-
gesting that the combination of Cy and Ur might meet the high
demand for genetic materials (Daneshmand et al., 2017a,b). In the
present study, the supplementation of PN to sows diet in late-
gestation periods could improve the birth weight of piglets and
decrease the stillbirth rate, whichmay be related to fetal nutritional
metabolism. Although the detailed mechanism is unclear,
improved reproductive performance is a process tightly linked to
the function of PN.

4.2. Exogenous PN regulated GLU metabolism of sows and piglets

As the main energy source, the production and utilization of
blood GLU are in a state of dynamic balance to maintain the needs
of the body. In addition, GLU metabolism during late gestation is
related to the number of stillborn piglets (Weldon et al., 1994),
because GLU is essential for aerobic metabolism in the growing
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fetus (Novakovic et al., 2013). Plasma Ur improves GLUmetabolism
(Peters et al., 1987), however, on the flip side, oral GLU regulates the
level of Ur in the blood (Yamamoto et al., 1999). Our results unveil
pivotal roles in the interaction between PN and GLU. For example,
maternal PN supplementation tends to increase sow's serum GLU
content in the present study, consistent with the previous results
that dietary Ur or UMP supplementation regulates serum GLU in
sows (Gao et al., 2021a,b,c), rats (Zhang et al., 2018; Liu et al., 2019),
and calves (Katoh et al., 2019). On the other hand, maternal PN
supplementationmarkedly increases GLU content in the serum and
liver of neonatal piglets. The previous study suggested that
maternal yeast-based nucleotide (YN) supplementation increased
serum GLU content of neonatal piglets (Gao et al., 2021a,b,c), while
dietary Ur supplementation to sows does not affect serum GLU
content of piglets, implying that the combination of Ur and Cy can
regulate the serum GLU level of neonatal piglets. It was believed
that Ur and Cy may have a synergistic effect in regulating the
metabolism of nutrients because oral Cy is metabolized into Ur in
the body (Wurtman et al., 2000), and Ur is phosphorylated to uri-
dine triphosphate (UTP), then converted to cytidine triphosphate
(CTP; Richardson et al., 2003). Furthermore, the elevated serum Ur
could increase UDP (Steculorum et al., 2015), and UDP and CMP are
important substrates for the synthesis of nucleotide-sugar (Roach
et al., 2012), and exogenous nucleotides could regulate the syn-
thesis of nucleotide-sugar (Mironova et al., 2018). Thus, the above
results showed that the combination of Ur and Cy increased GLU
level in sows and neonatal piglets, possibly affecting nucleotide-
sugar synthesis, which is conducive to the energy supply of sows
and fetuses during farrowing.

The sources of GLU of the neonatal piglet are placental transport
(Novakovic et al., 2013), absorption from amniotic fluid (Sangild
et al., 2002) and hepatic gluconeogenesis. Studies have shown



Fig. 3. Influence of PN supplementation in the diet of sows from 85 d of gestation to parturition on hepatic (AeC) FA proportion and (D) GLU content of piglets. Data are presented
as mean ± SEM, n ¼ 7. Statistical significance was set at *P < 0.05. (A) Hepatic saturated fatty acids proportion. (B) Hepatic monounsaturated fatty acids proportion. (C) Hepatic
polyunsaturated fatty acids proportion. (D) Hepatic GLU. (E) Correlation analysis for C14:0 in serum vs. liver of piglets. (F) Correlation analysis for C18:0 in serum vs. liver of piglets.
PN ¼ pyrimidine nucleoside; FA ¼ fatty acid; GLU ¼ glucose.
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that the piglet's prenatal intestine could absorb and utilize large
molecules during the final weeks of gestation (Gao et al., 2021a,b,c).
In addition, the transport of GLU across the placenta or intestine is
mediated by a family of facilitative transporter proteins, known as
the glucose transporters (GLUTs) (Novakovic et al., 2013). Our
findings indicates that maternal PN supplementation up-regulated
mRNA expression of GLUT1 and GLUT3 in the placenta and jejunum
of neonatal piglets, implying that PN may increase the GLU level of
neonatal piglets by promoting its transport and absorption from
the placenta and small intestines. Higher GLU levels in serum and
liver may be one of the reasons for lower stillbirths and higher birth
weight in the present study (Han et al., 2010).

4.3. Exogenous PN regulated fatty acid metabolism of sows and
piglets

A good energy supply is very important for both sows and fe-
tuses since sows are in a catabolic state during the last third of
gestation. As the members of the apolipoprotein family, LDL
transports CHOL from the liver to the periphery, and HDL transports
CHOL from the periphery to the liver for catabolism (Sun et al.,
2019). Our findings showed that PN promoted hepatic utilization
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of CHOL in the liver of piglets, as evidenced by significantly lower
serum LDL content and higher HDL/LDL and HDL/CHOL levels in PN
supplemented group, in agreement with our previous study that
maternal dietary Ur supplementation decreased LDL (Gao et al.,
2021a,b,c).

As one of the PN, Ur or UMP can regulate hepatic lipid meta-
bolism in rats (Le et al., 2014; Liu et al., 2019) and piglets (Zhang
et al., 2019). Uridine is catabolized to alanine and acetyl-CoA, and
acetyl-CoA plays an important role in energy metabolism (Wellen
et al., 2012); thus, PN may affect the synthesis of FA. Dietary nu-
cleotides or Ur have been shown to regulate total SFA proportion in
grass carp (Tie et al., 2019), rats (Liu et al., 2019), and piglets (Gao
et al., 2021a,b,c). Our results indicated that maternal dietary PN
supplementation increased sow's serum total SFA proportion, such
as C16:0, suggesting that PN has a synergistic effect on regulating
FA composition. Dietary nucleotides may stimulate PUFA in
newborn infants and rats (S�anchez-Pozo et al., 1994; Sato et al.,
1995), while dietary nucleotides could reduce the relative propor-
tion of omega 6 and 3 PUFAs (Delucchi et al., 1987). Similarly, we
found that maternal dietary PN supplementation decreased
C22:6n3 proportion in sow's serum and piglet's liver. In addition,
maternal dietary PN supplementation regulated serum C10:0,



Table 6
Influence of PN supplementation in the diet of sows from 85 d of gestation to
parturition on AAs in liver of neonatal piglets (mg/kg).

Item Groups (n ¼ 7) P-value

CON group PN group

Histidine 0.95 ± 0.40 0.87 ± 0.24 0.87
Isoleucine 0.52 ± 0.14 2.47 ± 0.69 0.02
Leucine 3.49 ± 0.25 6.13 ± 0.89 0.01
Lysine 0.72 ± 0.12 3.34 ± 1.03 0.03
Methionine 0.23 ± 0.05 0.35 ± 0.10 0.25
Phenylalanine 2.09 ± 0.43 4.37 ± 1.11 0.08
Threonine 1.01 ± 0.18 1.82 ± 0.31 0.04
Valine 1.32 ± 0.17 3.07 ± 0.83 0.06
EAA 10.32 ± 0.76 22.38 ± 3.86 0.01
Alanine 11.49 ± 2.79 12.81 ± 4.26 0.80
Aspartic acid 6.19 ± 1.10 7.10 ± 1.39 0.62
Arginine 0.65 ± 0.27 0.66 ± 0.25 0.97
Glutamic acid 13.53 ± 2.19 12.09 ± 2.09 0.64
Glycine 4.11 ± 0.79 5.27 ± 1.59 0.53
Serine 2.82 ± 0.56 2.97 ± 0.59 0.86
Tyrosine 3.06 ± 0.25 7.51 ± 1.39 < 0.01
Cysteine 0.47 ± 0.14 0.72 ± 0.21 0.36
Proline 4.37 ± 0.97 3.88 ± 1.27 0.77
NEAA 46.63 ± 6.40 53.03 ± 10.50 0.61
Total AA 61.20 ± 6.49 82.10 ± 14.40 0.21

Data are presented as mean ± SEM. AAs ¼ amino acids; EAA ¼ essential amino acid;
NEAA ¼ non-essential amino acid; PN ¼ pyrimidine nucleoside.
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C18:0, C24:1, PUFA and hepatic C24:0 proportion of neonatal pig-
lets, suggesting the combination of Ur and Cy participate in the
elongation, desaturation, and oxidation process of FAs, which is
consistent with the previous research that dietary nucleotide play a
significant role in the desaturation and elongation of FA during
early life (Delucchi et al., 1987). Interestingly, the serum C16:0 and
SFA proportion of piglets from the PN group were lower than those
Fig. 4. Influence of PN supplementation in the diet of sows from 85 d of gestation to partur
neonatal piglets. Data are presented as mean ± SEM, n ¼ 7. Statistical significance was set at
FABPpm ¼ plasma membrane fatty acid binding protein; FAT/CD36 ¼ fatty acid transporte
LAT1 ¼ neutral AA transporter 1; CAT-1 ¼ cationic amino acid transporter 1; PAT1 ¼ prot
ASCT2 ¼ amino-acid transporter 2; SNAT1 ¼ sodium-dependent neutral amino acid transpo
FA ¼ fatty acid; AA ¼ amino acid; PN ¼ pyrimidine nucleoside.
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of piglets from the CON group. On the contrary, hepatic C16:0 and
SFA proportion in the piglets from the PN groupwere higher than in
piglets from the CON group, which suggested that the combination
of Ur and Cy may regulate FA transport in the piglets.

The liver is the major organ for FA supply, and many key en-
zymes play a key role in lipid metabolism. The present study
showed that maternal dietary PN supplementation improved the
protein expression of P-HSL and HSL, suggesting dietary PN sup-
plementation to sows may promote lipolysis of neonatal piglets,
which may be related to the energy demand of neonatal piglets
during delivery. In addition, our data demonstrated that dietary PN
could up-regulate the gene expression of ELOVL5, ELOVL2, sug-
gesting that dietary PN may affect the prolongation of PUFA.
Moreover, SREBP-1c is a key transcriptional regulator of fat syn-
thesis genes. In this study, dietary PN supplementation to pregnant
sows increased hepatic gene and protein expression of SREBP-1c,
indicating that the effects of PN on lipid metabolism may be
associated with SREBP-1c. Interestingly, AKT could stimulate de
novo lipid synthesis through activating SREBP-1c, and the protein
expression of P-AKT in this study was increased in the PN groups,
suggesting the combination of Ur and Cy may promote the pro-
longation of FAs by AKT- SREBP-1c pathway (Gao et al., 2021a,b,c).
On the other hand, nucleotides, especially Ur, regulate CHOL and
TBA metabolism (Deng et al., 2017; Zhang et al., 2018; Gao et al.,
2021a,b,c). CYP7a1 is a rate-limiting enzyme during cholesterol
and bile acid metabolism (Cai et al., 2014). The present study
showed that dietary PN supplementation to pregnant sows down-
regulated hepatic genes expression of CYP7a1, suggesting that the
combination of Ur and Cy may regulate the hepatic conversion of
CHOL and TBA. The above results showed that maternal dietary PN
supplementation promotes hepatic lipolysis, and prolongation of
FA chains in neonatal piglets during delivery, consistent with the
ition on mRNA expression of (A) GLU, (B) FA and (C) AA transporters in the jejunum of
*P < 0.05 or **P < 0.01. GLUT1 ¼ glucose transporter-1; GLUT3 ¼ glucose transporter-3;
r/CD36; FABP1 ¼ fatty acid binding protein 1; FATP4 ¼ fatty acid transport protein 4;
on-coupled amino acid transporter 1; EAAT1 ¼ excitatory amino acid transporters 1;
rter 1; SNAT4 ¼ sodium-dependent neutral amino acid transporter 4; GLU ¼ glucose;



Fig. 5. Influence of PN supplementation in the diet of sows from 85 d of gestation to parturition on mRNA expression of (A-B) GLU, (C-D) AA, and (E-F) FA metabolism in liver of
neonatal piglets. Data are presented as mean ± SEM, n ¼ 7. Statistical significance was set at *P < 0.05. GLUT3 ¼ glucose transporter-3; GLUT1 ¼ glucose transporter-1; OGT ¼ O-
linked N-acetylglucosamine transferase; GSK3B ¼ glycogen synthase kinase 3 beta; G6PC ¼ glucose-6-phosphatase catalytic subunit 1; GR ¼ glucocorticoid receptor;
FOXO1 ¼ forkhead box O1; GSTA1 ¼ glutathione S-transferase alpha 1; OGDH ¼ recombinant oxoglutarate dehydrogenase; GAD1 ¼ glutamate decarboxylase 1; GLUD1 ¼ glutamate
dehydrogenase 1; LAT1¼ neutral AA transporter 1; CAT-1 ¼ cationic amino acid transporter 1; SNAT1 ¼ sodium-dependent neutral amino acid transporter 1; PAT1 ¼ proton-coupled
amino acid transporter 1; ASCT2 ¼ amino-acid transporter 2; EAAT2 ¼ excitatory amino acid transporters 2; FABPpm¼ plasma membrane fatty acid binding protein; FAT/CD36¼ fatty
acid transporter/CD36; FABP1¼ fatty acid binding protein 1; FATP3¼ fatty acid transport protein 3; CYP7a1 ¼ cholesterol-7a-hydroxylase; FADS2 ¼ fatty acid desaturase 2; SREBP-
1c ¼ sterol regulatory element binding transcription factor 1c; ELOVL5 ¼ fatty acid elongase 5; ELOVL2 ¼ fatty acid elongase 2; GLU ¼ glucose; AA ¼ amino acid; FA ¼ fatty acid;
PN ¼ pyrimidine nucleoside.

Fig. 6. Influence of PN supplementation in the diet of sows from 85 d of gestation to parturition on the protein expression of key enzymes for lipid metabolism in liver of neonatal
piglets. Data are presented as mean ± SEM, n ¼ 3. Statistical significance was were set at *P < 0.05. AKT ¼ protein kinase B; P-AKT ¼ phosphorylated protein kinase B;
HSL ¼ hormone-sensitive lipase; P-HSL ¼ phosphorylated HSL; SREBP-1c ¼ sterol regulatory element binding transcription factor 1c; CYP27A1 ¼ cytochrome P450 family 27
subfamily a member 1; GADPH ¼ glyceraldehyde-3-phosphate dehydrogenase; PN ¼ pyrimidine nucleoside.
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Fig. 7. Influence of PN supplementation in the diet of sows from 85 d of gestation to parturition on mRNA expression of (A) GLU, (B) FA, and (C) AA transporters in the placenta. Data
are presented as mean ± SEM, n ¼ 7. Statistical significance was set at *P < 0.05. GLUT1 ¼ glucose transporter-1; GLUT3 ¼ glucose transporter-3; FABPpm¼ plasma membrane fatty
acid binding protein; FAT/CD36¼ fatty acid transporter/CD36; FABP1¼ fatty acid binding protein 1; FATP4¼ fatty acid transport protein 4; LAT1¼ neutral AA transporter 1; CAT-1 ¼
cationic amino acid transporter 1; SNAT1 ¼ sodium-dependent neutral amino acid transporter 1; PAT1 ¼ proton-coupled amino acid transporter 1; SNAT4 ¼ sodium-dependent
neutral amino acid transporter 4; GLU ¼ glucose; FA ¼ fatty acid; AA ¼ amino acid; PN ¼ pyrimidine nucleoside.
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lower stillbirth rate observed in the present study, since medium-
and long-chain FAs are beneficial for improving the survival rate of
piglets due to the high utilization rate (Enke et al., 2008).

4.4. Exogenous PN regulated AAs metabolism of sow and piglets

Some AAs, especially glutamate, aspartic acid, alanine, etc. are
substrates for de novo nucleotide synthesis. The present study
demonstrated thatmaternal PN supplementationmainly decreased
sows' serum ALT and AST contents, implying PN could regulate AA
metabolism that may contribute to hepatic health (Zhao et al.,
2020). Moreover, the plasma UN reflects the protein metabolism
and AA balance, thus, the utilization of protein for sows in the PN
group may be better as AA balance improves with a consequent
decrease in plasma UN level (Sohail et al., 1978). These data reveal a
strong correlation between nucleotide and AA metabolism.

Serum AA of pregnant sows play a huge role in their pregnancy
health, as well as in the development of the fetus and mammary
gland. Thus, we further evaluated the effects of PN supplementa-
tion on the serum AA composition and found that PN mainly
decreased sows' serum isoleucine, valine, phenylalanine and serine.
Those results were in line with a previous study that showed
nucleotide supplementation regulates the relative amount of glu-
tamic, aspartic acid, serine, alanine, glycine, leucine and valine in
grass carp muscle (Tie et al., 2019). Similarly, maternal nucleotide
supplementation regulates the relative amount of sows' serum
phenylalanine, valine, leucine and isoleucine (Gao et al., 2021a,b,c).
However, the diet with Ur alone increases sows' serum glutamic
acid, valine, leucine, isoleucine, serine, and methionine during late
pregnancy (Gao et al., 2021a,b,c), suggesting that different ratios
and forms of nucleotides have different effects on AA metabolism,
and Cy also plays a regulatory role in AA metabolism. Furthermore,
the diet with PN mainly increased glutamic acid and decreased b-
alanine of sows' serum in the present study, suggesting the diet
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with PN may promote the utilization or salvage synthesis pathway
of nucleotides because glutamic acid participates in de novo syn-
thesis of pyrimidine nucleotides, and b-alanine is involved in the
metabolism of nucleotides (Le et al., 2014). Also, maternal PN
supplementation during late pregnancy increased sows' serum
citrulline, which indicates that PN may affect the urea cycle.

On the other hand, maternal PN supplementation regulated AA
metabolism in neonatal piglets. In the present study, maternal PN
supplementation mainly increased piglets' serum AST and UN. The
young animals have intense AA metabolism due to rapid growth,
which is in line with the higher serum AST and UN contents.
Further analysis revealed that maternal supplementation with PN
regulated serum leucine, lysine, arginine, citrulline, histidine and
glycine, and hepatic EAA, glycine, leucine, lysine, threonine and
tyrosine of neonatal piglets. The changes in these AAs may be
explained by three main reasons. Firstly, as a semi-essential AA,
histidine is especially important for the growth of young animals,
and 3-methyl-histidine is formed by methylation of histidine,
which indicates that maternal PN supplementation regulates the
metabolism of histidine and 3-methyl-histidine in neonatal piglets,
consistent with previous research (Gao et al., 2021a,b,c). Secondly,
lysine is the first limiting AA in mammals, thus, the higher serum
lysine content in the neonates from the PN group indicates that
maternal PN supplementation may promote placental AA trans-
port. Thirdly, arginine and citrulline are the key substances of the
urea cycle; the higher arginine and citrulline revealed that
maternal supplementation with PN may regulate the urea cycle,
which may be closely related to carbamoyl phosphate synthase,
since carbamoyl phosphate synthase I present in mitochondria is
involved in the ornithine cycle (Adam et al., 2019), while carbamoyl
phosphate synthetase II enzymes present in the cytoplasm are used
for pyrimidine synthesis (Bourget et al., 1971). Lastly, maternal
supplementation with the combination of Ur and Cy also regulated
branched-chain AAs metabolism including isoleucine, leucine and
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tyrosine, which is consistent with the result of our previous
research, however, the mechanism needs further study. The
aforementioned results suggested maternal PN supplementation
might stimulate an AA sparing effect (Daneshmand et al., 2017a,b)
that promotes the utilization of these AA by other organs that
require them for growth, which is helpful for the fetal growth and
development.

To meet fetal nutritional needs, the expression of nutritional
transporters in the placenta could be altered with the change in
fetal nutritional needs, because placental nutrient supply is adap-
tive (Sibley et al., 2010). EAAT3, LAT1, CAT-1, and PAT1 are
responsible for transporting acidic AAs, branched-chain aromatic
AAs, basic AAs, and small neutral AAs, respectively (Suryawan et al.,
2013; Liu et al., 2016). While as a neutral AA transporter, SNAT4 has
a lower activity for neutral AAs, such as histidine, and plays a crucial
role in fetal growth and development (Matoba et al., 2019). In the
present study, maternal PN supplementation regulated the AA
transport in the placenta and jejunum of piglets. For example,
maternal PN supplementation down-regulated placental mRNA
expression of PAT1 and SNAT4, and up-regulated jejunal mRNA
expression of PAT1 and SNAT4, which may be related to the glycine
and histidine content in the serum of sow and piglet. In addition,
maternal dietary PN supplementation up-regulated jejunal and
hepatic CAT-1, and jejunal LAT1 mRNA expression of piglets, sug-
gesting that it promotes the absorption of AAs in the small intestine
and liver of piglets, especially isoleucine, arginine, and lysine.
Furthermore, glutathione S-transferase A1 (GSTA1) is used in
glutathione synthesis and is involved in glycine, glutamic acid, and
cysteine metabolism. Thus, the present study indicates that
maternal PN supplementation may promote glycine and glutamic
acid utilization by up-regulating the mRNA expression level of
GSTA1. The higher expression of oxoglutarate dehydrogenase
(OGDH) may also be a reason for the decrease of glutamic acid,
glycine and histidine.

5. Conclusion

In summary, maternal dietary Ur and Cy supplementation
altered neonatal AA profiles by increasing leucine, lysine, arginine,
and citrulline content, and decreasing serum histidine and glycine
content. In addition, maternal PN supplementation improved
serum GLU content and up-regulated the mRNA expression of
GLUT1, GLUT3 in the placenta, and jejunum of piglets. Furthermore,
it regulated serum and hepatic FA profiles by promoting the
extension of the FA chain and fat decomposition. Together, our
results demonstrated that maternal dietary Ur and Cy supple-
mentation during late pregnancy decreased birth mortality and
improved the birth weight of piglets.
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