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Abstract. Obesity is a worldwide individual and public health 
issue, and contributes to the development of numerous chronic 
diseases. In particular, maternal obesity has harmful effects 
on both the mother and child during and after pregnancy. The 
digestion and metabolism of food are controlled by endocrine 
factors, including insulin, glucagon and estrogen. These 
hormonal factors are differentially regulated during preg-
nancy due to the specialized hormonal environment during 
this period. In the present study, we examined the effects of 
1,25-dihydroxyvitamin D3 (VD3), an active hormonal form of 
nutritional vitamin D3, on lipid metabolism in pregnant rats. 
The body weight of rats treated with VD3 was significantly 
reduced compared to that of the rats in the control group. In 
addition, histological analysis demonstrated that the amount of 
fat stored in adipocytes was reduced by treatment with VD3. To 
determine the role of VD3 in lipid metabolism, the expression 
levels of lipid metabolism‑associated genes were measured 
in the rat adipose tissue and liver. VD3 negatively regulated 
the expression of various lipogenic genes, including fatty 
acid synthase (FAS), stearoyl-CoA desaturase 1 (SCD1) and 
acetyl-CoA carboxylase 1 (ACC1), in both the adipose tissue 
and liver. However, the regulators of lipogenic enzymes such 
as, sterol regulatory element-binding protein-1c (SREBP-1c), 
peroxisome proliferator-activated receptor-γ (PPAR-γ) and 
insulin-induced gene 2  (INSIG2) were differentially regu-
lated by VD3 in a tissue‑specific manner. On the whole, 

these findings suggest that VD3 regulates lipid metabolism 
and deposition in the liver and adipose tissue, and thereby 
reduces fat in pregnant animals, as well as body weight. Our 
results suggest that the alteration of lipogenesis through the 
administration of VD3 may help to reduce excessive weight 
gain during pregnancy and prevent obesity‑related pregnancy 
complications such as pre-eclampsia, gestational diabetes, 
hypertension and issues with labor.

Introduction

Vitamin D, which comprises a group of fat‑soluble seco-
sterols found naturally in very few foods, is photosynthesized 
in the skin of vertebrates by the action of solar ultravi-
olet‑B (UV-B) radiation (1). The major biological function 
of vitamin D is to maintain normal serum concentrations 
of calcium and phosphorus by enhancing the ability of the 
small intestine to absorb these minerals from food (1). The 
original active form of vitamin D is derived from cholesterol. 
Hepatic hydroxylation enzymes and possibly other enzymes, 
convert cholesterol into the major circulating metabolite 
25-hydroxyvitamin D (25D), which is a relatively long-lived 
metabolite, as well as a marker of the vitamin  D status. 
25D is hydroxylated at 1α in the kidneys and peripheral 
tissue to produce the hormonally active form of vitamin D, 
1,25-dihydroxyvitamin  D3 (VD3)  (2-4). The majority of 
the pleiotropic, long-term effects of VD3 are mediated by 
its binding to a nuclear high-affinity receptor [vitamin D 
receptor (VDR)], which is principally located in the nuclei of 
target cells, in complex with 9-cis-retinoic acid, a retinoid X 
receptor (RXR)  (5). The activated VDR-RXR complex 
binds to a vitamin D response element (VDRE) located in 
the promoters of target genes that are involved in calcium 
absorption, such as transient receptor potential cation 
channel, subfamily V (TRPV)5 and TRPV6 genes (6).

It has now become clear that vitamin D has additional physi-
ological functions beyond calcium absorption. Previous research 
has provided evidence indicating that vitamin  D signaling 
regulates several physiological responses unrelated to mineral 
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ion homeostasis, including both innate and adaptive immune 
responses (7). Moreover, epidemiological data have established 
associations between a lack of UV-B exposure, vitamin  D 
defficiency and the prevalence of certain types of cancer (8-10). 
Vitamin D is also related to lipid metabolism and obesity. Indeed, 
epidemiologically, obesity has been found to be associated with 
lower serum levels of 25D and sun exposure (11,12).

According to previous data, VD3 is known to inhibit mouse 
3T3-L1 pre-adipocyte differentiation, which is mediated by 
the induction of the expression of a number of genes, such 
as CCAAT/enhancer-binding protein-α (C/EBP-α), peroxi-
some proliferator-activated receptor-γ (PPAR-γ) and sterol 
regulatory element-binding protein-1c (SREBP-1c), which are 
characteristic of mature adipocytes. However, the effects of 
VD3 on mouse pre-adipocytes are limited in blocking fat cell 
differentiation and gene expression within the first 48 h of 
initiating differentiation (13).

Lipogenesis and adipose tissue development are regulated 
by female sex steroid hormones. The adipocytes of female 
mice have increased lipogenic capacities compared with those 
of male mice, although adipocytes the of females are smaller 
than those of males (14). In addition, the female sex hormone, 
estrogen, regulates glucose homeostasis, which is a crucial 
factor in fatty acid metabolism (14,15).

During gestation, women have a special endocrine envi-
ronment which helps to maintain pregnancy, and thereby lipid 
metabolism is regulated differently from that of a non-preg-
nant women. Since more nutrients are required, the endocrine 
system tends to ncrease fat accumulation in the pregnant 
woman  (16). The proliferation of adipose tissue is often 
accompanied by a state of insulin resistance during pregnancy. 
This pregnancy-specific adaptive response allows glucose to 
be transferred across the placenta more efficiently and thus 
fetal growth is promoted (17). However, this response may 
also result in the mother and fetus developing elevated blood 
glucose and insulin levels, which in turn means a greater risk 
of obesity. Certain studies have indicated that birth weight is 
directly associated with the BMI of the baby, which implies 
that gestational diabetes in the mother contributes to obesity 
in her child (18-20). Furthermore, maternal obesity increases 
the risk of other pregnancy complications, including pre-
eclampsia, gestational diabetes, hypertension, thrombosis and 
labor issues (21-23).

Certain studies have suggested that the serum concentra-
tion of vitamin D differs between pregnant and non-pregnant 
women, indicating that vitamin D may play a specific role during 
pregnancy (24,25). However, correlations between lipogenesis 
and vitamin D during pregnancy have not yet been established. 
Therefore, in the present study, we examined the effects of VD3 
on lipogenesis and fat accumulation in the liver and adipose 
tissue of pregnant rats.

Materials and methods

Reagents and chemicals. VD3 was purchased from Merck 
Millipore Co. (Billerica, MA, USA). Corn oil and mouse anti-β 
actin antibody were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Rabbit anti-FAS (sc‑20140), mouse anti-SREBP-1c 
(sc‑133551) and mouse anti-PPAR-γ (sc‑7273) antibodies, and 
horseradish peroxidase (HRP)-conjugated anti-rabbit (sc‑2313) 

and anti-mouse (sc‑2005) IgG were all purchased from Santa 
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Animals and treatments. Pregnant Sprague-Dawley (SD; n=12) 
female rats were purchased from Samtako (Osan, Korea) and 
handled at the Pusan National University Laboratory Animal 
Resources Center (Busan, Korea), which is accredited by the 
Korea FDA according to the National Institutes of Health guide-
lines. The rats were housed in cages under a 12-h light/dark cycle, 
with a constant temperature of 23±1˚C. The rats were fed a diet 
of soy-free pellets (Samtako). All experimental animal proce-
dures were approved by the Ethics Committee of Pusan National 
University (Busan, Korea; approval no.  PNU-2013‑0401). 
From gestational days (GD) 11-16, the rats were administered 
daily subcutaneous injections of VD3 (1 µg/kg/day) or corn 
oil as the vehicle control. The dosage was adjusted according 
to changes in body weight (BW). All the pregnant female rats 
were sacrificed on GD 17 using CO2 gas. Tissue samples (liver 
and abdominal adipose) and fetus were removed using scissors 
from each individual pregnant rat and stored at -70˚C or fixed in 
10% formalin until analysis.

Reverse transcription-quantitative PCR (RT-qPCR). Total 
RNA was extracted using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions. The concentration of total RNA was measured using a 
spectrophotometer (Biospec-nano; Shimadzu, Kyoto, Japan). 
First-strand complementary DNA (cDNA) was prepared from 
total RNA (3 µg) by reverse transcription using Moloney murine 
leukemia virus (M-MLV) reverse transcriptase (Invitrogen) 
and random primers (9-mers; Takara Bio Inc., Shiga, Japan). 
Quantitative PCR  (qPCR) was performed using a cDNA 
template (2 µl) and 2X Power SYBR‑Green (6 µl; Toyobo Co., 
Ltd., Osaka, Japan) containing specific primers. The primer 
sequences for fatty acid synthase (FAS), stearoyl-CoA desatu-
rase 1 (SCD1), acetyl-CoA carboxylase 1 (ACC1), SREBP-1c, 
PPAR-γ, C/EBP-α and insulin-induced gene 2 (INSIG2) are 
listed in Table I. qPCR was carried out for 40 cycles using the 
following parameters: denaturation at 95˚C for 15 sec, followed 
by annealing and extension at 70˚C for 60 sec. The fluorescence 
intensity was measured at the end of the extension phase of 
each cycle. The threshold value for the fluorescence intensity of 
all samples was set manually. The reaction cycle at which the 
PCR products exceeded this fluorescence intensity threshold 
during the exponential phase of PCR amplification was consid-
ered to be the threshold cycle (CT). The expression of the target 
gene was quantified relative to that of β-actin, an ubiquitous 
housekeeping gene, based on a comparison of CTs at a constant 
fluorescence intensity.

Western blot analysis. Protein samples were extracted from 
the liver and adipose tissue using PRO-PREP solution (Intron 
Biotechnology, Seoul, Korea) following the manufacturer's 
instructions. A total of 40 µg cytosolic proteins was separated 
by 8-10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto nitrocellulose 
membranes (Daeil Lab Service Co., Ltd., Seoul, Korea). The 
membranes were then blocked for 1 h with 5% skim milk (Difco, 
Sparks, MD, USA) in phosphate-buffered saline (PBS) with 
0.05% Tween-20 (PBS-T). After blocking, the membranes were 
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incubated o/n with antibodies specific for FAS (dilution 1:500), 
SREBP-1c (dilution 1:500) and PPAR-γ (dilution 1:500), as well 
as with HRP-conjugated anti-rabbit and anti-mouse secondary 
antibodies (dilution 1:2,000) in 5% skim milk with PBS-T for 
1 h. Luminol reagent (Bio-Rad Laboratories Inc., Hercules, CA, 
USA) was used to visualize antibody binding. Each blot was then 
stripped by incubation with 2% SDS and 100 mM 2-mercapto-
ethanol in 62.5 mM Tris-HCl (pH 6.8) for 30 min at 50-60˚C. The 
membranes were subsequently probed with an antibody against 
β-actin (diluted 1:2,000; Santa Cruz Biotechnology, Inc.) as an 
internal control. The blots were scanned using Gel Doc 1000, 
version 1.5 (Bio-Rad Laboratories Inc.) and the band intensities 
were normalized to β-actin levels.

Histological analysis. Adipose tissue was removed from the 
rats using scissors, immediately fixed with 10% formalin, 
embedded in paraffin wax, routinely processed, and then 
sectioned into 4-µm‑thick sections. The tissue sections were 
then stained with hematoxylin and eosin  (H&E; Sigma-
Aldrich). Five different areas from each animal were analyzed 
to determine the histological changes. Images of the tissues 
were captured at x20 magnification using an optical micro-
scope (model BX50F-3; Olympus, Tokyo, Japan).

Statistical analyses. The results are presented as the means ± stan-
dard deviation (SD). Data were analyzed using one-way analysis 
of variance  (ANOVA) (SPSS for Windows, 10.10, standard 
version; SPSS Inc., Chicago, IL, USA). P-values <0.05 were 
considered to indicate statistically significant differences.

Results

Changes in body weight in the pregnant rats. To determine the 
effects of VD3 on fat accumulation during pregnancy, the rats 
were subcutaneously injected with 1 µg/kg/day of VD3, from 
GD11 to GD16, and were then sacrificed on GD17. The body 
weights of the rats were measured on GD17 and normalized to 
the values obtained on GD11; the changes in body weight are 
shown in Fig. 1A. Corn oil was used as a negative control. We 
observed that VD3 significantly decreased body weight by up 
to 25% compared with the controls. To examine the possible 
adverse effects of VD3 on the fetus, fetal body weight was 
also measured. The body weight of the fetuses was not altered 
significantly (Fig. 1B).

Histological changes in adipose tissues following treatment 
with VD3. As VD3 was shown to reduce body weight, we then 
analyzed the histological changes in adipose tissue following 
treatment with VD3 in order to determine whether the decrease 
in body weight was due to the loss of fatty tissue. The adipose 
tissue was fixed in paraffin and stained with H&E. Images of 
the stained adipocytes were then captured using an optical 
microscope, and the number of cells in the diagram was 
counted. The fat deposition rate was calculated based on the 
number of adipocytes. Five separate areas from each animal 
were analyzed, and the results are shown in Fig. 1C. The fat 
deposition rate in adipose tissue was decreased following 
treatment with VD3 compared with the vehicle-treated 
controls (Fig. 1C). We also noted that the size of the adipocytes 
was smaller in the VD-treated tissues than those treated with 
the vehicle control. These results suggest that VD3 treatment 
reduces fat deposition, resulting in a decrease in total body 
weight of the pregnant rats.

Regulation of lipogenesis-associated gene expression in the 
liver. To determine the mechanisms through which VD3 
regulates fat deposition and body weight, the expression levels 
of genes associated with lipogenesis, so-called lipogenic 
enzymes, were measured in the liver. The liver is an organ 
that biosynthesizes and catalyzes triacylglycerol  (TG), 
which is the typical form of animal fat (26). Therefore, the 
amount of lipogenic enzymes in the liver is important for fat 
synthesis. Constitutive lipogenic enzymes in the liver include 
FAS, SCD1 and ACC1 (27). We found that VD3 significantly 
reduced the mRNA expression of FAS in the liver by up 
to 80% (Fig. 2). The levels of the other lipogenic enzymes, 
SCD1 and ACC1, were also markedly decreased following 
treatment with VD3. It is known that lipogenic enzymes are 
controlled at the transcriptional level and that proadipogenic 
transcription factors, such as SREBP-1c, PPAR-γ and C/EBP-α 
are involved in the regulation of adipocyte formation (28). 
Therefore, in this study, we measured the mRNA expression 
of SREBP-1c, PPAR-γ and C/EBP-α in the liver (Fig. 2). The 
mRNA expression levels of SREBP-1c were significantly 
decreased following treatment with VD3, and a similar result 
was noted in relation to the expression levels of its target 
genes, FAS, SCD1 and ACC1. However, the mRNA levels of 
PPAR-γ and C/EBP-α were slightly upregulated following 
treatment with VD3. The transcripts of PPAR-γ and C/EBP 
were slightly elevated following treatment with VD3 without 

Table I. Primer sequences used for RT-qPCR.

Gene	 Primer sequence	 Fragment
name	 (5'→3')	 (bp)

FAS	 F:	CCAGGGTTTGGAATTATTTC	 293
	 R:	GAAGATAAACCCTAAGGCTC

SCD1	 F:	AAGAGCATTTTTCAACCCTA	 314
	 R:	GTCTCAGAATTTGCTTTATT

ACC1	 F:	CTTGGCCTACTGGCTCTGAC	 216
	 R:	GGGCAGGTAGTTCTCCTCCT

SREBP-1c	 F:	TTCTTCGTGCAGATGTGGAG	 234
	 R:	TAACGAGCAGAGCAGCAGAA

PPAR-γ	 F:	TGAAAAGCGGTGTGAGACTG	 220
	 R:	TGATGGGTCCAAAATTCCAT

C/EBP-α	 F:	ACCTGTGAGACGACGCTCTT	 160
	 R:	GCCGGTGACTCAGAGATAGC

INSIG2	 F:	CCTTGGTGTTGGAATTGCTT	 167
	 R:	TTGCTAGCTGACGACCAATG

F, forward; R, reverse; SREBP-1c, sterol regulatory element-binding 
protein-1c; INSIG2, insulin induced gene  2; PPAR-γ, peroxisome 
proliferator-activated receptor-γ; C/EBP-α, CCAAT/enhancer-binding 
protein-α; FAS, fatty acid synthase; SCD1, stearoyl-CoA desaturase  1; 
ACC1, acetyl-CoA carboxylase 1.
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significance. These results suggest that the expression levels of 
lipogenic enzymes in the liver is reduced by VD3 treatment 
in pregnant rats, and this is possibly mediated by SREBP-1c. 
To confirm the regulation of these genes at the translational 
level, we examined the protein expression levels of FAS, 
SREBP-1c and PPAR-γ by western blot analysis in the absence 
(vehicle control) and presence of VD3 (Fig. 3). We selected 
3  independent protein samples from the control and VD3 
groups for western blot analysis, and the results are represented 
in (Fig. 3). The protein expression of FAS and SREBP-1c in 
the liver was significantly decreased following treatment 
with VD3 compared with the control. These results were in 
agreement with the mRNA results  (Fig. 2), indicating that 
VD3 reduced the expression of FAS and SREBP-1c at both the 
transcriptional and translational level. The basal expression of 
PPAR-γ was relatively low and was not altered significantly 
following treatment with VD3 (Fig. 3).

Regulation of lipogenesis-associated gene epxression in 
adipose tissue. We then examined the effects of VD3 on the 
expression of lipogenic enzymes, as well as their transcriptional 
regulators in adipose tissue, where fat is mainly stored (Fig. 4). 
Treatment with VD3 markedly downregulated the lipogenic 
enzymes, FAS, SCD1 and ACC1, in adipose tissue, decreasing 

their expresion by up to 90% (Fig. 4). These results are similar 
to those involving the liver (Fig. 2), suggesting that VD3 modu-
lates the expression of lipogenic enzymes in both the liver 
and adipose tissue. The transcriptional levels of PPAR-γ were 
significantly upregulated following treatment with VD3, which 
was slightly different to the results obtained with the liver (the 
mRNA levels of PPAR-γ were only slightly increased in the 
liver). The regulation of SREBP-1c expression in adipose tissue 
also differed from that in the liver. The mRNA expression 
of SREBP-1c in adipose tissue was not significantly altered 
following treatment with VD3, whereas it was greatly reduced 
in the liver. The protein levels of FAS, SREBP-1c and PPAR-γ 
were regulated in a similar manner to the mRNA levels (Fig. 5). 
Treatment with VD3 markedly downregulated the protein 
expression of FAS, whereas, it did not significantly alter that 
of SREBP-1c. PPAR-γ protein expression increased following 
treatment with VD3, which was similar to the results of mRNA 
expression.

Tissue‑specific regulation of INSIG2 by VD3 in the liver and 
adipose tissue of pregnant rats. Since PPAR-γ and SREBP-1c 
were differentially regulated by VD3, the expression of INSIG2, 
an intermediate regulator between PPAR-γ and SREBP-1c, was 
investigated in the liver and adipose tissue (Fig. 6). VD3 modu-

Figure 1. Effect of 1,25-dihydroxyvitamin D3 (VD3) on body weight (BW) of pregnant rats and fat deposition. Pregnant rats were treated with VD3 (1 µg/kg/day). 
(A) Changes in BW of pregnant rats and (B) changes in the body weight of the fetus were determined. Adipose tissue was stained with H&E, and the fat deposi-
tion rate was analyzed based on the number of adipocytes (C). Data are expressed as the means ± SD of 5-6 animals. *P<0.05 compared to the control (C; 
vehicle-treated) group.
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lated the expression of INSIG2 in a tissue‑specific manner. In 
the adipose tissue, VD3 markedly enhanced the INSIG2 mRNA 
levels, whereas in the liver, these levels were not significantly 
altered.

Discussion

The main natural source of vitamin  D is synthesis from 
cholesterol in the skin; the dermal synthesis of vitamin D from 

Figure 2. Effect of 1,25-dihydroxyvitamin D3 (VD3) on the mRNA levels of lipogenic genes in the liver of pregnant rats. Following treatment of the pregnant 
rats with VD3, mRNA was harvested from the liver. The transcriptional levels of fatty acid synthase (FAS), stearoyl-CoA desaturase 1 (SCD1), acetyl-CoA 
carboxylase 1 (ACC1), sterol regulatory element-binding protein-1c (SREBP-1c), peroxisome proliferator-activated receptor-γ (PPAR-γ) and CCAAT/enhancer-
binding protein-α (C/EBP-α) were analyzed by RT-qPCR. Data are expressed as the means ± SD from tissues of at least 3 rats. Gene expression was normalized 
to that of an internal control gene (β-actin). *P<0.05 compared to the control (C; vehicle-treated) group.  

Figure 3. Effect of 1,25-dihydroxyvitamin D3 (VD3) on protein levels of lipogenic genes in the liver of pregnant rats. Following treatment of the pregnant rats 
with VD3, protein was harvested from the liver. The translational levels of fatty acid synthase (FAS), sterol regulatory element-binding protein-1c (SREBP-1c), and 
peroxisome proliferator-activated receptor-γ (PPAR-γ) were analyzed by western blot analysis. Data are expressed as the means ± SD from tissues of at least 3 rats. 
Protein expression was normalized to that of an internal control protein (β-actin). *P<0.05 compared to the control (C; vehicle-treated) group.
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cholesterol is dependent on exposure to sunlight. Full-body 
exposure during the summer months for 10-15 min will provide 
10,000 to 20,000 IU of VD3 within 24 h, for an adult (10). 

However, the amount of UV exposure required for the synthesis 
of VD3 also depends on factors other than just the amount of 
time spent in the sun (29). Vitamin D deficiency is defined as a 

Figure 5. Effect of 1,25-dihydroxyvitamin D3 (VD3) on protein levels of lipogenic genes in the adipose tissue of pregnant rats. Following treatment of the pregnant rats 
with VD3, protein was harvested from adipose tissue. The translational levels of fatty acid synthase (FAS), sterol regulatory element-binding protein-1c (SREBP-1c), 
and peroxisome proliferator-activated receptor-γ (PPAR-γ) were analyzed by western blot analysis. Data are expressed as the means ± SD from tissue of at least 3 
rats. Protein expression was normalized to that of an internal control protein (β-actin). *P<0.05 compared to the control (C; vehicle-treated) group.

Figure 4. Effect of 1,25-dihydroxyvitamin D3 (VD3) on the mRNA levels of lipogenic genes in the adipose tissue of pregnant rats. Following treatment of the 
pregnant rats with VD3, mRNA was harvested from the adipose tissue. Transcriptional levels of fatty acid synthase (FAS), stearoyl-CoA desaturase 1 (SCD1), 
acetyl-CoA carboxylase 1 (ACC1), sterol regulatory element-binding protein-1c (SREBP-1c), peroxisome proliferator-activated receptor-γ (PPAR-γ) and 
CCAAT/enhancer-binding protein-α (C/EBP-α) were analyzed by RT-qPCR. Data are expressed as the means ± SD from tissues of at least 3 rats. Gene expres-
sion was normalized to that of an internal control gene (β-actin). *P<0.05 compared to the control (C; vehicle-treated) group.
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concentration of 25(OH)D <30 nmol/l. The Indoor Air Quality 
Act of 1989 reported that Americans spent 93% of their time 
indoors on average, thus contributing to a higher prevalence of 
lower 25(OH)D concentrations in the blood of adults. Vitamin D 
deficiency among African American children has also been 
reported (30).

It is known that VD3 inhibits lipogenesis in 3T3-L1 pre-
adipocytes (31,32). However, the majority of previous studies 
were performed in vitro using mouse or human pre-adipocytes, 
and only a few animal studies were in vivo. Yin et al demon-
strated that VD3 modulates lipid metabolism by attenuating 
hepatic steatosis in the livers of male adult rats  (33). The 
protective effect of VD3 against hepatic steatosis was medi-
ated by downregulating SREBP-1c and its target genes, ACC 
and FAS (33). However, they did not examine the effect of 
VD3 in adipose tissue. In the present study, we, for the first 
time and to the best of our knowledge, examined the effects 
and role of VD3 in the adipose tissue and liver of pregnant 
animals. VD3 significantly reduced the fat deposition rate in 
adipose tissue and subsequently reduced the body weight of 
rats. As fat deposition and the size of adipocytes were reduced, 
we propose that VD3 administration alters lipogenesis.

In the present study, we found that the expression levels of 
the lipogenic proteins, FAS, SCD1 and ACC1, were downregu-
lated by VD3 in both the liver and adipose tissue of pregnant 
rats (Fig. 3 and 5). These results suggest that the reduction of 
body weight and fat deposition following treatment with VD3 
may be attributed to modulation of genes associated with lipo-
genesis. These lipogenic proteins are known to be regulated by 
specific transcription factors. For instance, the estrogen-medi-
ated reduction of ACC1 and FAS gene expression is caused 
by the downregulation of SREBP-1c, which is a transcription 
factor that binds to the specific promoter sequence sterol regu-
latory element-1 (SRE1) (34). In addition, SREBP-1c regulates 
genes required for glucose metabolism, as well as fatty acid and 
lipid synthesis (35). PPAR-γ and C/EBP-α are also transcrip-
tion factors related to lipogenesis (36).

As SREBP-1c, PPAR-γ and C/EBP-α have been reported 
to regulate the FAS, SCD1 and ACC1 genes (37,38), we exam-
ined the expression of these transcription factors following 
treatment with VD3. The lipogenic transcription factors were 
not as strongly regulated by VD3 as the lipogenic enzymes. 
SREBP-1c was significantly downregulated by VD3 in the 
liver, but not significantly in the adipose tissue, whereas 
C/EBP-α expression was not significantly altered by VD3 in 
the liver or adipose tissue. Of note, PPAR-γ was significantly 
upregulated by VD3 in adipose tissue, while its expression 
was not significantly increased in the liver. These results 
differ from those of previous studies on pre-adipocytes, which 
showed that VD3 markedly regulated SREBP-1c, C/EBP-α 
and PPAR-γ expression  (13,31,39). It is possible that the 
mechanism of the VD3-mediated inhibition of lipogenesis is 
controlled in a different manner during pregnancy, as a result 
of the unique endocrine environment. According to a previous 
study, PPAR-γ suppresses TG synthesis in rat hepatoma cells 
by reducing SREBP-1 activity through the upregulation of 
INSIG2 (40). INSIG2 is an endoplasmic reticulum protein 
that blocks the activation of SREBPs by binding to SREBP 
cleavage-activating protein (SCAP). Thus, in this study, we 
examined the expression levels of INSIG2 in the liver and 
adipose tissue following treatment with VD3. The INSIG2 
mRNA levels were significantly increased following treat-
ment with VD3 only in the adipose tissue. Taken together, 
our results suggest that VD3 reduces TG synthesis through 
the suppression of the expression of lipogenic enzymes in 
the liver and adipose tissue. However, the expression of the 
lipogenic transcription factors, SREBP-1c and PPAR-γ, was 
regulated by VD3 in a tissue‑specific manner, and INSIG2 
may be involved in this process.

Maternal obesity adversely affects the outcome of 
pregnancy, mainly as it increases the risk of hypertensive 
diseases (chronic hypertension and pre-eclampsia), gesta-
tional diabetes, the need for cesarean sections and the risk of 
infection (41). Furthermore, maternal obesity is related to a 
subsequent increased risk of childhood obesity and associated 
morbidity (41). Previous research has demonstrated the benefi-
cial effects of exercise during pregnancy, including a reduced 
risk of gestational diabetes, pre-eclampsia, and a higher rate 
of operative vaginal deliveries (42). In addition, the number of 
obese women of reproductive age undergoing bariatric surgery 
is increasing. It has been reported that pregnancies following 
bariatric surgery are less likely to be complicated by gestational 
diabetes mellitus, hypertension, pre-eclampsia and macro-
somia compared to obese women who have not undergone this 
surgery (43). However, physical activity during pregnancy is 
limited, and bariatric surgery is related to complications such 
as gastrointestinal obstruction and hemorrhage. Therefore, safe 
and easy methods to reduce maternal obesity during pregnancy 
are urgently required.

Taken together, the results of the present study demon-
strated that VD3 downregulated lipogenesis-associated gene 
expression, which triggered a reduction in fat synthesis in the 
liver, suppressed the deposition of adipose tissue, and finally 
reduced the body weight of pregnant rats. These results suggest 
that the supplementation of VD3 or exposure to sunlight helps 
to control weight gain during pregnancy, and thereby prevents 
obesity-associated pregnancy complications.

Figure 6. Tissue-specific effect of 1,25-dihydroxyvitamin D3 (VD3) on the 
mRNA levels of insulin-induced gene 2 (INSIG2) in the liver and adipose 
tissue. Following treatment of the pregnant rats with VD3, the translational 
levels of INSIG2 were analyzed by RT-qPCR. (A) Liver; (B) adipose tissue. 
Data are expressed as the means ± SD from tissue of at least 3 rats. Gene 
expression was normalized to that of an internal control gene (β-actin). 
*P<0.05 compared to the control (C; vehicle-treated) group.
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