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Abstract

To investigate the cumulative effects of maternal supplementation with nucleotides in the form of uridine (UR) on fatty acid and amino acid
constituents of neonatal piglets, fifty-two sows in late gestation were assigned randomly into the control (CON) group (fed a basal diet) or UR
group (fed a basal diet with 150 g/t UR). Samples of neonates were collected during farrowing. Results showed that supplementing with UR in
sows’ diet significantly decreased the birth mortality of pigs (= 0:-05), and increased serum total cholesterol, HDL and LDL of neonatal piglets
(P < 0-05). Moreover, the amino acid profile of serum and liver of neonatal piglets was affected by the addition of UR in sows’ diets (P < 0-05).
Furthermore, an up-regulation of mRNA expression of energy metabolism-related genes, including fatty acid elongase 5, fatty acid desaturase 1,
hormone-sensitive lipase and cholesterol-7a-hydroxylase, was observed in the liver of neonates from the UR group. Additionally, a decrease in
placental gene expression of excitatory amino acid transporters 2, excitatory amino acid transporter 3 and neutral AA transporter 1 in the UR
group was concurrently observed (P < 0-05), and higher protein expression of phosphorylated protein kinase B, raptor, PPARa and PPARy in
placenta from the UR group was also observed (P < 0-05). Together, these results showed that maternal UR supplementation could regulate
placental nutrient transport, largely in response to an alteration of mMTORC1-PPAR signalling, thus regulating the nutrition metabolism of neo-
natal piglets and improving reproductive performance.
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Maternal nutrition status plays a vital role in the growth and
development of the major fetal organ systems”, and the fetal
growth is dramatically increased during late gestation®. The
stillbirth rate is increased with the increasing number of litter
farrowed®. Thus, to improve the reproductive efficiency of sows,
it is vital to increase the survival rate of newborns during late ges-
tation. The studies showed that fatty acid and amino acid metabo-
lism of sow and fetus affects the development of the fetus, which
in turn affects fetal or neonatal survival rate>>. Therefore, increas-
ing fetal fatty acid and amino acid metabolism levels is the main
method to improve reproduction performance of sows.
Nucleotides are abundant in milk®® and play an essential role
in several biological processes, such as enhancing growth,
improving immunity®, enhancing amino acid contents and

regulating fatty acid composition in animals®”. The supplemen-
tation of nucleotides could provide growth benefits because the
synthesis of nucleotides may become limiting during fast growth
or stressful conditions"'?”. As a kind of nucleotide, uridine mono-
phosphate (UMP) represented 98 % of all the monophosphate
nucleotides present in the colostrum of sows®. Uridine (UR),
as a metabolic product of UMP, plays a critical role in
regulating energy homoeostasis™' ",
metabolism'>'®_ Several studies showed that UR is very
important in regulating the metabolism of amino acid and fatty
acid, as well as growth performance. On the one hand, dietary
supplementation with UMP or UR during the immediate post-

weaning improved the growth performance in weaned piglets
(14,15),

protein and lipid

or broiler chickens besides, dietary nucleotides can

Abbreviations: CHOL, total cholesterol; CON, control; CYP7al, cholesterol-7a-hydroxylase; EAAT, excitatory amino acid transporter; ELOVLS, fatty acid
elongase 5; FABP, fatty acid binding protein; FADS], fatty acid desaturase 1; FAT, fatty acid translocase; FATP, fatty acid transport protein; GLU, glucose;
HSL, hormone-sensitive lipase; LACT, lactic acid; LAT1, neutral amino acid transporter 1; P-AKT, phosphorylated protein kinase B; SNAT, Na-dependent neutral
amino acid transporter; SREBP-1c, sterol regulatory element-binding protein 1c; TBA, total bile acids; UMP, uridine monophosphate; UR, uridine.

* Corresponding author: Xin Wu, email wuxin@isa.ac.cn

@ CrossMark

ssaud Ais1anun abpriquie) Ag auljuo paystignd $91€0002S L LL000S/ZL0L0L/BIo 10p//:sd1y


mailto:wuxin@isa.ac.cn
https://doi.org/10.1017/S0007114520003165
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0007114520003165&domain=pdf
https://doi.org/10.1017/S0007114520003165

o

British Journal of Nutrition

744 L. Gao et al.

regulate amino acid metabolism in fish®. UR also plays an
important role in regulating energy homoeostasis and bile acid
metabolism via regulating lipid metabolism™?. Short-term UR
treatment to early-weaned piglets might stimulate de novo lipid
synthesis via the AKT pathways'?, it also affected cholesterol
and bile acid metabolism of mice’” and the diurnal variations
of lipid metabolism in the liver of mice can be regulated by
URY®. Thus, UR plays an important role in the metabolism of
amino acids and fatty acids in the sows.

A sow-piglet model was chosen for its physiological, gastro-
intestinal and blood biochemical indexes that are similar to
humans"?; moreover, sows and neonatal piglets are more sim-
ilar in size to human mothers and infants than other animals®®.
However, little is known about the direct impact of maternal UR
supplementation on the growth and development of offspring.
Based on the previous findings, it could be hypothesised
that maternal UR supplementation has more beneficial effects
on the amino acid and fatty acid metabolism of offspring.
Therefore, the current study was conducted to evaluate the
effects of maternal dietary UR supplementation during late
pregnancy on fatty acid and amino acid constituents and their
mechanisms in neonatal piglets.

Material and methods
Ethical statement

Animal experiments were approved by the Animal Care
Committee of the Institute of Subtropical Agriculture, Chinese
Academy of Science. And, all procedures were performed in
accordance with guidelines established by the committee
(2015-8A).

Experimental design, animals and management

Fifty-two pregnant sows (Large White X Landrace) at 85 d of ges-
tation with similar parity (3—-6 parities), back-fat thickness
(approximately 15-04 mm) and close parturition date were ran-
domly assigned into one of the two dietary treatments (CON or
UR group with twenty-six sows each). The experiment started
once sows had reached day 85 of gestation and continued until
the end of farrowing. Experiments were carried out in Henan
Guang’an Biology Technology Co. Ltd. Housing and breeding
management of experimental animals were as recently
described in detail®?,

Diets

The single-column feeding was used in this study; the sows in the
CON group were fed the basal diet, while sows in the UR group
were fed the basal diet supplemented with 200 g/t UR. UR con-
centration at 200 g/t is the average UMP values of sows’ milk dur-
ing lactation minus the value of feed of piglets and sows??. UR
(purity > 990-0 g/kg) was provided by Meiya Co. Ltd. Sows were
fed maize-soyabean-based diets, and all nutrients in the basal
diet met the nutrient recommendation of the NRC 2012 for sows
(Table 1). All sows were fed twice daily at 06.30 and 15.00 hours
and had free access to water during the experiment period. Each
sow was fed 2-5-3-0 kg/d from days 85 to 107 of pregnancy and
approximately 1-8 kg/d on day 5 before delivery.

Table 1. Composition and nutrient levels of diets

Composition Content (%) Nutrient levels*  Content (%)
Maize 65-00 ME (MJ/kg) 13-40
Soyabean meal 2430 Crude protein 14.49
Steam fishmeal 3-00 Ca 0-85
Soyabean oil 2:50 Total P 0-67
Zeolite powder 0-85

Glucose 1.00

Salt 0-35

CaHPO, (16:5 %) 1-00

Calcium bicarbonate 1.09

NaCl 0-50

L-Threonine (98:5 %) 0-07

pL-Methionine (98-5 %) 0-08

L-Lysine HCI (70 %) 0-39

Vitamin—mineral premixt 2-:00

ME, metabolisable energy.

* The nutrient levels were calculated values.

1 The vitamin—mineral premix provided the following per kg of diets: sweetening agent
200 mg, antioxidant 100 mg, 2-5 mg of vitamin A, 75 pg of vitamin D3, 15 mg of vita-
min E, 1.8 mg of vitamin K3, 2-0 mg of thiamine, 6-0 mg of riboflavin, 4-0 mg of pyri-
doxine, 0-02 mg of vitamin B, 26-0 mg of niacin, 18-0 mg of pantothenic acid, 3-2 mg
of folic acid, 0-4 mg of biotin, 20mg of Cu as CuS0,4.5H,0, 100 mg of Zn as
ZnS04.H20, 50 mg of Mn as MnSO,4.H,0, 1-2mg of iodine as Kl, 0-30 mg of Se
as Na,SeO;. Feed carrier was zeolite powder.

Sample collection

Back-fat thickness was measured at P2 (6 cm from the mid line at
the head of the last rib) with an ultrasonic device (Agroscan A16)
on days 85 and 114 after pregnancy, and then, the average value
was computed.

Farrowing was not induced, and no attempts were made to
interfere with the natural delivery of the piglets. Reproductive
performance of sows was recorded at delivery, such as the dura-
tion of the farrowing and placenta expulsion of sows, litter size,
the number of stillbirths, and intra-uterine growth restriction; the
number of mummified fetuses (early or middle gestation deaths)
was neglected. And within each litter, intra-uterine growth
restriction piglets (618-869 g) were defined as weighing approx-
imately 65 % of the birth weight of the largest littermate®®. After
farrowing, the average piglet weight/litter was recorded.

During delivering, 5 ml blood was collected from eight sows
per group from the jugular vein with a vacuum blood collection
tube. In addition, on the day of birth, eight newborn male piglets
(1-50 (sem 0-204) kg) were randomly selected from each of the
eight sows marked above as soon as they were born and they
were kept apart from sows to avoid ingestion of colostrum®@®,
And then, they were anaesthetised with an iv injection of
sodium pentobarbital (50 mg/kg body weight) and bled by
exsanguination®. And then, 5 ml of blood was collected asep-
tically in vacuum blood collection tubes without heparin from
the heart. Blood was centrifuged for 15 min at 3000 g under nor-
mal temperature to obtain serum and then stored at -80°C until
analysis. Moreover, two liver samples were collected from the
piglets, one of the livers stored in liquid N, for quantitative
real-time PCR analyses, another liver tissue was stored at
—20°C for fatty acid and amino acid analyses.

Allantochorion tissue samples (72 8) in a similar place of pla-
centa of sixteen neonatal boars from sows marked above were
obtained immediately during farrowing®?. Samples were
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collected and stored in liquid N, for real-time PCR and Western
blot analyses.

Sample analysis

Serum chemistry. Serum samples were assayed for total pro-
tein, aspartate transaminase, glucose (GLU), urea nitrogen, ala-
nine aminotransferase, albumin, alkaline phosphatase, ammonia
(NHjy), total cholesterol (CHOL), total TAG, HDL, LDL, total bile
acids (TBA), lactic acid (LACT) by an Automated Biochemistry
Analyzer (Synchron CX Pro, Beckman Coulter), and all the kits
were purchased from Beijing Chemlin Biotech Co. Ltd.

Amino acids in serum and liver. Serum (0-5 ml) was deprotei-
nised with 0-5ml of 1-5mm HCIO,, followed by addition of
0-25 ml of 2 M K,COj3. The neutralised extract was analysed for
amino acids using HPLC in Beijing Aminolabs, Co. This method
involved the precolumn derivatisation of amino acids with
phthaldialdehyde and fluorescence detection. Amino acids in
samples were quantified on the basis of known amounts of stan-
dards (Sigma Chemicals).

Weighed 0-2 g liver sample that is freeze-dried, crushed, then
mixed with 1ml of 0-1mol/l HCl and extracted for 30 min,
followed by centrifugation for 10 min at 5000 r/min at 4°C.
Supernatant was separated and mixed with equal volume of
8 % sulfosalicylic acid, let stand for a night and centrifuged for
5 min at 4°C. Supernatant was separated and filtered to the sam-
ple bottle with a 0-45 pm microporous membrane. An L-8800
automatic amino acid analyzer (L8800, Hitachi) was used to
determine the concentrations of amino acids in the liver®,

Medium- and long-chain fatty acids in the liver of neonatal
piglets. Lipid from the liver was extracted with chloroform-
methanol according to Folch et al., and transmethylated with
boron trifluoride (BF3) and methanolic KOH®??”, Fatty acids were
determined by GC (Agilent 6890), and results were expressed as
a percentage of total fatty acids.

Quantitative real-time PCR. Allantochorion and liver tissue
samples were homogenised under liquid N,, and mRNA was
extracted as previously described by Gao et al.®*". The relative
mRNA expression levels of f-actin (reference gene), the genes
related transporters in the placenta and related amino acid and
fatty acid metabolism in liver of neonatal piglets were deter-
mined by real-time PCR using Luminaris Color HiGreen High
ROX (Thermo Scientific) on a Bio-Rad iCycler according to the
manufacturer’s instructions. The primers used are shown in
Table 2. Fold changes in mRNA expression levels were calcu-
lated using the 2-24¢ method.

Total protein extraction and Western blotting. The total
protein extraction of placental tissue was as recently described
in detail®®. Western blotting was performed as described previ-
ously®”. The membranes were incubated with primary antibod-
ies, including total mTOR (#9461, Cell Signaling Technology),
P-mTOR (#5530, Cell Signaling Technology), AKT (#9272, Cell
Signaling Technology), phosphorylated protein kinase B
(P-AKT; #9271, Cell Signaling Technology), Raptor (#2280,
Cell Signaling Technology), PPARa (ab233078, abcam) and

PPARy (ab209350, abcam) at 1:1000 dilution, and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) (sc-47778) at
1:2000 dilution. At first, the membranes were incubated for 2 h
with horseradish peroxidase-linked secondary antibodies
(Beijing ZhongShan Golden Bridge Biological Technology Co.
Ltd) after being washed with TBST. And then, the membranes
were developed by using Super Signal West Dura Extended
Duration Substrate according to the manufacturer’s instructions
(Pierce) after being washed with TBST. Alpha Imager 2200
(Alpha Innotech Corporation) software was used to quantify
Western blots images by measuring the intensity of correctly
sized bands, and all protein measurements were normalised
to GAPDH.

Statistical analysis

All data were sorted by Excel 2010 after the initial order and ana-
lysed using SPSS 21.0 (2015, IBM-SPSS Inc.). All data were
expressed as the mean values with their standard errors.
Pearson’s correlation between serum biochemical parameters
of sows and neonatal piglets was carried out by GraphPad
Prism 7.00 for Windows (GraphPad Software). Differences
between mean values were compared using independent sam-
ples ¢ test and considered significant at P < 0-05. Trends were
identified when 0-05 < P < 0-10.

Results
Productive performance

The productive performance of sows is shown in Tables 3 and 4.
Compared with the CON group, maternal dietary UR supple-
mentation  significantly ~decreased the birth mortality
(P=0-050) and farrowing and placenta expulsion of sows had
a downtrend in the UR group (P=0-069). There were no
differences in the BF of sows, the total born, born alive and
intra-uterine growth restriction rate (P> 0-050).

Serum biochemical parameters of sows-neonatal piglets

Compared with the CON group, maternal dietary UR supple-
mentation increased total protein, albumin, NHz, TBA and
LACT and decreased GLU, CHOL and LDL in the serum of sows
(P<0:05). In addition, serum TAG of sows has observed an
uptrend and serum HDL of sows had a downtrend in the UR
group (Fig. 1, 0-05 < P< 0-10).

Moreover, maternal dietary UR supplementation increased
alanine aminotransferase, CHOL, LDL, HDL, LACT and NHj
and decreased TBA in the serum of neonatal Dpiglets
(P<0-05). In addition, serum TAG of neonatal piglets had an
uptrend in the UR group compared with the CON group (Fig. 1,
0-05<P<0-10).

The results of Pearson correlation () are presented in Fig. 1,
there were different levels of correlation for serum biochemical
parameters between sows and neonatal piglets in the two groups
(P<0-05) and, consequently, an association of TBA (» —0-514,
P=0-0416; Fig. 1(f), NH; (r 0-843, P<0-0001; Fig. 1(g)) and
LACT (r 0-641, P=0-007; Fig. 1(h)) was detected in the serum
of piglets v. sows.
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Table 2. Primers used for real-time PCR

L. Gao et al.

Genes Accession no. Nucleotide sequence of primers (5’-3') Size (bp)
Amino acid metabolism
EAAT2 XM_021085278.1 F: GGCTGCTGGACAGGATGA 154
R: TAAATGGACTGGGTCTTGGT
EAAT3 NM_001164649.1 F: ATAGAAGTTGAAGACTGGGAAAT 199
R: GTGTTGCTGAACTGGAGGAG
PAT1 XM_021077073.1 F: TGTGGACTTCTTCCTGATTGTC 125
R: CATTGTTGTGGCAGTTATTGGT
LAT1 NM_001110421.1 F: TTTGTTATGCGGAACTGG 155
R: AAAGGTGATGGCAATGAC
SNAT1 XM_003355629.4 F: AAGAACCTGGGCTATCTCGG 138
R: TGTTGCGTTAGGACTCGTTG
SNAT2 XM_013997964.2 F: TACTTGGTTCTGCTGGTGTCC 212
R: GTTGTGGGCTGTGTAAAGGTG
ASCT2 XM_003355984.4 F: GATTGTGGAGATGGAGGATGTGG 127
R: GCGAGTGAAGAGGAAGTAGATGA
CAT-1 NM_001012613.1 F: TGCCCATACTTCCCGTCC 192
R: GGTCCAGGTTACCGTCAG
GLUD1 NM_001244501.2 F: GGAGGCTGACTGTGACATACTGATTC 81
R: TTGGCTTTGACTCTAGGTGCATTGG
GAD1 XM_005671944.3 F: GGAAGAGAAGAGCAGGCTTGTGAG 132
R: CGAGCGAACAGGTTGGAGAAGTC
OGDH XM_021079066.1 F: AGACCAGCAGCAGCCAGGAC 113
R: GCGTAGTACATCTCCTCCACATAGTTG
GSTA1 NM_214389.2 F: CATCGCCACCAAGTACAACCTCTAC 91
R: TTCACCCAAATCTGCCACACCTTC
Lipid metabolism
FATP1 XM_021076151.1 F: CCCTCTGCGTCGCTTTGATG 223
R: GCTGCGGTCCCGGAAATACA
FAT/CD36 XM_021102279.1 F: CTGGTGCTGTCATTGGAGCAGT 161
R: CTGTCTGTAAACTTCCGTGCCTGTT
FABP3 NM_001099931.1 F: CCAACATGACCAAGCCTACCACA 178
R: ACAAGTTTGCCTCCATCCAGTGT
PPARy XM_005669788.3 F: GTGGAGACCGCCCAGGTTTG 108
R: GGGAGGACTCTGGGTGGTTCA
PPAR« NM_001044526.1 F: GGCTTACGGCAATGGCTTCA 168
R: CGGTCTCCGCACCAAATGA
ELOVL5 XM_021098832.1 F: TACCACCATGCCACTATGCT 102
R: GACGTGGATGAAGCTGTTGA
FADS1 NM_001113041.1 F: GTCACTGCCTGGCTCATTCT 155
R: AGGTGGTTCCACGTAGAGGT
FADS2 NM_001171750.1 F: ACGGCCTTCATCCTTGCTAC 144
R: GTTGGCAGAGGCACCCTTTA
SCD NM_213781.1 F: AAGGAGCTGGTCAGTCGTTG 243
R: GCTTTCGAAGCTTTGTGCCA
FABPpm NM_213928.1 F: ATGGGCTTATACGGTGAGCG 127
R: CGTTGACAGGAGGGTTGGAA
ACC XM_021066238.1 F: GCCGAAACATCTCTGGGATA 170
R: CTCCAGGACAGCACAGATCA
CYP7at XM_013996745.2 F: ACCTGACCAGTTCCGAGATG 200
R: TATAGGGCACGATGCACAGA
CPT1 NM_001129805.1 F: GCACTGGTCCTTCTGGGATA 198
R: GCATTTGTCCCATCTTTCGT
HSL XM_013988600.2 F: GCCTGTTTCATTGCGTTTG 198
R: GCCGGTGACGCTGAAAGTGGTAT
mTOR XM_003127584.6 F: GGCATAGTCAGTGAAATCCAGGG 123
R: CATTTGTTGTTGCCCCCTATTG
SREBP-1c XM_021066226.1 F: GACCGGCTCTCCATAGACAA 229
R: CCTCTGTCTCTCCTGCAACC
p-Actin XM_003357928.4 F: CGTTGGCTGGTTGAGAATC 132
R: CGGCAAGACAGAAATGACAA

EAAT2, excitatory amino acid transporters 2; F, forward; R, reverse; EAATS3, excitatory amino acid transporters 3; PAT1, proton-coupled amino acid transporter 1; LAT1, neutral amino
acid transporter 1; SNAT1, Na-dependent neutral amino acid transporter 1; SNAT2, Na-dependent neutral amino acid transporter 2; ASCT2, amino-acid transporter 2; CAT-1, cationic
amino acid transporter 1; GLUD1, glutamate dehydrogenase 1; GAD1, glutamate decarboxylase 1; OGDH, recombinant oxoglutarate dehydrogenase; GSTA1, glutathione S-trans-
ferase a1; FATP1, fatty acid transport protein 1; FAT/CD36, fatty acid transporter/CD36; FABP3, fatty acid binding protein 3; ELOVLS5, fatty acid elongase 5; FADS1, fatty acid desa-
turase 1; FADS2, fatty acid desaturase 2; SCD, stearoyl coenzyme A desaturase; FABPpm, fatty acid-binding protein; ACC, acetyl-CoA carboxylase; CYP7a1, cholesterol-7a-
hydroxylase; CPT1, carnitine palmitoyl transferase 1; HSL, hormone-sensitive lipase; mTOR, mammalian target of rapamycin; SREBP-1c, sterol regulatory element-binding protein

1c.
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Table 3. Effects of maternal supplementation with uridine (UR) during late
pregnancy on the back-fat (BF) thickness of sows
(Mean values with their standard errors; n 26)

Dietary treatment

Control group UR group
Mean SEM Mean SEM P
Sow BF (mm)
Initial day 85 15.04 0-438 15.04 0-493 0-998
On day 114 15.38 0-458 15.96 0-476 0-386
BF loss* 0-35 0-337 0-93 0-417 0-285

*BF loss = BF of sows on day 114 — BF of sows on day 85.

Table 4. Effects of maternal supplementation with uridine (UR) during late
pregnancy on reproductive performance of sows
(Mean values with their standard errors; n 26)

Dietary treatment

Control group UR group
ltems Mean SEM Mean SEM P
Litter size 1130 0465 1113 0-394 0-786
Number born alive 10-31 0438 1096 0-369 0-260
Birth mortality (%)* 772 1-861 336 1-141 0-050
IUGR rate (%)t 5.07 1-398 4.85 1.473 0912
Mean weight of born alive per 1563 0-045 1.51 0-033 0-654
piglet (kg)
Birth (alive) litter weight per 1623 0529 1628 0-620 0-954
piglet (kg)

FARPLA% (min) 311.00 1869 260-50 19:00 0-063

IUGR, intra-uterine growth restriction; FARPLA, farrowing and placenta expulsion of

SOWS.

* Birth mortality = (total litter size —alive)/total x 100.

1 IUGR rate = the number of IUGR/total x 100.

1 FARPLA = Duration of farrowing and placenta expulsion of sows, FARPLA is defined
as the time interval between the birth of the first piglet and the expulsion of the last
placenta.

Amino acid concentrations in the serum of sows and
neonatal piglets

The serum amino acid concentrations of sows and neonatal
piglets are shown in Table 5. Compared with the CON group,
dietary UR supplementation increased tyrosine, threonine, iso-
leucine, cysteine, methionine, hydroxy-1-proline and p-alanine,
and decreased ornithine in the serum of sows. In addition, argi-
nine and phenylalanine in the serum of sows had an uptrend in
the UR group (0-05 < P< 0-10).

Maternal dietary UR supplementation increased glutamic
acid, aspartic acid, histidine, ornithine, phosphoserine, taurine
and B-aminobutyric acid in the serum of neonatal piglets
(P<0:05). In addition, cysteine, p-alanine, 3-methylhistidine
and carnosine in the serum of piglets had an uptrend in
the UR group compared with the CON group (Table 5,
0-05 < P<0-10).

Amino acid and fatty acid constituents in liver of neonatal
piglets

Compared with the CON group, maternal dietary UR supple-
mentation increased most amino acids concentrations in the liver
of neonatal piglets, including glutamic acid, aspartic acid, lysine,

histidine, arginine, valine, isoleucine, leucine, phenylalanine,
threonine, serine, methionine, glycine, alanine and proline
(Fig. 2, P< 0-05).

There were different levels of correlation for amino acids in
the serum and liver of piglets (P < 0-05). Correlation results of
aspartic acid (r 0-577, P=0-03; Fig. 2(d)) and glutamic acid
(r 0-715, P=0-004; Fig. 2(e)) were recorded in the serum and
liver of piglets (Fig. 3).

Compared with the CON group, maternal dietary UR supple-
mentation increased the ratio of C17:0, C18: 2NG6C, total SFA,
while decreased C18:1N9C, C20:1 and total PUFA in liver of
neonatal piglets (?<0-05, Fig. 3). In addition, the ratio of
C20: 0 had an uptrend, and cholesterol in the liver of neonatal
piglets had a downtrend in the UR group (0-05 < P< 0-10).

Relative gene expression of amino acid and fatty acid
metabolism in the liver of neonatal piglets

The mRNA expression of amino acid and fatty acid metabolism
in neonatal piglets’ liver is shown in Figs. 4 and 5. Compared with
the CON group, maternal dietary UR supplementation increased
the mRNA expression of SNAT1, SNAT2, GSTA1, PPARa, FATP1,
ELOVL5, FADS1, cholesterol-7a-hydroxylase (CYP7al) and
hormone-sensitive lipase (HSL) in the liver of neonatal piglets
(P<0-05), while decreased the mRNA expression of FABP3,
ACC and sterol regulatory-element binding protein 1c (SREBP-
10) in the liver of neonatal piglets (P < 0-05).

Gene and protein expression related to amino acid and
fatty acid transport in the placenta

The mRNA expression of amino acid and fatty acid transporters
in the placenta is shown in Fig. 6. Compared with the CON
group, maternal dietary UR supplementation up-regulated
mRNA expression of mTOR, PPARa and FABP3 of placenta
(P<0:05). However, maternal dietary UR supplementation
decreased mRNA expression of transporters including excitatory
amino acid transporters 2 (EAAT2), excitatory amino acid
transporters 3 (EAAT3) and neutral AA transporter 1 (LAT1) in
the placenta (P<0-05). Moreover, mRNA expression of
PPARy in placenta was tended to decrease in the UR group
(0-05<P<0-10).

The relative protein expression of the mMTORCI1-PPAR signalling
pathway in the placenta is shown in Fig. 7. Compared with the CON
group, maternal dietary UR supplementation up-regulated protein
expression of P-AKT, raptor, PPARa and PPARy in the placenta
(P < 0:05). In addition, the protein expression of phosphorylated-
mTOR tended to increase in the UR group (P= 0-069).

Discussion

Maternal supplementation with uridine decreased birth
mortality

Nucleotides in milk include adenosine 5’-monophosphate, cyti-
dine 5’-monophosphate, guanosine 5’-monophosphate, inosine
5’-monophosphate and UMP, and UMP is the most abundant
nucleotide in sows’ milk®. However, the de novo synthesis of
UMP is always less efficient, a large part of UR is recycled and
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Fig. 1. (a—e) Effects of maternal supplementation with uridine (UR) on serum biochemical parameters of sows and neonatal piglets. Data are mean values with their
standard errors, n 8. Statistical significance was set at * P < 0-05 or ** P < 0-01 by ttest. (f) Correlation analysis for total bile acids (TBA) in serum of piglets v. sows; (g)
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alanine aminotransferase; AST, aspartate transaminase; ALP, alkaline phosphatase; GLU, glucose; CHOL, total cholesterol; BUN, urea nitrogen. 1, Control group;

[, UR group.

metabolised to UMP®®, Our previous research showed that UR
had higher bioavailability than UMP in early weaned
piglets"®. Maternal dietary UR supplementation reduced diar-
rhoea incidence in piglets by regulating the intestinal mucosal

barrier and cytokine profiles®, while this is the first research

to study the effect of maternal dietary UR supplementation on
reproductive performance in pigs. Previous studies reported that
there is no effect on litter size and birth weight of piglets by
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Table 5. Effects of maternal uridine (UR) supplementation at late pregnancy on serum free amino acid concentrations of sows and neonatal piglets (mg/l)

(Mean values with their standard errors; n 8)

Dietary treatment (sows serum)

Dietary treatment (piglets serum)

Control group UR group Control group UR group
ltems Mean SEM Mean SEM P* Mean SEM Mean SEM P
Acidic amino acids
L-Glutamic acid 27-40 5-078 23-59 1-303 0-481 22.73 3103 65.72 12.86 0-007
L-Aspartic acid 1-407 0-100 1-49 0-041 0-464 340 0-5598 5.78 0-692 0-020
Neutral amino acids
L-Valine 22.76 1-395 23-45 1-607 0-751 21.78 1-897 20-65 2-659 0-736
L-Isoleucine 10-28 0-560 13-03 0-965 0-030 395 0-625 4.55 0-342 0419
L-Leucine 15-11 1-299 17-47 1-541 0-266 520 0-879 6-52 0-707 0-265
L-Phenylalanine 12.57 0-818 14.63 0-815 0-099 7-07 1.046 7-57 1.692 0-806
L-Tyrosine 11-09 0-751 15-30 1117 0-009 10-76 1-463 1343 2-539 0-379
L-Threonine 13420 1.353 19-29 1.863 0-026 10-35 1.816 1072 1.048 0-865
L-Methionine 1-90 0-163 2-66 0-267 0-032 1-43 0-248 1.54 0121 0-689
L-Serine 10-76 0-729 11.87 0-873 0-347 20-04 211 17-88 1.048 0-608
L-Glycine 40-02 2:564 40-65 3748 0-892 54.92 4.428 52-56 4.871 0-726
L-Alanine 51-69 5-073 51-50 6-394 0-982 72.70 7-851 6281 5-668 0-327
L-Cysteine 1-33 0-428 514 1-09 0-007 5-69 0-698 8-089 0-885 0-055
L-Proline 17-60 1.823 1776 1.794 0-951 1742 1.650 1925 1141 0-382
Basic amino acids
L-Lysine 14.88 1.032 17.97 1-496 0-115 23-39 2-256 21.34 1.862 0-496
L-Histidine 9-34 0-926 10-41 0-340 0-299 3.08 0-593 5-24 0-588 0-024
L-Arginine 1314 1-331 16-35 0-880 0-067 4.65 0-898 3.87 0-614 0-485
L-Ornithine 7-71 0-730 5.22 0-516 0-016 6-59 1.015 10-34 0-458 0-006
Other amino acids
Hydroxy-L-proline 3-68 0-238 5.22 0-416 0-008 9-64 0-703 9-67 0-508 0-975
Phosphoserine 1.213 0-092 1.34 0-079 0-312 2.45 0-097 3-196 0-199 0-005
Taurine 14.326 0-993 16-79 1-158 0132 14.55 1-866 23-237 2.772 0-022
L-Citrulline 4.73 0-264 4.37 0-466 0-511 624 0-539 6-57 0-379 0-621
p-Alanine 0-89 0-060 1-24 0-105 0-013 2.48 0-222 3-24 0-284 0-058
B-Aminobutyric acid 0-36 0-049 0-23 0-076 0197 0-07 0-010 0-68 0-152 0-002
L-3-Methylhistidine 516 0-733 5-37 0-404 0-806 1.47 0-156 210 0-247 0-054
L-Carnosine 2-88 0-320 217 0-289 0-129 3:65 0-197 4.83 0-590 0-083

* Probability values < 0-05 and < 0-01 were considered statistically significant and extremely significant, respectively.

supplementing yeast RNA with free nucleotides to sows 3d
before parturition(?’l)i Besides, the addition of NuPro (a source
of yeast-derived proteins) with no UMP to sows during late ges-
tation is not sufficient to influence reproductive performance
traits, including litter size, litter weight and mortality at birth®?.
Thus, it was speculated that UMP or UR was the crucial nucleo-
tides to fetal development, and the exogenous addition of UR to
sows’ diet was beneficial to reduce mortality at birth.

Maternal supplementation with uridine-regulated amino
acid content of sows and neonatal piglets

Amino acids were considered to be an important contributors for
fetal growth and development®®. The level of haematological
indicators depends on the nutrition state, accumulated protein
and fat reserves in the animal body®®. In our study, dietary
UR promoted protein synthesis of sows, caused by the increased
serum total protein and albumin®®. Besides, maternal dietary UR
supplementation may regulate amino acid metabolism of sows
and offspring because serum NHj is mainly produced from
amino acid metabolism, through the involvement of alanine ami-
notransferase and aspartate transaminase key enzymes in the
process.

Maternal dietary UR supplementation affected amino acid
contents and metabolism of sows and piglets through the

following mechanisms. First, cysteine and methionine regulate
oxidative status in the body, and methionine can be converted
to cysteine®. In this study, dietary UR supplementation
improved the relative amount of cysteine and methionine in
serum of sows, suggesting that UR could regulate the metabo-
lism of sulphur-containing amino acids. Second, neutral amino
acids, including tyrosine, phenylalanine, threonine and isoleu-
cine, involve in the glycolipid and nucleotide metabolism of the
body through mutual conversion or their metabolites.
Conversely, UR may affect indirectly the metabolism of phenyl-
alanine, tyrosine, threonine and isoleucine by regulating the
expression of transporters or key enzymes. In addition, nucleo-
tides can regulate the metabolism of arginine by enhancing the
activity of glutamine synthetase®®
fetal mortality in pigs®”. In line with these reports, supplement-

, and arginine can reduce

ing UR to sows improved the relative amount of arginine in the
serum and decreased mortality at birth. The aforementioned
results suggested that the increase of some amino acids might
be owing to the AA-sparing effect by UR supplementation, and
it is beneficial to protein synthesis of the sow, and this is con-
sistent with the result of another study in grass carp®. Finally, in
a mammal, pyrimidine nucleotide, including UTP, GTP and its
metabolites, is degraded to p-alanine and B-aminobutyric
acid®®. Our study observed that UR supplementation to sows
improved the relative amount of B-alanine in the serum,
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Fig. 2. Effects of maternal uridine (UR) supplementation at late pregnancy on amino acid concentrations in liver of neonatal piglets. Data are mean values with their
standard errors, n 8. Statistical significance was set at * P < 0-05 or ** P< 0-01 by t test. ], Control group; =21, UR group.

suggesting that excess UR is excreted after being metabolised in
the body.

Maternal dietary UR supplementation also regulated amino
acid profile in the serum and liver of neonatal piglets. First, diet,
the salvage pathway and direct de novo synthesis using amino
acids are three ways to meet the body’s nucleotide needs in
mammals®. In the process of de novo synthesis, glutamic acid,
aspartic acid, alanine, glycine, serine and phosphoserine engaged
in the synthesis of nucleotides and f-alanine and p-aminobutyric
acid are involved in the metabolism of nucleotides®”. Thus, we
speculated that optimal supplementation of UR to sows might
inhibit fetal de novo synthesis of nucleotides and conserve some
amino acids, which are consistent with previous reports®, thus,

leading to these amino acids continued deposition in the liver
of neonatal piglets by regulating related protein or transporters
expression. On the other hand, excess UR is excreted after being
metabolised in the neonatal piglets. Thus, the relative amount of
glutamic acid, aspartic acid, phosphoserine, p-aminobutyric acid
and B-alanine in the serum of neonatal piglets, and glutamic acid,
aspartic acid, glycine, serine and alanine in the liver of neonatal
piglets were improved. Second, the neonatal period is a rapid met-
abolic stage of energy and protein, and cysteine and histidine take
part in the energy metabolism in the body; taurine and carnosine
are their metabolites, respectively. As described above, maternal
dietary UR could be involved in the metabolism of sulphur amino
acids and promote energy metabolism and protein deposition in
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Fig. 4. Effects of maternal uridine (UR) supplementation at late pregnancy on mRNA expression of genes involved in amino acid (AA) transport (a) and amino acid
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the liver of neonatal piglets by regulating the activity of the related
enzyme. Thus, it is suggested that supplementation of UR to sows
can regulate sulphur-containing amino acid metabolism, as well
as some amino acids related to nucleotide metabolism of
offspring.

To further unlock the effects of UR on amino acid metabo-
lism, gene expression related to amino acid metabolism in
the liver and placenta was detected. Na-dependent neutral
amino acid transporter (SNAT) mediates the Na'-dependent

uptake of small neutral amino acids including glutamine, histi-
dine and alanine, methionine, threonine and key intermediary
metabolites“’?. Na-dependent neutral amino acid transporters
(SNAT1 and SNAT?2) are the most widely expressed genes in
the liver. In this study, maternal UR supplementation up-regu-
lated the mRNA expression of SNAT1 and SNAT2 in the liver
of neonatal piglets, suggesting UR affected some amino acids
transport in the liver by regulating the mRNA expression level
of SNAT1 and SNAT2. Meanwhile, glutathione S-transferase
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A1 (GSTAD) is a key enzyme for glutathione synthesis, and it is
involved in the metabolism of glutamic acid, cysteine and gly-
cine. Thus, it was indicated that maternal UR supplementation
may regulate the metabolism of some amino acids, such as cys-
teine, glycine, by up-regulating mRNA expression level of
GSTA1l. However, the causes still remained unknown and
may require further investigation.

The placenta is the organ through which gases, nutrients
and wastes are exchanged between the maternal-fetal circula-
tions“?. Placental nutrient supply is adaptive to meet fetal
growth demand, evidences suggested that adaptation of
nutrients occurred in the regulation of transporter activity and
expression(“). During pregnancy, amino acids are involved in
fetal development and growth®. Thus, to further understand
the mechanism of maternal dietary UR supplementation on
placental amino acid transport, mRNA expression of placental
transporters was investigated. The results revealed that
maternal dietary UR supplementation down-regulated placental
gene expression of transporters including PEPT1, EAAT2,
EAAT3 and LATI1, implying that dietary UR to sows can
inhibit the transfer of amino acid, which is consistent with our
hypothesis that supplement UR to sows had amino acid sparing
effect for sows, and fetal development is not affected in this
condition.

Maternal supplementation with uridine-regulated fatty
acid constituents of neonatal piglets

UR is a pyrimidine nucleoside, and it can regulate liver lipid
metabolism and glycogen deposition™. During the last third
of gestation, the maternal metabolic state is catabolism and
maternal lipid and GLU breakdown quickly“?. Lipid is important
to provide energy for the neonatal piglets; thus, UR plays a major
role in glycolipid metabolism of sows and neonatal piglets. The
study had demonstrated that UMP reduces plasma GLU level
and increases TAG accumulation in the calves?. In the present
study, maternal dietary UR supplementation increased TAG,
TBA and LACT, and decreased CHOL, HDL, LDL and GLU in
the serum of sows, suggesting that dietary UR may have effect
of suppressing serum GLU levels“® by regulating glycolysis
process of sows during parturition, and more likely caused by
higher LACT in the serum of sows. In addition, dietary UR
may regulate the formation of bile acids of sows during parturi-
tion, and more likely caused by higher TBA in the serum of sows,
and TBA involves in the removal of UR from the body™V.
However, maternal UR supplementation increased CHOL,
HDL, LDL and LACT, and decreased TBA in the serum of neo-
natal piglets, implying that maternal dietary UR supplementation
can regulate the metabolism of CHOL and TBA, which are
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required for the development of piglets and CHOL is particularly
essential for embryogenesis®.

Medium- and long-chain fatty acids play a key role in fetal
development and growth. The previous study in newborn
infants or rats showed that dietary nucleotides and their metab-
olites may enhance the synthesis of lipoproteins during the early
neonatal period, influence the lipid metabolism and stimulate
PUFA“_In addition, another study in grass carp showed that
dietary nucleotides up-regulated the level of C17:0, C20: 0 and
total SFA®”, agreed with our study that maternal dietary UR sup-
plementation increased fatty acids concentrations including
C17:0, C20:0, C18: 2N6C, total SFA and total PUFA in the liver
of neonatal piglets. Nevertheless, maternal dietary UR supple-
mentation decreased fatty acids concentrations including
C18:1N9C, C20:1 and total MUFA in liver of neonatal piglets,
which indicated that dietary UR to sows reduces the synthesis
of MUFA of offspring. Thus, it was speculated that dietary UR
to sows may promote transport, extension and desaturation of
the fatty acid chain, as well as lipolysis by affecting the expres-
sion of key enzymes in the liver.

There are many key enzymes, such as ELOVL5, FADSI,
CYP7al and HSL, which play a vital role in hepatic glycolipid
metabolism. The results showed that maternal dietary UR
supplementation up-regulated mRNA expression of FATPI,
ELOVL5, FADS1, CYP7al and HSL, while down-regulated the
mRNA expression of ACC and SREBPIc in the liver of neonatal
piglets, which implies that dietary UR to sows affected the trans-
portation and prolongation of the fatty acid chain, and mutual
transformation between cholesterol and bile acid. Initially, UR
promoted oxidative decomposition of fat and inhibited the syn-
thesis of fatty acids by regulating mRNA expression of HSL and
ACC because HSL and ACC are rate-limiting enzymes for lipoly-
sis and synthesis, respectively. Second, UR may reduce the syn-
thesis of CHOL and promote the conversion of CHOL in the liver
by regulating mRNA expression of SREBPIc and CYP7al
because SREBP1lc and CYP7al are rate-limiting enzymes for
the synthesis of cholesterol and bile acid, respectively™.
Finally, it was expected that UR promoted the transport of
long-chain fatty acids and the prolongation of fatty acids in
the liver by regulating mRNA expression of FATPI and
ELOVL5. Thus, maternal dietary UR supplementation could pro-
mote fat oxidation and inhibited the synthesis of fatty acids in the
liver of neonatal piglets, which is essential for the energy supply
of neonatal piglets. Medium- and long-chain fatty acids are effi-
ciently absorbed and metabolised and help to improve the
survival rate of neonatal piglets“?.

Fatty acid translocase (FAT), fatty acid transport protein
(FATP) and fatty acid binding protein (FABP) are involved in
the transfer of placental fatty acids. In the present study, maternal
dietary UR supplementation up-regulated placental mRNA
expression of FABP3, suggesting that dietary UR to sows can
promote the transfer of fatty acid, especially for PUFA thereby
promoting the placental and fetal growth and development. In
summary, maternal dietary UR supplementation promoted
placental transfer of fatty acid and regulated fat metabolism of
neonatal piglets by regulating gene expression of key enzymes
or proteins.

Maternal supplementation with uridine-regulated protein
expression level related to mTORC1-PPAR of placenta

The most vital function of placenta is the efficiency with which
the placenta transfers nutrients. The mTOR complex 1
(mTORCD) is a key signalling pathway that regulates de novo
synthesis of pyrimidine nucleotides and amino acid transport®®.
In addition, as a nuclear receptor, PPAR regulates placental
development and lipid metabolism®!*?, Our previous study
in early-weaned piglets showed that short-term UR treatment
might regulate protein expression of mTOR and AKT
pathways"®. Similarly, we found that UR treatment could
improve the phosphorylation of mTOR and AKT, raptor, which
indicated that UR may regulate placental transfer through
mTORC1 and AKT pathway. Interestingly, placental protein
expression of PPARa and PPARy was up-regulated by dietary
UR supplementation to sows, signifying that dietary UR to sows
regulates placental fat metabolism via up-regulating the expres-
sion of PPARa and PPARy. Maternal supplementation with UR
may affect the synthesis of pyrimidine nucleotides and thus in-
fluence the activity of mTORC1. Activated mTORC1 stimulates
the activity of AKT, PPARy and PPARa®®?; thereby, the placental
transfer function of amino acid and fatty acid was regulated.
However, the effect of maternal UR supplementation on
placental development needs further study.

Conclusion

In conclusion, maternal UR supplementation could regulate pla-
cental fatty acid and amino acid transport by regulating the
mTORCI-PPAR pathway, influencing the fatty acid and amino
acid constituents of neonatal piglets, thus reducing birth mortal-
ity and improving the reproductive performance of sows. These
findings may be useful for greater production performance of
sows and provide insight for mother—infant nutrition in humans.
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