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Background: Gestational diabetes mellitus (GDM) is a disorder of glucose metabolism that
occurs or is found for the first time during pregnancy. GDM is very harmful and urgently
needs drug treatment to improve pregnancy outcome. PPARS is involved in a variety of
biological processes related to glycolipid metabolism in the body, suggesting that it may be
closely related to insulin resistance and impaired glucose tolerance. The role of PPARS
agonist GW501516 in gestational diabetes has not been studied.

Methods: Firstly, the rat model of GDM was established. Then, fasting blood-glucose
(FGB), fasting insulin (FINS), HOMA-islet resistance index (HOMA-IR) and insulin sensi-
tivity index (ISI) of GDM rats treated with GW501516 were measured on day 3, day 10
and day 17. Glucose tolerance test was performed on the 20th day of gestation to measure
glucose tolerance in rats. The expression of PPARS and Angptl8 in islet tissues of rats was
detected by Western blot and immunohistochemistry (IHC). Histopathological changes of
islet were detected by HE stain; apoptosis rate of islet cells was detected by Tunel; and
expression of apoptosis-related proteins in the cells was detected by Western blot. The
biochemical kits were used to detect the expression of lipid metabolism-related factors in
blood of GDM rats after the PPARS agonist GW501516 treatment. Finally, the expression of
SREBP-1¢ and GLUT?2 in islet tissues was detected by RT-qPCR and IHC.

Results: The PPARS agonist GW501516 decreased the expression of FGB, FINS and
HOMA-IR in GDM rats, and we found that GW501516 decreased ISI in GDM rats.
GW501516 increased glucose tolerance in GDM rats too. In GDM rats, the expression of
PPARS in islet decreased and the expression of Angptl8 increased, which was reversed by
GW501516. In addition, we also found that GW501516 can improve the damaged islet tissue
of GDM rats, reduce the apoptosis rate of islet cells and inhibit the expression of lipid
metabolism-related factors in the blood. Finally, we found that GW501516 inhibited the
expression of SREBP-1c and promoted the expression of GLUT?2 in the islet tissue.
Conclusion: The PPARS agonist GW501516 could improve the blood glucose level,
damaged islet tissue and increase the insulin content in the rats with GDM, possibly by
regulating the SREBP-1¢/GLUT2 pathway. Our study provided a new basis for clinical
treatment of GDM in pregnant women with PPARS agonist GW501516.

Keywords: PPARS, GW501516, gestational diabetes mellitus, GDM, SREBP-1¢/GLUT2
pathway

Introduction

Gestational diabetes mellitus (GDM) refers to the normal glucose metabolism
before pregnancy and the phenomenon of the decline of potential glucose tolerance
and diabetes that occurs during pregnancy. More than 80% of pregnant women with
diabetes are GDM.! GDM is very harmful, not only affect the pregnant woman,
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which leads to dystocia, retinopathy and an increased risk
of type 2 diabetes, but also leads to fetal malformation,
stillbirth and neonatal respiratory disease caused by imma-
ture fetal lungs.” Therefore, diabetes treatment and inter-
vention should be taken in time to control the blood
glucose level and improve their pregnancy outcomes.

Peroxisome proliferators-activated receptor (PPAR), as
a class of nuclear transcription factors, can be activated by
corresponding ligands and is considered to be a member of
the nuclear receptor superfamily. PPAR is divided into three
subtypes: PPARo, PPAR & and PPARy® PPAR § are widely
distributed in adipose tissue, muscle tissue and nerve tissue,
especially in tissues related to glucose and lipid metabolism.
Activation of PPAR & stimulates the oxidation of fatty acids
in adipose tissue and skeletal muscle, which improve dysli-
pidemia in mice and humans.* In BXD mice, the expression
of PPAR & in muscle was positively correlated with endur-
ance performance and activation of PPAR § can effectively
inhibit glucose catabolic metabolism without affecting mus-
cle fiber type or mitochondrial content.” This suggests that
PPAR 6 may be closely related to insulin resistance and
impaired glucose tolerance. However, the expression and
the role of PPAR 6 in GDM are unknown.

GW501516 is a selective ligand of PPAR &, which can
reduce apoptosis of pancreatic beta cells of mice caused by
palmitate (PAM) and LPS,*’ and dysfunction of pancrea-
tic beta cells induced by elevated free fatty acid (FFA)
cycle now was considered as important pathological rea-
sons for type 2 diabetes.® However, the role of PPAR &
agonist GW501516 in GDM has not been studied.

Angiopoietin-like protein 8 (Angptl8) is secreted pro-
tein factor discovered in recent years, which are closely
related to sugar metabolism, lipid metabolism and insulin
sensitivity.”'* Studies have shown that Angptl8 affects
plasma lipoprotein levels by regulating glucose homeosta-
sis and insulin resistance.'’ So, Angptl8 can also be used
as a marker for the development of GDM.

Sterol regulatory element-binding protein 1c (SREBP-
Ic) is an important transcription factor regulating lipid
synthesis and glucose metabolism. Overexpression of
SREBP-1c can lead to increased lipid synthesis and dis-
order of glucose and lipid metabolism, which plays an
important role in the occurrence and development of
GDM.'? Studies have shown that SREBP-lc in liver
cells of diabetic rats can mediate the expression of
GLUT?2 gene stimulated by glucose.'*'* GLUT2 is mainly
expressed in the basolateral membrane of the proximal
tubules of the liver and pancreas and plays an important

role in glucose homeostasis in the organism.'> In addition,
Kramer et al'® reported that GW501516 and GW0742,
specific activators of PPAR 6, can directly affect the insu-
lin action of skeletal muscles by targeting the regulation of
SREBP 1¢/GLUT2 pathway. Therefore, it was speculated
that whether GW501516 acted through the SREBP 1c/
GLUT2 pathway in GDM rats.

Therefore, the purpose of this study was to detect the
expression of PPAR § in the pancreas of GDM rats and to
investigate the role of its agonist GW501516 in lipid meta-
bolism and insulin resistance in GDM rats. Our study pro-
vided a new basis for clinical treatment of GDM in pregnant
women with PPARS agonist GW501516.

Materials and Methods

Establishment of Animal Model

Fifty healthy female Wistar rats (180 ~ 220 g) were adap-
tively fed a basic diet for 1 week before modeling. Then,
they were given with a high-fat feed (corn starch 24.15%,
casein 20%, dextrin 13.2%, sugar 10%, 0.1% cholesterol,
22% lard, 5% cellulose and 3.5% minerals, vitamins, 1%
0.3% I-cystine, choline chloride 0.25%, bile salts, 0.5%)
for 8 weeks. The ratio of males to females in the same
cage was 1:2, and they were allowed to spend the night
together and the female mice whose sperm was observed
by microscopic examination were labeled as pregnant
mice. Fasting for 12h on the first morning of pregnancy
before treatment, a small dose of streptozotocin (STZ)
(35mg/kg) was intraperitoneal injection, which was dis-
solved with citrate—sodium citrate buffer at pH4.4, while
the blank control group was only given buffer injection.
After the injection for 72h (the 4th day of gestation),
fasting blood glucose was measured to be stable above
13.8mmol/L and gestational diabetes mellitus was consid-
ered to have been successfully modeled.

Experimental Grouping and
Administration

The animals were divided into normal pregnant female rats
(control, n=10), gestational diabetes mellitus (GDM, n=10),
GW501516 (Img/kg, n=10), GW501516 (3mg/kg, n=10),
GW501516 (10mg/kg, n=10), and metformin hydrochlor-
ide (DMBG, 200mg/kg - d, n=10). Both GW501516 groups
and GDM group were feed with high-fat feed. After the
successful establishment of the GDM model (the 4th day of
gestation), gavage of GW501516 in different doses was
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given for 20 days, once a day. The control group and the
model group were given normal saline.

Hematoxylin—Eosin (HE) Stain

Islet tissue was brought into 4% paraformaldehyde solu-
tion for several days and subsequently 5 mm longitudinal
sections were cut using a rotary microtome (Fa. Leica
Biosystems Nussloch GmbH, Germany). These sections
were stained with hematoxylin—eosin (HE) according to
the manufacturer ‘s instructions.

Immunohistochemistry (IHC)

The paraffin sections were blocked with 2% milk for 1 h and
probed with the primary antibody (1:800) overnight at 4°C.
After washing, the sections were incubated for 2 h at room
temperature in the appropriate biotinylated secondary antibo-
dies (diluted 1:500; all purchased from Vector Labs).
According to the manufacturer’s instructions, the slides were
incubated with the DAB kit for 10min. All tissue sections were
examined by light microscopy (BX51, Olympus, Japan).

TUNEL Assay

Paraffin-embedded sections were stained with terminal deox-
ynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay (In Situ Cell Death Detection Kit, Roche). In Situ Cell
Death Detection Kit with fluorescein-dUTP (Roche) was used
to detect TUNEL" cells. Islet cells were analyzed using Nikon
Eclipse E400 Microscope equipped with a Nikon DS-Ril
camera using NIS-Elements Microscope Imaging Software
or Spot Advance Software. The percentage of apoptotic cells
was calculated from randomly selected fields.

Western Blot Assay

Islet tissue lysates were prepared using tissue protein
extraction reagent (T-PER), which were then subjected to
centrifugation at 4 °C with a rotation speed of 10,000 rpm
for 10 min. The protein concentration was measured using
BCA kit (Beyotime). Samples underwent denaturation at
95 °C for 10 min and store overnight at —80°C. The proteins
separated on the gel were transferred onto PVDF mem-
branes and after transfer, membrane containing proteins
were blocked with 5% BSA for 1 h at room temperature.
Then, the blots were washed effectively with TBST for 3
times and incubated with diluted primary antibodies at 4 °C
overnight. The next day, blots were washed and treated with
respective secondary antibodies for 1 h at room temperature
and expression of the proteins of various experimental
groups was obtained using enhanced chemiluminescence

reagent (GE Healthcare) and Image J software (version
146; National Institutes of Health, Bethesda) was used to
analyze fold-changes of protein levels. Anti-cleaved-
caspase3 (1:1000; 9953S), anti-Bcl2 (1:1000; ab32124),
anti-Bax (1:1000; ab32503), anti-SREBP-1c¢ (1:1000;
ab133125), anti-GLUT2 (1:1000; ab54460), anti-GAPDH
(1:1000; ab181602) antibodies were obtained from Abcam.

ELISA Assay
The levels of high-density lipoprotein (HDL) and low-

density lipoprotein cholesterol (LDL) and insulin were
measured by ELISA according to the manufacturer’s
instructions (ThermoFisher, USA). The absorbance was
measured using a VersaMax microplate reader (Molecular
Devices Corporation, CA, USA).

Determination of Triglyceride (TG) and

Total Cholesterol (TC)

TG and TC were measured in the blood of GDM rats using
cholesterol and triglyceride assay kits (Cayman Chemical,
Ann Arbor, MI, USA) following instructions from the
manufacturer.

Quantitative Real-Time Polymerase Chain
Reaction (RT-qPCR)

Total RNA was extracted from cultured cells using RNAzol
RT (Sigma-Aldrich, USA), following the manufacturer’s
protocol. The RNA concentration and quantification were
assessed using a Nanodrop spectrophotometer (Thermo
Fisher Scientific, Inc.). After DNase I digestion, QuantiTect
Reverse Transcription Kit (QIAGEN China, Shanghai,
China) was used to carry out reverse transcriptions to synthe-
size ¢cDNA, according to the manufacturer’s protocols.
Subsequently, cDNA was analyzed using QuantiTect SYBR
Green PCR Kit (QIAGEN China, Shanghai, China), accord-
ing to the manufacturer’s protocols. Amplification conditions
were as follows: 95°C for 10 min, followed by 40 cycles of
95°C for 10 sec and 60°C for 60 sec. Primer sequences used
in PCR were obtained from GenScript (Piscataway, NJ,
USA). The primer sequences are as follows: SREBP-1c
forward: 5- AGTAGCAGCGGTGGAAGT -3'; SREBP-1c
reverse: 5'-CTTCCTGTATGTGCACTGGCGGTCCT-3". G
LUT2 forward: 5- GTCAGAAGACAAGATCACCGGA-
3'; GLUT?2 reverse: 5- AGGTGCATTGATCACACCGA-
3'. GAPDH forward: 5'-AGCCACATCGCTCAGACAC-3';

GAPDH reverse: 5'-GCCCAATACGACCAAATCC-3".
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GAPDH was included as an internal control and 2-AACq
method was used for statistical analysis.!”

Statistical Analysis

Data are expressed as mean + SD. Statistically significant
values were compared using 7-test, and P-values of less
than 0.05 were considered statistically significant.

Results

GWH501516 Decreased Fasting Blood
Glucose (FBG), Fasting Insulin (FINS),
HOMA-Islet Resistance Index (HOMA-IR)
Expression and Increased Insulin Sensitivity

Index (ISI) Expression in GDM Rats

FBG and FINS in each group were examined when GDM rats
were treated with GW501516 on 3rd, 10th, an 17th day, as
shown in Figure 1, we found that compared with the control
group, the level of FBG, FINS and HOMA-IR in GDM rats
increased and the level of ISI decreased significantly;
Compared with the GDM group, the levels of FBG, FINS
and HOMA-IR in rats treated with GW501516 decreased in
dose dependence, while the levels of ISI increased signifi-
cantly. No difference in FBG, FINS, HOMA-IR and ISI levels
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between the GWS501516 (15mgkg) and DMBG was
observed.

GWS501516 Increased Glucose Tolerance

in GDM Rats

After 21 days of treatment with GW501516, the FBG levels
at 0, 15, 30, 60, 90 and 120 min in the GDM group were
higher than those in the control group. The FBG levels at all
of the above time points were lower in the GW501516 group
than in the GDM group (Figure 2A). For the insulin test, rats
in the GDM group had higher FINS levels compared with
the control group; It was obvious that this was reversed with
GW501516 treatment (Figure 2B).

GWS501516 Increased the Expression of
PPARS in GDM Rats

We examined the expression of PPARS in the islet tissues of
rats and found that compared with the control group, the
expression of PPARS in the GDM group was significantly
decreased, while GW501516 showed a dose-dependent
improvement in the decline of PPAR §, and DMBG also
improved the decline (Figure 3A and B). In addition, the
expression of angiopoietin-like protein 8 (Angptl 8), which is
closely related to carbohydrate metabolism, lipid metabolism
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Figure | GW501516 decreased fasting blood glucose (FBG), fasting insulin (FINS), HOMA-islet resistance index (HOMA-IR) expression and increased insulin sensitivity
index (ISI) expression in GDM rats. (A) Expression level of FBG in rats. (B) Expression level of FINS in rats. (C) Expression level of HOMA-IR. Calculation method: HOMA-
IR = FBG xFINS/22.5. (D) Expression level of ISI. Calculation method: ISI=1/(FBGXFINS), where insulin unit was converted as (I ng/mL=21.2 mIU/L). n=10, **p<0.001 vs

control; #p<0.05, ##p<0.01, ####p<0.001 vs GDM.
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Figure 2 GW501516 increased glucose tolerance in GDM rats. OGTT assay measured the expression levels of FBG (A) and FINS (B) in rats. n=10, ***p<0.001 vs control;

#p<0.05, ##p<0.01, ###p<0.001 vs GDM.
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Figure 3 GW501516 increased the expression of PPARS in GDM rats. The expression levels of PPAR & and Angptl8 in the pancreas were detected by Western blot (A) and
IHC of PPAR 5 (B) and Angptl8 (C). n=3, ***p<0.001 vs control; ##p<0.01, ##p<0.001 vs GDM.

and insulin sensitivity, was also detected in pancreatic tis-
sues. We found that compared with the control group,
Angptl8 expression increased significantly in the GDM
group, while the expression of Angptl8 decreased in a dose-
dependent manner after GW501516 treatment, which was
consistent with that of the DMBG group (Figure 3A and C).

GW501516 Improved the Damaged Islet
Tissue and Reduced the Apoptosis Rate
of Islet Cells in GDM Rats

We detected the histopathological changes of islet in rats
by HE stain, and we found that the islet tissues of the

GDM group were severely damaged, while the islet tissues
of GDM rats were improved after treatment with
GW501516 and DMBG (Figure 4). Subsequently, we
detected the apoptosis of islet cells. We found that com-
pared with the control group, the apoptosis of islet cells in
the GDM group was severe (Figure SA and B), accompa-
nied by increased expression of Bax and Cleaved cas-
pase3, and decreased expression of Bcl-2 (Figure 5C).
Compared with the GDM group, GW501516 and DMBG
showed improved apoptosis, decreased expression of
Bax and Cleaved caspase3, and increased expression of
Bcl-2.
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Figure 4 GW501516 improved the damaged islet tissue in GDM rats. Histopathological changes of rat islet tissue were detected by HE staining. n=3.
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Figure 5 GW501516 reduced the apoptosis rate of islet cells in GDM rats. (A) Tunel staining detected changes in apoptosis level of islet cells. (B) Statistical analysis of
apoptosis rate. (C) Western blot was used to detect the expression of apoptosis-related proteins. n=3, ¥*¥p<0.001 vs control; #p<0.05, ##p<0.01, ###p<0.00| vs GDM.
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GWH501516 Inhibited the Expression of
Lipid Metabolism-Related Factors in Blood

We tested the expression of lipid metabolism-related fac-
tors: low-density lipoprotein cholesterol (LDL), triglycer-
ide (TG), total (TC) and high-density
lipoprotein (HDL). The results showed that the expressions
of LDL, TG and TC in GDM rats were significantly
increased, while the expressions of HDL were decreased.
Compared with GDM group, after GW501516 and DMBG
treatment, the expressions of LDL, TG and TC decreased,
while the expressions of HDL increased obviously
(Figure 6).

cholesterol

GWS501516 May Have a Therapeutic
Effect on GDM Through Regulating the

SREBP-1¢/GLUT?2 Pathway
To further explore the possible targets of GW501516 in the
treatment of GDM, we detected the expression of sterol

A

LDL(mmol/L)

TG(mmol/L)

regulatory element-binding protein lc (SREBP-1c) and
GLUT?2. We found that compared with the control group, the
expression of SREBP-1c in the GDM group increased, while
the expression of SREBP-1c decreased in a dose-dependent
manner after GW501516 treatment. The trend of GLUT2 was
contrary to that of SREBP-1c¢c (Figure 7A—C). From this, we
preliminarily concluded that GWS501516 may have
a therapeutic effect on GDM by regulating the SREBP-1c/
GLUT?2 pathway.

Discussion

PPAR receptor is a key regulator of adipocyte differentiation
and lipid metabolism, which can maintain the stability of
blood glucose and lipid, and its activation is necessary for
adipogenesis and insulin sensitivity.'® PPAR is divided into
three subtypes: PPARa, PPAR 6 and PPAR vy. Studies have
shown that the expression of PPAR v in placenta tissues and
adipose tissues is decreased.'”** And PPAR v is involved in
the regulation of genes related to lipid synthesis and storage

B

TC(mmoliL)

HDL(mmol/L)

Figure 6 GW501516 inhibited the expression of lipid metabolism-related factors in blood. The expressions of LDL (A), TC (B), TG (C) and HDL (D) were determined by
the corresponding kit. n=10, **p<0.001 vs control; #p<0.05, ##p<0.01, ###p<0.001 vs GDM.
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Figure 7 GW501516 may have a therapeutic effect on GDM through regulating the SREBP-1¢/GLUT2 pathway. Expression levels of SREBP-1c (A) and GLUT2 (B) in the
pancreas were detected by RT-qPCR and immunofluorescence staining of SREBP-1c and GLUT2 (C). The sample size of RT-qPCR was n=5, and the sample size of IHC

staining was n=3, **p<0.00| vs control; ##p<0.01, ###p<0.001 vs GDM.

and the production of adipokines and insulin signaling.*'**

Thiazolidinediones are PPAR vy agonists that can improve
the sensitivity of diabetic patients and insulin resistance
models.> At present, there are few studies on PPAR 9,
glucose metabolism and lipid metabolism. Doktorova
found that activation of PPAR & stimulates the oxidation of
fatty acids in adipose tissue and skeletal muscle, improving
dyslipidemia in mice and humans.* In BXD mice, the
expression of PPAR § in muscle was positively correlated
with endurance performance and activation of PPAR 6 can
effectively inhibit glucose catabolic metabolism without
affecting muscle fiber type or mitochondrial content.’
However, studies on the expression and role of PPAR 6 in
GDM have not been reported.

After successfully establishing the GDM rat model, we
found that the expression of PPAR & was significantly
decreased in the GDM rat model, which was consistent with
the literature we reviewed, indicating that PPAR 6 receptor
plays an important role in regulating the balance between lipid
metabolism and glucose metabolism in GDM. In addition,
angiotensin 8 (Angptl8) expression was significantly increased
in GDM rats and decreased in a dose-dependent manner after
GW501516 treatment. This is because Angptl8 plays an

important role in glucose metabolism during insulin
resistance.”* In 2013, Melton also found that Angptl8 could
specifically promote the proliferation of pancreatic 3 cells and
promote the production of insulin, thereby lowering blood
glucose.”

In this paper, we treated GDM rats with different con-
centrations of PPAR & receptor agonist GW501516 and
found that the expression levels of FBG, FINS and HOMA-
IR in GDM rats increased, while ISI levels in GDM rats
decreased. Meanwhile, GW501516 can increase the glucose
tolerance, improve the damaged islet tissue, and reduce the
apoptosis rate of islet cells of GDM rats. Our results are also
consistent with those of Li et al.?® In addition, in our experi-
ment, we only studied the effect of GW501516 on islet
tissues and islet cells of GDM rats. Is the effect of
GW501516 on other tissues and cells of GDM rats the
same as that of islet tissues? Magliano et al*’ found
that short-term administration of GW501516 improves
inflammatory state in white adipose tissue and liver damage
in high-fructose-fed mice through modulation of the renin-
angiotensin system. Early controlled release of peroxisome
proliferator-activated receptor /6 agonist GW501516
improves diabetic wound healing through redox modulation

submit your manuscript

2314

Dove

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Zhou et al

of wound microenvironment and GW501516 can facilitate
keratinocyte migration.”® We will continue to study the
effects of GW501516 on other organs of GDM rats in later
experiments. We also found that GW501516 inhibited the
expression of lipid metabolism-related factors in the blood.
The results showed that GW501516 had certain therapeutic
effect on gestational diabetes.

We investigated the mechanism of GW501516 in the
treatment of GDM. Through literature review, we found
that GW501516 could restore the expression level of
SREBP Ic and GLUT2 in non-alcoholic fatty liver disease
to normal. SREBP 1c and GLUT?2 play important roles in fat
synthesis and glucose metabolism homeostasis. Meanwhile,
Kramer et al'® reported that GW501516 and GW0742, spe-
cific activators of PPAR §, can directly affect the insulin
action of skeletal muscles by targeting the regulation of
SREBP 1¢/GLUT2 pathway. Therefore, we speculated
whether the therapeutic effect of GW501516 on GDM rats
was related to the SREBP 1¢/GLUT?2 pathway? In our paper,
we found that after GDM rats were treated with GW501516,
the expression of SREBP 1c decreased in a dose-dependent
manner, while the expression of GLUT?2 increased in a dose-
dependent manner. SREBP Ic is an important transcription
factor regulating lipid synthesis and glucose metabolism.
Overexpression of SREBP Ic can lead to increased fat
synthesis and disorder of glucose and lipid metabolism.
GLUT?2 plays an important role in glucose homeostasis in
organisms. Therefore, we preliminarily concluded that
GW501516 may have a therapeutic effect on GDM rats by
regulating the SREBP 1¢/GLUT2 pathway. The mechanism
will be further discussed in our laboratory later.

Conclusion

The PPAR 6 agonist GW501516 could improve the blood
glucose level, damaged islet tissue and increase the insulin
content in the rats with GDM, possibly by regulating the
SREBP-1¢/GLUT2 pathway.
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