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a b s t r a c t

Uridine has formerly been shown to alleviate obesity and hepatic lipid accumulation. N-carbamoyl
aspartate (NCA) provides carbon atoms to uridine in de novo pyrimidine biosynthesis pathway. However,
whether NCA is involved in the lipid metabolism remains elusive. Here we showed that NCA supple-
mentation significantly decreased (P < 0.05) serum cholesterol (CHOL), high-density lipoprotein (HDL),
lactate dehydrogenase (LDH), and alkaline phosphatase (ALP) levels of mice, and significantly increased
(P < 0.05) relative mRNA expression of genes related to the synthesis of pyrimidine nucleotides and
polyunsaturated fatty acids. Besides, supplemented with NCA significantly decreased body weight and
area under the curve (AUC), and increased body temperature in the high-fat diet fed mice. For further,
relative protein expression of uridine monophosphate synthase (UMPS), sterol regulatory element-
binding protein 1(SREBP-1) and phosphorylated hormone-sensitive triglyceride lipase (P-HSL) in the
liver, and uncoupling protein 1 (UCP-1) in interscapular brown adipose tissue (iBAT) also showed
upregulated in the high-fat diet fed mice. Thus, NCA promoted de novo synthesis of pyrimidine and
polyunsaturated fatty acid, and reduced body weight by stimulating high-fat diet-induced thermogenesis
of iBAT.

© 2023 Elsevier Inc. All rights reserved.
1. Introduction

Obesity and overweight have become a global health issue that
leads to a variety of diseases including diabetes mellitus type 2,
hepatic steatosis, insulin resistance, and cardiovascular diseases
[1,2]. The development of obesity is an extremely complex process,
but fundamentally it occurs as a result of a chronic imbalance of
energy in the body [3]. In other words, obesity develops when
energy consumption less than energy intake, leading to an excess of
energy storage in the form of triglycerides in white adipose tissue
(WAT) [4]. Different types of adipocytes have distinct functions in
the regulation of energy homeostasis [3,5,6]. WAT applies to energy
storage through the synthesis and accumulation of triglycerides. In
contrast, interscapular brown adipose tissue (iBAT) dissipates
iculture, Chinese Academy of
n, 410125, PR China.
energy toward off obesity by activating uncoupling protein 1 (UCP-
1) in mitochondria and transforms fat through thermogenesis [3,7].
Thus preventing and remedying the obesity and its associated
diseases through increasing BAT activity may be an effective ther-
apeutic manner [4,8].

The previous study has shown that glutamine metabolism in
adipose tissue is reduced in the obese state, which brings about
increased nuclear O-GlcNAcylation in adipocytes, and administra-
tion of glutamine reduces adipose tissue inflammation and im-
proves fat tissue function in obesity [9]. O-linked b-N-
acetylglucosamine (O-GlcNAc) modification is controlled by a
couple of intermediary metabolites including acetyl-coenzyme A,
glucose, glutamine, and uridine [10]. Our recent studies have sug-
gested that uridine can regulate hepatic pyrimidine metabolism
[11,12], attenuating obesity and hepatic lipid accumulation caused
by a high-fat diet [13]. N-carbamoyl aspartate (NCA) is an inter-
mediate product of glutamine, which provides carbon atoms to
uridine in de novo pyrimidine biosynthesis pathway [14e16].
Nevertheless, NCA has received limited attention in studies of lipid
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metabolism. Considering NCA is a precursor of uridine and is
involved in glutamine metabolism, we conjectured that NCA might
contribute to alleviating fat accumulation. Thus, the present study
aims to investigate the effects of NCA on lipid metabolism in high-
fat diet-fed mice.

2. Materials and methods

2.1. Animals and treatments

All the procedures and care standards involved in this study
were performed according to the Animal Welfare Committee of the
Institute of Subtropical Agriculture, Chinese Academy of Sciences
(Changsha, China). Eight-week-old male C57BL/6J mice were pur-
chased from the SLAC Laboratory Animal Central (Hunan, China)
[Certificate no. SCXK (Xiang) 2019-0004]. All the mice were housed
at 20 ± 2 �C, with 45 ± 5% humidity and 12 h light/dark cycle, with
ad libitum access to feed and fresh water. The high-fat diet con-
taining 65% calories purchased from BiotechHD Co., Ltd. (Beijing,
China) were allowed ad libitum to feed and water.

2.2. Experimental design and sample collection

Two animal experiments were conducted. In the NCA inter-
vention study, sixteen mice were adapted to a control diet
administered free for one week, then randomly divided into two
groups (n ¼ 8): the control group (Con) received a normal chow
diet and NCA group (NCA) received normal chow diet supple-
mentedwith 265.6mg/kg/d NCA. NCAwas provided by Baikang Co.,
Ltd (Changsha, China), dissolved in drinking water renewed every 2
days. The body weight (BW) was recorded for each week, and the
experiment lasted for 4 weeks. After the end of the trial, blood was
collected from the retroorbital sinus to obtain the serum sample as
previously reported [17]. Hepatic tissues were collected for total
RNA extraction.

In the high-fat-diet NCA intervention study, twenty-four mice
were acclimated to a control chow diet administered ad libitum for
one week randomly divided into two groups (n ¼ 12): HF group
(HF) received a high-fat diet (HFD) and the HF-NCA group
(HF þ NCA) received a high-fat diet supplemented with 265.6 mg/
kg/d NCA dissolved in drinking water. The BW was recorded daily,
and the feed intake was recorded weekly. The intervention lasted
for 4 weeks. After completion of the experiment, mice were killed
by cervical dislocation, and liver, inguinal white adipose tissue
(iWAT), and iBAT tissues were immediately fixed in 4% para-
formaldehyde fix solution for Oil Red O (ORO) and hematoxylin-
eosin (H&E) staining, respectively. Liver and adipose tissue,
including iWAT and iBAT tissues were separated and stored
at �80 �C until analyzed.

2.3. Serum biochemical analysis

Serum samples were examined for glucose (GLU), total triglyc-
eride (TG), cholesterol (CHOL), low-density lipoprotein (LDL), high-
density lipoprotein (HDL), total bile acid (TBA), aspartate trans-
aminase (AST), alanine aminotransferase (ALT), alkaline phospha-
tase (ALP), and lactate dehydrogenase (LDH) were analyzed by an
Automated Biochemistry Analyzer (cobas c311, Roche, BSL, CH),
using kits purchased from Beijing Chemlin Biotech Co., Ltd (Beijing,
China).

2.4. Intraperitoneal glucose tolerance test (IPGTT)

IPGTT was performed after 12 h of fasting by intraperitoneal
injection of glucose (1.5 g/kg BW). Blood samples were collected
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from the tail vein, and the glucose concentrations were determined
at 0, 20, 40, 80, and 120 min after the injection using a One Touch
Ultra Easy glucometer (Roche). The AUC was calculated.

2.5. Surface temperature measurement

The surface temperature was measured using an infrared cam-
era (Seek Thermal Compact XR iOS Camera, Thermal).

2.6. H&E and ORO staining

For ORO staining, after being fixed with 4% paraformaldehyde
for another 15 min, hepatic tissue was then put in Oil Red solution
for 8e10 min in the dark, differentiation in 60% isopropanol, and
immersed in hematoxylin for 3e5 min according to standard
protocols.

For H&E staining, iWAT and iBAT tissues fixed with 4% para-
formaldehyde were paraffin-embedded, cut in 5 mm-thick sections,
then stained with H&E using standard protocols. The count and
average size of adipocytes were quantified using Image J software
(version 1.48r, National Institutes of Health, Bethesda, Maryland,
USA).

2.7. Quantitative real-time PCR(qRT-PCR)

Total RNAwas extracted from frozen liver and iBAT tissues using
Trizol reagent (Invitrogen, Carlsbad, CA, USA). Then, the RNA con-
centration was determined using a NanoDrop ND-1000 spectro-
photometer (Thermo Fisher Scientific, Wilmington, DE, USA) and
cDNAwas reverse transcribed using an EvoM-MLV RT Kit (Accurate
Biotechnology (Hunan) Co., Ltd). The primers (Table 1) were
designed and synthesized by Sangon Biotech (Shanghai) Co., Ltd.
The qRT-PCRreaction was performed with SYBR Green Premix Pro
Taq HS qPCR Kit (Accurate Biotechnology (Hunan) Co., Ltd) and run
in a light cycler 480 II real-time PCR system (Roche, Basel,
Switzerland). All procedures were coped with following the man-
ufacturer's manual. The values of the target genes were calculated
using the comparative Ct method using Actin as the housekeeping
gene.

2.8. Western Blot (WB) experiment

Hepatic and iBAT tissues were lysed in RIPA buffer (Beyotime
Technology, Shanghai, China) containing 1% protease inhibitor
cocktail (Roche Diagnostics Corp, Pleasanton, CA, USA) followed by
centrifugation at 12,000 rpm for 15min at 4 �C. Protein content was
measured using a bicinchoninic acid (BCA) assay (Beyotime Tech-
nology, Shanghai, China). Use the Wes Simple Western System
(ProteinSimple, San Jose, CA, USA) for protein qualification. In
detail, protein samples mixed with 0.1 � Sample Buffer, 5 �Master
Mix, and Ladderwere added intoWes 25-well plates. Then, primary
antibodies, secondary antibodies, Antibody Diluent II, Streptavidin-
HRP, Lumino-S-Peroxide mix, and Wash Buffer were added to the
corresponding wells. The primary antibodies used in this experi-
ment included UMPs (sc-135596, Santa Cruz Biotechnology),
SREBP-1 (sc-365513, Santa Cruz Biotechnology), HSL (ab45422,
abcam), P-HSL (ab109400, Abcam), UCP-1(U6382) (SigmaChemical
Co, St. Louis, MO, USA) and GAPDH (60004-1-Ig) (Proteintech,
Rosemont, IL, USA). Total protein expression was normalized to
GAPDH.

2.9. Statistical analysis

The statistical analyses were assessed by the t-test using SPSS
22.0 (SPSS Inc., Chicago, IL, USA). All data were presented as the



Table 1
Primers used in RT-qPCR.

Gene Accession No. 50-30 Primer sequence Product Size (bp)

DHODH NM_020046.3 F: AATACCACAGTGAGTCGCCC 87
R: CAGATCTCGGAGTGGCTTCC

UMPS NM_009471.3 F: GCAAAACGCCACGAGTTCTT 258
R: GACTGCTGCCTTGGTGTAGT

CMPK2 NM_020557.4 F: CTGCTTAACTCTGCGGTGTTC 130
R: CTTTCTGGACCTCCTTTGGGC

RRM2 NM_009104.2 F: CTGTTTCTATGGCTTCCAAAT 141
R: TTCTTCTTCACACAAGGCATT

UPP NM_009477.3 F: CTGACCGCTACGCCATGTAT 166
R: AGACCTATCCCGCCTGAAGT

UPP2 XM_006498409.4 F: CGGTTGGAGGGAGATGGAGAA 123
R: AATGGAAATGGAGGGGATGCC

FADS1 NM_146094.2 F: ACCCACCAAGAATAAAGCGCTAA 134
R: CAGCCACATCCAGCAGCAG

FADS2 NM_019699.2 F: ACCGTGGCAAAAGCTCTCAG 151
R: GAGAGGATGAACCAGGCAAGGC

ELOVL2 NM_001311121.1 F: AAAGGCGAAGACTGTGTGCT 277
R: CCAGCCATATCGAGAGCAGG

ELOVL5 NM_134255.3 F: TGCAGCTTGCTTCTGTTCCC 134
R: GGTACTGAGTGACGCATCGAA

ATGL NM_025802.3 F: GACCTGATGACCACCCTTTC 183
R: CAGATACTGGCAGATGCTACC

b-Actin NM_007393.5 F: TGTCCACCTTCCAGCAGATGT 101
R: AGCTCAGTAACAGTCCGCCTAGA
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means ± standard error (SEM). There is statistically significant
difference when P < 0.05.
3. Results

3.1. Effects of NCA on body weight, serum biochemical parameters,
and the synthesis of hepatic pyrimidine nucleotides and
polyunsaturated fatty acids

To investigate the impression of NCA on mice, BW and serum
Fig. 1. Effects of NCA on body weight, serum biochemical parameters, and the synthesis of h
GLU, TG, CHOL, HDL, and LDL in serum, (C) ALT, AST, ALP, and LDH in serum, (D) Relative mRN
de novo polyunsaturated fatty acid synthesis genes in liver.
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lipid profiles were assessed. As shown in Fig. 1A, NCA administra-
tion significantly reduced (p < 0.05) the serum level of CHOL, HDL,
ALP, and LDH compared to the Con group (Fig. 1BeC).

To further investigate the molecular mechanism of NCA in the
synthesis of hepatic pyrimidine nucleotides and polyunsaturated
fatty acids, the relative mRNA expressions of genes were analyzed.
Results showed that NCA treatment markedly up-regulated the
relative expression of pyrimidine nucleotides synthesis genes such
as dihydroorotate dehydrogenase (DHODH), uridine mono-
phosphate synthase (UMPS), Cytidine/uridine monophosphate
epatic pyrimidine nucleotides and polyunsaturated fatty acids. (A) Body weight (g), (B)
A expression of pyrimidine biosynthesis genes in liver, (E) Relative mRNA expression of
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kinase 2 (CMPK2), ribonucleotide reductase subunit 2 (RRM2),
uridine phosphorylase (UPP), and UPP2 (p < 0.05) (Fig. 1D). Addi-
tionally, the gene expression of fatty acid desaturases 1 (FADS1),
FADS2, and fatty acid elongase 5 (ELOVL5) related to the synthesis of
polyunsaturated fatty acids were also increased (p < 0.05) in NCA-
treated mice (Fig. 1E).

3.2. NCA supplementation decreased HFD-induced body weight
gain (BWG), increased the core body temperature, and improved
glucose tolerance

To further investigate the effect of NCA on body weight gain
under a high-fat diet, 8-week-old male C57BL/6J mice were fed
either HF diet or HF diet supplemented with NCA (265.6 mg/kg/
day) for 4 weeks. Although NCA treatment alone did not influence
the BW in mice fed a normal chow diet (Fig. 1A), it significantly
prevented (p < 0.05) the body weight gain in HF mice (Fig. 2A). The
total food intake of all the mice for the 4-week experiment was
measured (Fig. 2B), showing that HF and HF þ NCA mice consumed
the same amount of food, inferring that NCA induced weight loss
was not through reducing the food intake. Consequently, we
examined whether NCA treatment could affect core body temper-
ature by using an infrared camera. Interestingly, NCA treatment
significantly enhanced (p < 0.05) core body temperature compared
with the HFmice (Fig. 2CeD). These results evidenced that the anti-
obesity role of NCA may be owing to an increase in energy
expenditure. Furthermore, NCA treatment improved glucose ho-
meostasis under HF diet (Fig. 2EeF). Results of the IPGTT, and the
corresponding AUC values were a further proof that NCA supple-
mentation significantly upgraded (p < 0.01) impaired glucose
tolerance in HFD-fed mice.
Fig. 2. NCA supplementation reduced HFD-induced body weight gain, increased the core bo
NCA treatment with HFD (n ¼ 12), (B) Average daily food intake (n ¼ 12), (CeD) Body tem
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3.3. NCA prevents liver steatosis and up-regulated the protein
expression of UMPS, SREBP-1, and phosphorylated HSL

Next, histology analyses by Oil Red O staining were applied to
evaluate the steatohepatitis under HFD. Mice-fed HFD showed an
accumulation of lipid in the liver, which was then rescued by NCA
supplementation (Fig. 3A). The effects of NCA on the pyrimidine
nucleotides synthesis and fatty acid metabolism were also inves-
tigated in HFD-fed mice. As presented in Fig. 3BeE, NCA treatment
up-regulated (p < 0.05) the protein expression of UMPS, SREBP-1,
and phosphorylated HSL in HF-fed mice. These results indicated
that NCA restrained the liver lipid accumulation and stimulated the
synthesis of pyrimidine nucleotides, lipogenesis, and lipolysis
process in HF-fed mice.
3.4. NCA stimulates BAT activation in HFD-fed mice

Finally, we tested the count and the size of adipocyte cells from
iWAT and iBAT sections using Image J software. As shown in
Fig. 4AeC, relative count and average adipocyte size in iWAT indi-
cated no differences (p < 0.05) between groups. While the relative
count of adipocyte cells in iBAT markedly increased (p < 0.01) after
NCA treatment and the relative size of adipocyte cells was signifi-
cantly decreased (p< 0.05) comparedwith the HF group (Fig. 4A, D-
E). Furthermore, we measured the protein expression of thermo-
genicmarker, UCP-1. The result showed that NCA treatment notably
up-regulated (p < 0.05) the protein expression of UCP1 (Fig. 4A, F-
G), indicating that NCA could stimulate BAT activation in HFD-fed
mice.
dy temperature, and improved glucose tolerance. (A) Body weight change after 4 weeks
perature (n ¼ 8), (E) IPGTT (n ¼ 12), (F) AUC for IPGTT (n ¼ 12).



Fig. 3. NCA prevented liver steatosis and up-regulated the protein expression of UMPS, SREBP-1, and phosphorylated HSL. (A) Oil Red O staining of liver (scale bar: 50 mm), (BeE)
Liver expression of UMPS, SREBP-1, and P-HSL proteins. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. NCA stimulated BAT activation in HFD-fed mice (A) H&E staining of iWAT and iBAT (scale bar: 50 mm), (B) Relative count of adipocyte cells in iWAT (n ¼ 4), (C) Relative
average adipocyte size in iWAT (n ¼ 4), (D) Relative count of adipocyte cells in iBAT (n ¼ 4), (E) Relative average adipocyte size in iBAT (n ¼ 4), (FeG) Relative protein expression of
UCP-1in iBAT.
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4. Discussion

NCA is an intermediate metabolite of glutamine catalyzed by
carbamoyl phosphate synthetase II (CPS-II) and aspartate
156
transcarbamoylase (ATCase) [15,18]. Although acting as a precursor
of uridine [18], NCA appears to be largely impermeable to cells [16].
Previous study has shown that glutamine was associated with
inflammation and obesity in human white adipose tissue [9], and
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uridine also lowered adipocyte area in HFD-fed mice [13]. Addi-
tionally，NCA supplementation regulated serum differential me-
tabolites related to fatty acids metabolism. However, the effect of
NCA on lipid metabolism has not been determined so far. In our
research, by integrating data on serum biochemical parameters,
and relative mRNA expression involved in pyrimidine biosynthesis
and de novo synthesis of polyunsaturated fatty acid, we presented
evidence that daily treatment of mice with 265.6 mg/kg/d NCA is
sufficient to reduce the content of CHOL, HDL, ALP and LDH in
serum, stimulates de novo synthesis of polyunsaturated fatty acid
and pyrimidine. Furthermore, daily treatment of HFD-fed mice
with NCA could prevent diet-induced body weight gain, increase
the core body temperature, and improve glucose tolerance by
enhancing BAT activity.

Uridine is a pyrimidine nucleotide, which is critical to maintain
cellular function, energy homeostasis, and lipid metabolism [18,19].
Research indicated that uridine could prevent lipid accumulation
[20], suppress hepatic droplet accumulation [21], and regulate fatty
acid composition [22]. Considering that NCA is a precursor of uri-
dine synthesis [18] and cannot penetrate the cells [16], we specu-
lated that NCA might participate in uridine synthesis and regulate
lipid metabolism, involved in lipogenesis and lipolysis. In the cur-
rent study, we found the mRNA expression related to uridine
metabolism was significantly increased in mice after NCA admin-
istration. Furthermore, the protein expression of UMPS in HFD-fed
mice with NCA treatment also increased. UMPS is an enzyme that
plays an essential role in pyrimidine synthesis, transforming orotic
acid to uridine 50 monophosphate. NCA increased the mRNA and
protein expression of UMPS, indicated the role of NCA in promoting
nucleotide synthesis. We previously found that dietary supple-
mentation with uridine have no influence on serum glucose, TG,
HDL, LDL, LDH, ALT, AST, and ALP levels in weaned piglets [12,23].
While we surprisingly observed different results compared to the
previous studies mentioned above, in that NCA treatment signifi-
cantly decrease serum CHOL, HDL, ALP, and LDH, which may sug-
gest a beneficial effect of NCA on lipid metabolism. Further study
involved in de novo synthesis of polyunsaturated fatty acid declared
that there was a higher rate of de novo synthesis of polyunsaturated
fatty acid in liver after NCA treatment.

Obesity is a chronic disease due to imbalanced energy meta-
bolism induced by excessive calorie intake relative to energy con-
sumption [24]. Uridine concentration could relate to the level of
lipolysis [25]. Therefore, HFD-fedmice were used to further explore
the effects of NCA on lipid metabolism. NCA treatment reduced the
BW without effects on food intake in HFD-fed mice, denoting that
the anti-obesity effect of NCA is unrelated to energy intake. How-
ever, the body temperature significantly enhanced after NCA
treatment, suggesting that the anti-obesity effect of NCA may be
attributed to increased energy expenditure, which is corresponding
to the former study that showed uridine was implicated in tem-
perature regulation and energy homeostasis [26]. NCA adminis-
tration also enhanced glucose clearance consistency with an earlier
research by Liu et al. [13].

Further study in the liver showed that NCA administration
reduced hepatic lipids accumulation, and increased the protein
expression of SREBP-1c (a regulator of fatty acid synthesis) and HSL
(in charge of substrate supply for the BAT thermogenic pathway)
[27]. The increased protein expression of SREBP-1c indicated that
NCA stimulated hepatic fatty acid synthesis. HSL is the enzyme that
provides substrates to heat and ATP production [28]. Increased HSL
protein expression was shown in the NCA group, suggesting its
impact on lipolysis promotion and heat production of NCA. Lower
body weight gain may be due to the increases in heat production.
BAT is a heat dissipation organ that adjusts insulin resistance, GLU
homeostasis and facilitates a lean and healthy phenotype [29]. The
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significantly increased relative count and decreased average
adipocyte size indicated that NCA stimulated lipolysis of iBAT. BAT
can generate heat by the activation of UCP-1 [30]. The enhanced
expression of UCP-1 protein in the iBAT of the HF þ NCA group
indicated that the decreased body weight due to NCA stimulated
thermogenesis.

In conclusion, our results showed that NCA promoted de novo
synthesis of pyrimidine and polyunsaturated fatty acid, and
reduced BW by stimulating the thermogenesis of iBAT induced by
HFD.
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