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Abstract: Gestational diabetes mellitus (GDM) is a meta-
bolic disease that occurs during pregnancy. Herein, we
investigate G protein-coupled receptor 1 (GPR1) in med-
iating GDM through the phosphorylation of serine/threo-
nine kinase (AKT) pathway. Thirty pregnant SD rats were
grouped into: normal pregnancy control group (NC), GDM
model group, and GDM model + high-dose GPR1 antagonist
treatment (GDM + Ari) group. GDM model was established,
and the GDM + Ari group adopted GPR1 antagonist aripi-
prazole. The blood glucose level, insulin level, and insulin
resistance (IR) were detected. The expression and phos-
phorylation of GPR1, AKT, and extracellular signal-regu-
lated kinase (ERK) in placental tissue were detected using
reverse transcription-polymerase chain reaction (RT-PCR)
and western blotting (WB). The serum insulin concentra-
tion, glucose concentration, and glycated hemoglobin con-
centration during pregnancy in GDM group SD rats were
significantly higher than those in the NC group (P < 0.05).
The expression and phosphorylation levels of GPR1, AKT,
and ERK in the placental tissue of SD pregnant rats in the
GDM group were significantly lower than those in the NC
group. Furthermore, compared with the GDM group, the
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expression of GPR1, AKT, and ERK in placental tissue was
significantly reduced in the GDM + Ari group, while simul-
taneously enhancing the blood glucose level and IR level.
In addition, the survival number, body weight, and mal-
formation rate of the offspring of the GDM + Ari group
were significantly improved, and there was no significant
effect on the number of offspring. The expressions of GPR1,
AKT, and ERK in placental tissue exhibited a significant
decrease, while the glucose level and IR were observed to
increase in the GDM + Ari group. Enhancing the expression
of GPR1 may activate AKT phosphorylation to alleviate GDM.
GPR1 could potentially serve as a novel target for diabetes
treatment, offering new insights into managing GDM.

Keywords: GPR1, AKT, GDM, diabetes treatment, pregnancy,
metabolic dieases

1 Introduction

Gestational diabetes mellitus (GDM) is a metabolic disease
occurring during pregnancy and is characterized by glu-
cose metabolism disorders that first appear during preg-
nancy, which can pose a serious threat to the health of
pregnant women and infants [1]. In the 2021 global and
regional GDM prevalence assessment report, the preva-
lence of GDM was as high as 27.0% in the Southeast Asia
(SEA) region and 7.5% in the Middle East and North Africa
(MENA) region [2]. The annual incidence of GDM in China
accounts for 9.3% of the total increase in the world [3].
Current studies have shown that in addition to insulin
resistance (IR) during pregnancy, there are many other
factors affecting the occurrence of GDM, including genetic
factors, lifestyle, abnormal insulin secretion, and fetal fac-
tors [4]. At present, many countries and regions around
the world have developed special strategies and treatment
programs for women, including nutritional intervention,
insulin injection, and oral hypoglycemic drugs [5]. How-
ever, there are still many challenges in the accurate diag-
nosis and effective treatment of GDM.
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With the continuous advancement of medical tech-
nology and the increasing emphasis on health awareness,
the prevention and treatment of GDM are becoming increas-
ingly refined. Currently, the management of GDM primarily
involves a range of lifestyle interventions and pharma-
cotherapy [6]. In terms of lifestyle interventions, dietary
and exercise programs have emerged as the cornerstone
in managing GDM [7]. For pregnant women with severe
diabetes, drug therapy has become an indispensable measure.
The pathogenesis of GDM has a variety of mechanisms,
including B-cell dysfunction, IR, adipose tissue dysfunction,
gluconeogenesis, intestinal microbiota imbalance, and oxida-
tive stress [8]. Many studies have confirmed that molecular
markers, such as metabolites, single nucleotide poly-
morphisms (SNPs), microRNA (miRNA), and proteins in the
mechanism of GDM, can supplement existing clinical risk
factors to identify women at high risk of developing GDM
during pregnancy and postpartum type 2 diabetes (T2D) [9].
Therefore, the search for new therapeutic targets has become
a research hotspot in the prevention and treatment of GDM.

Phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT) participates in various cellular processes, including
glucose metabolism, insulin signaling, cell survival, and
proliferation. AKT is a serine/threonine kinase that is acti-
vated by phosphorylation of upstream kinases such as
PI3K and 3-phosphatidylinositol-dependent protein kinase
1 (PDK1) at threonine 308 and serine 473. Studies have
shown that the AKT phosphorylation pathway has a major
role in regulating insulin metabolism and cell proliferation
[10]. In a study to explore the mechanism of microRNA-351/
flotillin-2 (FLOT2)/PI3K/AKT and IR during pregnancy, GDM
rats had increased levels of PI3K, AKT, and FLOT2, as well
as phosphorylation of PI3K and AKT, while miR-351 expres-
sion was decreased [11]. Activated Akt enters and phos-
phorylates many of its downstream substrates to regulate
the severity of IR, thereby affecting the occurrence of GDM,
suggesting that the symptoms of GDM rats can be regulated
through the PI3K/AKT pathway. G protein-coupled receptor
(GPR1) can regulate cell metabolism, proliferation, and sur-
vival by activating the PI3K-AKT signaling pathway. Studies
have found that GPR1 expression promotes the phosphor-
ylation of Akt and ERK and the expression of proliferating
cell nuclear antigen (PCNA) protein in choriocarcinoma
trophoblast cells [12]. Mlyczyniska et al. [13] found that
GPR1 was expressed in the pituitary gland of pigs during
the estrous cycle and early pregnancy and proposed that
GPR1 was related to the regulation of MAPK/Erk1/2, Akt,
and AMPK signaling pathways affecting reproductive func-
tion. Therefore, this article explored GPR1 in the pathogen-
esis of GDM and its interaction with the AKT pathway
through animal experiments.
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2 Materials and methods

2.1 Subjects

Sprague-Dawley (SD) rats (Changzhou Cavens Experimental
Animal Co., Ltd.), SPF grade, all of them 8-9 weeks old,
weighing (186 + 9) g, were used in the experiments. The
rats were kept in a general animal room at a temperature
of 24-27°C, a relative humidity of 60%, and the alternating
light cycle was parallel to the outside day and night. Light
and dark exchange was carried out every 12h. The pur-
chased rats were adaptively housed for 1 week, and all
rats were allowed to eat and drink freely.

Ethical approval: The research related to animal use com-
plied with all the relevant national regulations and institu-
tional policies for the care and use of animals and has been
approved by the Institutional Animal Care and Use
Committee (IACUC).

2.2 GDM model and grouping

The procured SD rats were placed in a cage overnight at a
ratio of 2:1 female to male. On the second day, the vaginal
secretions of the female rats were taken and observed
under a microscope, and the presence of sperm was judged
as pregnancy, marked as day 0 of pregnancy (d0). Eighteen
pregnant SD rats were randomly grouped: NC, GDM model,
and GDM model + high-dose GPR1 antagonist treatment
(GDM + Ari).

For GDM model establishment, GDM rats were intra-
peritoneally injected with 45 mg/kg streptozotocin (STZ),
and blood glucose was collected from the tail vein 24h
after administration. When the blood glucose concentra-
tion was greater than 11.1 mM, the model was considered
successful.

NC group had no interventions.

In the GDM + Ari group, GDM rats were intraperitone-
ally injected with GPR1 antagonist aripiprazole at 2.5
mg/(kg day)™, 5mg/(kg day)" for 3 weeks, and the rats
were killed after continuous injection. The blood collection
and dissection were performed.

2.3 Serum glycosylated hemoglobin (HbA1c)

Blood samples were collected in a fasting state in the
morning before modeling and 24h after modeling. The



DE GRUYTER

content of HbAlc was detected by high-performance liquid
chromatography.

Methods: The collected blood was stored in ethylenedia-
mine tetraacetic acid (EDTA) anticoagulant tube (-80°C).
Before the test, the blood was taken out of the refrigerator
and placed in an ice box for dissolution. Then, part of the
blood was put into a centrifuge tube for centrifugation
(3,000 r/15 min), the serum was separated, and normal saline
(volume 1:5) was added to the serum for washing. After 4 h,
the blood was centrifuged (1,000 r/10 min). After removal of the
supernatant, 2 nM EDTA-Na, was added to the centrifuge tube,
shaken for 5min, and then centrifuged (3,000 r/5min). The
upper blood red liquid, HbAlc, was sucked by using a pipette.
American Bio-Rad D-10 HbAlc instrument was applied.

2.4 Glucose and lipid metabolism
parameters of pregnant SD rats after
modeling

Following modeling, pregnant SD rats were subjected to tail
vein blood sampling in the morning under a fasting state,
and the rats were fasted the night before blood sampling.

Fasting plasma glucose (FPG) was detected by using
the Johnson & Johnson One Touch Horizon blood glucose
meter and matching test paper. The tail (5 mm) of pregnant
SD rats was removed, and the hand was used to massage
until bleeding. The test paper dipped into the blood was
put into the blood glucose meter to detect FPG.

Fasting insulin (FINS) was detected by enzyme-linked
immunosorbent assay (ELISA): a rat FINS ELISA kit was
used for detection, and the operation was carried out in
strict accordance with the instructions.

a. The required reagents were mixed based on the instruc-
tions, eliminating bubbles in the liquid.

b. About 50 uL of the standard was added to the blank
microplate, repeating five wells.

c. Samples to be tested were numbered, and then 50 pL of
samples were added to the wells of the blank micro-
plate, repeating five wells.

d. Immediately, 50 uL of the enzyme labeling solution was
added to the reaction empty well, shaken well with an
oscillator, and incubated in the cell incubator for 1h.

e. The liquid in the microplate was shaken until clear and
washed with washing solution. It was shaken for 30s,
and the washing solution was dry; this was repeated
three times.

f. Substrate was added to each sampling well, with 50 pL
of solution A and 50 pL of solution B, and incubated in
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the dark (room temperature, 10 min) after uniform
shaking.

g. The microplate was removed, 50 uL termination solu-
tion was added, and the microplate was immediately
placed in the instrument to detect the absorbance of
the sample (450 nm).

h. The standard curve was drawn. The vertical coordinate is
the absorbance value, and the abscissa is the concentration
of the standard. The concentration of the sample to be
tested was calculated.

For assessment of IR-related indicators, IR index, and
islet B cell function, homeostasis model assessment (HOMA)
was adopted.

2.5 RT-PCR to detect gene mRNA expression
levels

The placentas of pregnant SD rats were collected. The mRNA
expression levels of GPR1, AKT, P-AKT, mammalian target of
rapamycin (mTOR), and P-mTOR were detected by RT-PCR.

Total RNA was extracted from the placental tissue
using the Trizol method. Labeled Eppendorf (EP) tubes
were placed in an ice box, mashed tissue was placed into
the EP tubes, thoroughly ground, centrifuged (3,000 r/
10 min), and the supernatant was collected. About 250 pL
of chloroform was added to the EP tube containing the
supernatant, shaken to make it fully react, and centrifuged
after 3min to collect the supernatant. Isopropyl alcohol
(volume 1:5) was added to extract RNA, shaken thoroughly,
incubated at -20°C for the reaction, and centrifuged to col-
lect the precipitate after 15min. The precipitate was col-
lected by centrifugation (1,200 r/5min), and RT-PCR grade
water (AM9935) was added to dissolve the precipitate. The
concentration and purity of the RNA were detected by the
instrument. The obtained RNA was reverse-transcribed into
cDNA, and the PCR quantitative kit was used for the experi-
ment. The reference gene GAPDH, F: 5-CTGGAGAAACCTGC
CAAGTATG-3, R: 5-GGTGGAAGAATGGGAGTTGCT-3; primers
for GPR1, AKT, P-AKT, and mTOR were designed.

GPR1 primer: F: 5 CCACAGGTTTCTTCATTCTGCAC - 3,
R: 5 GCCTCACACAAAAGCTGTATACTGAC - 3.

AKT primer: F: 5-GGACAACCGCCATCCAGACT-3, R: 5-
GCCAGGGACACCTCCATCTC-3".

P-AKT primers: F: 5-GTGCTGGAGGACAATGACTACGG-
3, R: 5-~AGCAGCCCTGAAAGCAAGGA-3.

mTOR primers: F: 5-~ATGACGAGACCCAGGCTAAG-3, R:
5-GCCAGTCCTCTACAATACGC-3.
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2.6 Western blotting (WB) to detect the
protein expression level

Part of the placenta tissues of the rats were cut and placed
in the corresponding EP tube. It was ground thoroughly,
adding 200 uL of protein lysate, and then it was mashed to
homogenize. The placenta tissues were centrifuged (4°C,
3,000 r/15 min), and the supernatant was collected. The pro-
tein concentration was detected using the bicinchoninic
Acid Assay (BCA), and the operation was strictly according
to the BCA protein concentration assay kit. The concentra-
tion and separation gels were prepared using sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The collected proteins were subjected to gel electro-
phoresis, then transferred to polydivinylidene fluoride
(PVDF) membrane, washed using the buffer solution
(TBST) and blocked by adding 5% skim milk powder. The
primary antibody was added 30 min later, incubated at 4°C,
and it was placed in a shaker overnight. The membrane
was washed again with TBST, repeating three times. The
secondary antibody was added and incubated at room tem-
perature, the membrane was rinsed, and then the infrared
imager was used for development. The gray value was
analyzed.

2.7 Hematoxylin and eosin (HE) staining and
immunohistochemistry

First, the placental tissues of rats were dehydrated, with
the alcohol gradient concentration from low to high. The
placentas were soaked in xylene to make the tissues trans-
parent. The clear tissue was immersed in paraffin for
embedding, and the wax solution was solidified before
use. The paraffin specimens were sectioned using a micro-
graph and placed in a water bath at 40°C to stretch the wax
slides. Then, they were removed and placed in the center of
the slide and baked at 60°C for 3 h. The dried sections were
deparaffinized and stained with HE. First, the slices were
stained with hematoxylin and washed with water after
5min. The paraffin sections turned blue. Then, they were
stained with eosin, soaked in water for 30 s, 5min later,
and then paraffin sections were dehydrated with alcohol.
They were transparent again with xylene, sealed, and
examined under a microscope. The photographic results
were analyzed according to the degree of staining and
the positive range.
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2.8 Relevant equations
The relevant equations are as follows:
puritygy, = A260/A280 = 2.0, )
Crna = OD260 x 40 x 10 - 3(pg/uL), ()
HOMA-IR = FINS x FBG/22.5, 3
HOMA-B = 20 x FINS/(FBG -3.5). 4)

2.9 State of offspring

The 21-day survival rate and fetal malformation rate of the
offspring in the NC group, GDM group, GDM + Ari(2.5)
group, and GDM + Ari(5) group were observed, and the
number of fetuses and birth weight were recorded.

2.10 Data processing

SPSS 25.0 data analysis software was utilized for statistical
analysis. Measurement data are presented as the mean +
standard deviation, and a t-test was employed for analysis.
Count data are expressed as percentages (%), and the X*
test was used for analysis. Statistical significance was
defined as a P value less than 0.05.

3 Results

3.1 Contrast of blood glucose levels before
and after modeling in pregnant SD rats

The blood glucose level of the GDM group was markedly
higher than that of NC after modeling. The blood glucose
level of the GDM + Ari group was markedly higher than
that of NC after GPR1 antagonist administration. Moreover,
the blood glucose levels in the GDM + Ari group were sig-
nificantly higher compared to the GDM group (P < 0.05),
with statistically significant differences (Figure 1).

3.2 Contrast of HbA1c levels in pregnant SD
rats after modeling

The HbAlc level of the GDM group was markedly superior
than in the NC after modeling, and that of the GDM + Ari group
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Figure 1: Contrast of blood glucose levels before and after modeling.
Note: relative to controls, P < 0.05; compared with the GDM group, *P <
0.05. NC: control group; GDM: gestational diabetes mellitus model; GDM
+ Ari(2.5): indicates treatment with 2.5 mg/(kg day)”' GPR1 antagonist in
the GDM model; GDM + Ari(5): indicates treatment with 5 mg/(kg day)’1
GPR1 antagonist in the GDM model. The blood glucose levels in the GDM
group were significantly elevated, indicating successful model establish-
ment, whereas in the GDM + Ari group, the blood glucose concentration
was even higher, suggesting that the GPR1 antagonist could exacerbate
IR in GDM rats.

was superior than in the NC after GPR1 antagonist administra-
tion (P < 0.05). Moreover, the HbA1lc levels in the GDM + Ari
group were significantly higher compared to the GDM group
(P < 0.05), with statistically significant differences (Figure 2).

3.3 Contrast of glucose and lipid metabolism
parameters in pregnant SD rats

Figure 3 illustrates that the FPG level of GDM and GDM +
Ari groups was markedly higher than in the NC (P < 0.05).
The level of FINS in the GDM group was markedly higher
than in NC. Relative to the NC group, the level of FINS in the
GDM + Ari group was markedly increased (P < 0.05).
Furthermore, the FPG and FINS levels in the GDM + Ari
group were significantly higher compared to the GDM
group (P < 0.05), with statistically significant differences.

3.4 Contrast of HOMA in pregnant SD rats

Figure 4 indicates that the HOMA-IR index of pregnant rats
in the GDM and GDM + Ari groups was markedly higher
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Figure 2: Contrast of HbA1c levels after modeling. Note: Relative to
controls, #P < 0.05; compared with the GDM group, *P < 0.05. NC: control
group; GDM: gestational diabetes mellitus model; GDM + Ari(2.5): indi-
cates treatment with 2.5mg/(kg day)™" GPR1 antagonist in the GDM
model; GDM + Ari(5): indicates treatment with 5mg/(kg day)’1 GPR1
antagonist in the GDM model; HbA1c represents glycated hemoglobin,
which reflects blood glucose levels.

than in the NC (P < 0.05). Furthermore, the HOMA-IR in the
GDM + Ari group was significantly higher compared to the
GDM group (P < 0.05), with statistically significant
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Figure 3: Contrast of glucose and lipid metabolic parameters. Note:
Relative to controls, *P < 0.05; compared with the GDM group, *P <
0.05. NC: control group; GDM: gestational diabetes mellitus model;
GDM + Ari(2.5): indicates treatment with 2.5 mg/(kg day)’1 GPR1 antago-
nist in the GDM model; GDM + Ari(5): indicates treatment with 5mg/
(kg day)™" GPR1 antagonist in the GDM model; FPG represents fasting
plasma glucose; FINS represents fasting insulin.
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differences. The HOMA-B index in the GDM and GDM + Ari
groups was markedly lower as than in the NC (P < 0.05).
Additionally, the HOMA-B index in the GDM + Ari group
was significantly lower compared to the GDM group (P <
0.05), with statistically significant differences.

3.5 HE staining characteristics of pregnant
SD rats

The results showed that in the NC, the villi were smaller in
volume, the number of trophoblast cells was less, the syn-
cytiotrophoblast cells were densely aggregated into tropho-
blast cell knots, and the trophoblast cells did not show
delamination. The villous interstitium was tightly inte-
grated, the number of venule vessels was more, and fibrin
was deposited in the intervillous space. In the GDM group,
the villus maturation was different, and most of the villi
were poorly developed. The number of trophoblast cells
and syncytiotrophoblast knots increased markedly, and
the basement membrane of trophoblast cells thickened
locally. The fibrotic portion of the villous interstitial sub-
stance increased, the villous state became edematous, and
the capillaries distended. In the GDM + Ari group, there
was a significant increase in the thickness of the tropho-
blast basement membrane in pregnant mouse placentas,

(a) 141 [=—JNC group

[ |epm group

12+ [ ] GDM+ATri group(2.5)
—— GDMH+Ari group(5)
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=
1

[

Detection level
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accompanied by a noticeable reduction in lipid droplet
accumulation within the placenta (Figure 5).

3.6 Expression of GPR1 mRNA in placental
tissue of pregnant SD rats

Figure 6 indicates that the GPR1 mRNA expression level of
pregnant rats in the GDM and GDM + Ari groups was
markedly lower than in the NC (P < 0.05). Furthermore,
the GPR1 mRNA expression in the GDM + Ari group was
significantly lower compared to the GDM group (P < 0.05),
with statistically significant differences.

3.7 Expression of AKT, P-AKT, mTOR, and
P-mTOR mRNA in placental tissues of
pregnant SD rats

Figure 7 indicates that the expression levels of P-AKT
mRNA and P-mTOR mRNA in GDM and GDM + Ari groups
were apparently lower relative to NC (P < 0.05). Moreover,
the levels of AKT mRNA and mTOR mRNA were signifi-
cantly decreased compared to the NC group (P < 0.05),
with statistically significant differences. Additionally, in
the high-dose GDM + Ari group, the mRNA levels of AKT,

b [ NC group

( ) 300 | |GDM group
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250+ = GpM+ari group(5)
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I
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Figure 4: Contrast of HOMA: (a) HOMA-IR index and (b) HOMA- index. Note: Relative to controls, #p<0.05; compared with the GDM group, *P < 0.05.
NC: control group; GDM: gestational diabetes mellitus model; GDM + Ari(2.5): indicates treatment with 2.5 mg/(kg day) " GPR1 antagonist in the GDM
model; GDM + Ari(5): indicates treatment with 5 mg/(kg day)”" GPR1 antagonist in the GDM model; HOMA-IR represents the IR index, where HOMA-IR

> 2.6 indicates IR; HOMA-B is used to evaluate pancreatic B-cell function.
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Figure 5: Histological images of placental tissues from SD pregnant rats stained with hematoxylin and eosin (HE) (a) HE staining, magnification x200,
and immunohistochemistry. (b) Immunohistochemical staining, magnification x200. Note: NC: control group; GDM: gestational diabetes mellitus
model; GDM + Ari(2.5): indicates treatment with 2.5 mg/(kg day)’1 GPR1 antagonist in the GDM model; GDM + Ari(5): indicates treatment with 5 mg/

(kg day)™" GPR1 antagonist in the GDM model.
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Figure 6: GPR1 mRNA expression level in the placental tissue. Note: As
against controls, *P < 0.05; compared with the GDM group, *P < 0.05. NC:
control group; GDM: gestational diabetes mellitus model; GDM + Ari(2.5):
indicates treatment with 2.5 mg/(kg day)™ GPR1 antagonist in the GDM
model; GDM + Ari(5): indicates treatment with 5 mg/(kg day)” GPR1 antago-
nist in the GDM model; GPRT mRNA represents the transcription level of GPR1.

P-AKT, mTOR, and P-mTOR in placental tissues were sig-
nificantly reduced compared to the GDM group (P < 0.05).

3.8 GPR1 protein expression in placental
tissue of pregnant SD rats

Figure 8 indicates that the expression level of GPR1 in the
GDM and GDM + Ari groups was apparently lower than in
the NC (P < 0.05). Furthermore, the expression level of
GPR1 in pregnant rats of the GDM + Ari group was signifi-
cantly lower compared to the GDM group (P < 0.05).

3.9 Expression of AKT, P-AKT, mTOR, and
P-mTOR proteins in placental tissues of
pregnant SD rats

Figure 9 reveals that the expression levels of P-AKT and
P-mTOR in GDM and GDM + Ari groups were apparently
lower than those in NC (P < 0.05). Furthermore, the expres-
sion levels of AKT, P-AKT, mTOR, and P-mTOR in pregnant
rats of the GDM + Ari group were significantly lower com-
pared to the GDM group (P < 0.05).
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Figure 7: Expression of AKT pathway-related proteins in the placental tissues. Note: As against controls, *P < 0.05; compared with the GDM group, *P <
0.05. NC: control group; GDM: gestational diabetes mellitus model; GDM + Ari(2.5): indicates treatment with 2.5 mg/(kg day)™ GPR1 antagonist in the

GDM model; GDM + Ari(5): indicates treatment with 5 mg/(kg day)™

' GPR1 antagonist in the GDM model; AKT: protein kinase B; P-AKT: phosphorylated

protein kinase B; mTOR: mammalian target of rapamycin; P-mTOR: phosphorylated mammalian target of rapamycin.

3.10 21-day survival rate and fetal
malformation rate of offspring in each

group

The effects of the GPR1 antagonist on the 21-day survival
number and malformation rate of the offspring on this
pathway were observed, and the results are illustrated in
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Figure 10. Compared with the NC group, the survival rate of
offspring significantly decreased, and the malformation
rate significantly increased in the GDM group at 21 days.
Compared with the GDM group, the 21-day survival number
was obviously higher, and the malformation rate was signifi-
cantly reduced in the GDM + Ari(25) and GDM + Ari(5)
groups, with significant differences.
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RV ——

B-actin  oe— —— —

Figure 8: GPR1 protein expression in placental tissue. (a) protein expression level; and (b) protein expression gel image. Note: As against controls, *P <
0.05; compared with the GDM group, *P < 0.05. NC: control group; GDM: gestational diabetes mellitus model; GDM + Ari(2.5): indicates treatment with
2.5mg/(kg day)" GPR1 antagonist in the GDM model; GDM + Ari(5): indicates treatment with 5mg/(kg day)™" GPR1 antagonist in the GDM model;
GPR1 represents G protein-coupled receptor.
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3.11 Number and weight of offspring at birth

The effects of the GPR1 antagonist on the number and
weight of offspring were observed, and the results are
illustrated in Figure 11. There was no significant difference
in the number of offspring in each group (P > 0.05). The
GDM group had significantly higher birth weight than the
NC group, and the GDM + Ari(2.5) and GDM + Ari(5) groups
had significantly lower birth weight (P < 0.05).

4 Discussion

GDM refers to a type of diabetes that occurs during preg-
nancy. The prevalence of GDM is on the rise worldwide
[14], and it can have adverse effects on the pregnancy of
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Figure 9: Contrast of AKT pathway-related protein expression levels in
the placental tissue. (a) protein expression level; and (b) protein expres-
sion gel image. Note: As against controls, *P < 0.05; compared with the
GDM group, *P < 0.05. NC: control group; GDM: gestational diabetes
mellitus model; GDM + Ari(2.5): indicates treatment with 2.5 mg/(kg
day)’1 GPR1 antagonist in the GDM model; GDM + Ari(5): indicates treat-
ment with 5mg/(kgday)” GPR1 antagonist in the GDM model; AKT:
protein kinase B; P-AKT: phosphorylated protein kinase B; mTOR: mam-
malian target of rapamycin; P-mTOR: phosphorylated mammalian target
of rapamycin.
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patients and may lead to a series of complications. Patients
with GDM exhibit elevated blood glucose levels during
pregnancy, which, if left uncontrolled, can result in fetal
macrosomia, fetal malformation, fetal death, and other com-
plications [15]. The hyperglycemic environment exposes the
fetus to excessive glucose levels and stimulates increased
insulin secretion. This leads to excessive fat accumulation
in the fetal body and subsequently contributes to the devel-
opment of macrosomia while also impacting fetal organ
function and increasing the risk of fetal malformations.
Furthermore, GDM not only poses adverse effects on the fetus
but also elevates the mother’s susceptibility to T2D [16]. Stu-
dies have shown that pregnant women with GDM have an
apparently increased risk of developing T2D in the first 10
years of pregnancy [17]. This is because IR increases during
GDM, and the insulin secreted by the islet f cells cannot meet
the demand, causing the occurrence of hyperglycemia. If
blood glucose is not controlled during pregnancy, it may
accelerate the deterioration of islet B-cell function and
increase the risk of diabetes. In addition, GDM can also
increase the risk of complications such as gestational hyper-
tension and preeclampsia, and the hyperglycemic environ-
ment impairs the vasoconstrictor function of pregnant
women, leading to increased blood pressure [18]. Pree-
clampsia is a grave pregnancy complication that can result
in life-threatening consequences for both the mother and
the baby. Hence, GDM not only poses detrimental effects
on maternal health but also escalates the risk of complica-
tions for both mothers and infants. Timely diagnosis and
effective management of GDM are imperative to safeguard
the well-being of pregnant women and fetuses.

This study used STZ to induce GDM. STZ can selectively
destroy islet B cells, resulting in reduced insulin secretion,
thus mimicking the pathological process of GDM [19].
The advantage of using STZ to induce GDM is that the
experimental conditions can be controlled, making the experi-
mental results more reliable. Herein, a series of experiments
have been conducted adopting STZ-induced GDM animal
models. In an experiment to explore whether crocetin can
inhibit GDM in diabetic rats by inhibiting inflammatory
response, an STZ-induced GDM model was adopted. By
detecting indicators such as blood glucose level, insulin
level, and islet morphology, researchers evaluated the
occurrence and development process of GDM and the influ-
ence of different factors on GDM [20].

The occurrence of GDM is closely related to IR. Increased
hormone levels during pregnancy lead to increased IR, which
prevents insulin from working properly. IR refers to the
decreased response of tissue cells to insulin, leading to the
inability of insulin to effectively promote the uptake and
utilization of glucose and then causing the occurrence of
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Figure 10: The 21-day survival number and fetal malformation rate of offspring in each group: (a) 21-day survival number and (b) malformation rate.
*indicates a significant difference compared with NC (P < 0.05); #indicates a significant difference compared with GDM (P < 0.05).

hyperglycemia [21]. In GDM patients, GPR1 participates in the
mechanism of regulating IR by phosphorylating the AKT
pathway. AKT is an important signaling molecule that parti-
cipates in important physiological processes. In the process
of insulin signaling, the activation of AKT can promote the
translocation of intracellular glucose transporter (GLUT),
increase glucose uptake and utilization, and thus reduce
blood glucose levels. In a study, FPG, CRP, and PI3K/Akt
were analyzed by qRT-PCR, morphological observation, and
WB. This indicates that the inhibition of PI3K/Akt can accel-
erate the progression of GDM [22]. The research findings indi-
cate that diabetic pregnancies are associated with reduced
placental p-Akt levels and decreased mTOR phosphorylation.
Moreover, under OGD conditions, primary cell cultures from
the trophoblast layer demonstrate lower levels of p-Akt and p-
mTOR compared to cells cultured under standard conditions

(2)

GDM+Ari
®)

GDM+Ari
(2.5)

GDM

NC

(all P < 0.05). However, the effects of increased glucose con-
centration on their respective levels are opposite. Administra-
tion of AMPK inhibitors does not significantly affect Akt
phosphorylation but partially reverses mTOR phosphoryla-
tion [23,24]. This suggests that Akt is involved in regulating
mTOR activity in the trophoblast layer of the GDM placenta.
In the study by Lees et al. [25], Pls-mediated ERK phosphor-
ylation was found to be suppressed in GPR61. This is con-
sistent with the results in this article, in which GPR1
expression levels were apparently decreased in pregnant
GDM rats, and phosphorylated AKT levels were correspond-
ingly decreased. This implies that the activity of the GPR1-AKT
pathway is inhibited in pregnant GDM rats, leading to the
blockage of insulin signaling. Further studies demonstrated
that downregulation of GPR1 expression and inhibition of
AKT phosphorylation effectively mitigate the development
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Figure 11: Contrast of number and weight of offspring at birth: (a) number of offspring and (b) weight of offspring at birth. *indicates a significant
difference compared with NC (P < 0.05); #indicates a significant difference compared with GDM (P < 0.05).
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of GDM in pregnant rats [26]. Activation of the GPR1-AKT
pathway enhances insulin signaling and facilitates glucose
uptake and utilization, thereby ameliorating the symptoms
associated with GDM. These findings suggest a close associa-
tion between GDM occurrence and IR, with GPR1 playing a
role in regulating GDM through AKT phosphorylation. Activa-
tion of GPR1 can enhance insulin signaling, thereby improving
IR. In GDM pregnant rats, the decreased expression level of
GPR1 significantly reduces AKT phosphorylation, conse-
quently inhibiting insulin signaling transduction. Further stu-
dies indicate that by inhibiting GPR1 expression and AKT
phosphorylation, the diabetic condition in GDM pregnant
rats can be effectively ameliorated. Activation of the phos-
phorylated AKT pathway can enhance insulin signaling trans-
duction and promote glucose uptake and utilization, thus
alleviating diabetic symptoms. In subsequent studies, it was
found that GPR1 antagonists did not affect the number of
offspring produced in experimental pregnant rats and had
positive significance in improving the survival, weight, and
malformation of offspring. Based on the mechanism of GPR1
activation of the phosphorylated AKT pathway, therapeutic
strategies targeting this pathway can be developed. This
may contribute to drug development, gene therapy, or other
interventions aimed at restoring insulin signaling transduc-
tion and alleviating diabetic symptoms.

5 Conclusion

GDM is a disease that can adversely affect both the mother
and the fetus and may lead to a range of complications. An
animal model of STZ-induced GDM can effectively simulate
the pathological process of GDM. The occurrence of GDM is
closely correlated with IR, and GPR1 participates in the
mechanism of regulating IR by phosphorylating the AKT
pathway. Therefore, further study on the regulatory
mechanism of GPR1 on IR will help to understand the
occurrence and development of GDM.
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