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Abstract

Background: Increased insulin production and secretion by pancreatic β-cells are 
important for ensuring the high insulin demand during gestation. However, the 
underlying mechanism of β-cell adaptation during gestation or gestational diabetes 
mellitus (GDM) remains unclear. Oxytocin is an important physiological hormone in 
gestation and delivery, and it also contributes to the maintenance of β-cell function.  
The aim of this study was to investigate the role of oxytocin in β-cell adaptation  
during pregnancy. 
Methods: The relationship between the blood oxytocin level and pancreatic β-cell function 
in patients with GDM and healthy pregnant women was investigated. Gestating and non-
gestating mice were used to evaluate the in vivo effect of oxytocin signal on β-cells during 
pregnancy. In vitro experiments were performed on INS-1 insulinoma cells.
Results: The blood oxytocin levels were lower in patients with GDM than in healthy 
pregnant women and were associated with impaired pancreatic β-cell function. Acute 
administration of oxytocin increased insulin secretion in both gestating and non-
gestating mice. A 3-week oxytocin treatment promoted the proliferation of pancreatic 
β-cells and increased the β-cell mass in gestating but not non-gestating mice. Antagonism 
of oxytocin receptors by atosiban impaired insulin secretion and induced GDM in 
gestating but not non-gestating mice. Oxytocin enhanced glucose-stimulated insulin 
secretion, activated the mitogen-activated protein kinase pathway, and promoted cell 
proliferation in INS-1 cells. 
Conclusions: These findings provide strong evidence that oxytocin is needed for β-cell 
adaptation during pregnancy to maintain β-cell function, and the lack of oxytocin could be 
associated with the risk of GDM. 

Introduction

During pregnancy, the increased energy demand for fetal 
growth leads to a higher glucose metabolic ratio (1). As a 
physiological adaptation, insulin secretion by pancreatic 
β-cells is increased, along with a compensatory expansion 
of pancreatic β-cell mass (1, 2). However, when this 
adaptation fails to meet the increased insulin demand, 
the blood glucose level increases in pregnant women and 
this can lead to the development of gestational diabetes 

mellitus (GDM) (3). GDM becomes an issue in as many 
as 5% of pregnancies worldwide and is one of the most 
common pregnancy complications (3, 4). Thus, the 
underlying mechanism that controls the compensatory 
expansion of pancreatic islets during pregnancy is  
worth investigating.

Pregnancy is associated with multiple protein factors 
and hormones, including oxytocin. Oxytocin is a 9-amino 
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acid neuropeptide that is synthesized by hypothalamic 
oxytocin neurons and has well-known roles in parturition 
and lactation (5). Recent reports have shown that oxytocin 
also contributes to maternal and sexual behaviors, bone 
formation, and metabolism (6). Strong evidence now also 
supports a relationship between oxytocin and diabetes; 
for example, Kujath et  al. found lower oxytocin levels in 
patients with type 1 diabetes (7). Patients with obesity and 
with newly diagnosed type 2 diabetes also show decreased 
circulating levels of oxytocin (8). This association of 
oxytocin with both pregnancy and diabetes (6) suggests 
a potential involvement of oxytocin in GDM, but this 
possible association has not been extensively studied. Stock 
et al. reported no alterations in oxytocin levels in women 
with GDM compared with normal pregnant women 
(9), but the limitations of the study population (only 12 
women with GDM and 12 normal pregnant women in the 
third trimester) made it necessary to investigate whether 
the oxytocin level is truly associated with the development 
of GDM. 

By contrast, the role of oxytocin in pancreatic islets 
is not questioned. Oxytocin modulates insulin and 
glucagon secretion in rodent islets (10), and it improves 
β-cell responsivity in healthy men exposed to a glucose 
challenge (11). Morphological evidence has also verified 
the expression of islet-derived oxytocin and oxytocin 
receptors in pancreatic β-cells (12, 13), suggesting that 
oxytocin signaling pathways may modulate β-cell 
functions and survival (13, 14). Therefore, elucidation of 
the oxytocin levels and their possible role in the adaption 
of β-cell functions during pregnancy is a meaningful and 
essential research endeavor. 

The aim of the present study was to investigate whether 
oxytocin affects β-cell adaptation during pregnancy. The 
circulating blood oxytocin levels and the relationship 
between oxytocin levels and β-cell functions were analyzed 
in patients with GDM and pregnant non-GDM volunteers. 
The effects of oxytocin receptor agonism or antagonism 
were also studied in gestating mice. In vitro experiments 
were also performed to investigate the possible mechanism 
of oxytocin regulation of β-cell function and proliferation. 

Materials and methods

Clinical characteristics

During 2018–2019, pregnant women aged 18–40 years who 
were diagnosed with GDM at the Shanghai First Maternity 
and Infant Health Hospital were enrolled in this study. 

Based on the guideline from ADA (15), pre-diabetes was 
diagnosed as a HbA1c of 5.7% to 6.5%, or a fasting plasma 
glucose (FPG) reading of 5.5 to 7.0 mM; diabetes was 
diagnosed as a HbA1c > 6.5% or FPG > 7.0 mM. All patients 
with GDM were newly diagnosed and had not undergone 
any anti-diabetic treatments. In this study, blood samples 
were collected during an oral glucose tolerance test (OGTT) 
at 24 to 28 weeks of gestation. Before OGTT, participants 
were fasted overnight (8–16 h), then blood samples were 
collected for the measurement of blood biochemical 
index. Additional fasting serum samples were collected to 
investigate the oxytocin, insulin, and c-peptide levels using 
commercial ELISA kits (Abcam). The results in ELISA assays 
were measured using a microplate reader (Flexstation 
3, Molecular Devices, San Jose, CA, USA). For OGTT in 
pregnant women, 75 g glucose dissolved in water was orally 
administrated, and plasma glucose or serum c-peptide 
levels were measured at 0, 1, or 2 h after glucose loading. 

Patients with secondary obesity and other diseases 
were excluded from this study. Ultimately, 50 patients 
with GDM and 59 healthy pregnant non-GDM volunteers 
were included in this study; their clinical characteristics 
are shown in Table 1. The study was approved by the Ethics 
Committee of Shanghai First Maternity and Infant Health 
Hospital. All participants signed informed written consent 
forms prior to participating in the study. 

Animal studies

All animal experiments were approved by the Animal Care 
and Ethics Committee of Shanghai First Maternity and 
Infant Health Hospital. Twelve-week-old male and female 
C57BL/6 mice were used in this study. The mice were freely 
supplied with a chow diet and water and were housed in a 
specific-pathogen-free (SPF) room following the standard 
operating procedure. After adaption for 7 days, the female 
mice and male mice were mated overnight and the pessary 
was examined to confirm pregnancy the next day. 

Oxytocin, or atosiban, a synthetic peptide oxytocin 
antagonist (16), was dissolved in sterilized saline. The acute 
effects of oxytocin or atosiban on the GTT were tested in 
untreated gestating mice at 14 days of gestation and in 
non-gestating mice. After fasting for 12 h overnight, the 
mice were injected subcutaneously with 1 mg/kg oxytocin 
(17), or 1 mg/kg atosiban (17), or saline (0.9% NaCl, used 
as a vehicle) 30 min before glucose loading (Six groups, 
n = 8). The GTT was then initiated by an intraperitoneal 
injection of 2 g/kg glucose, as previously described 
(18). Briefly, the blood samples were collected from the 
tail vein at 0, 30, 60, 90, 120 min after glucose loading,  
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then the blood glucose level was measured using a 
glucometer (ACCU-CHECK Active kit, Roche Diagnostics), 
the area under curve (AUC) of glucose level was drawn in 
each animal to compare the statistical difference. During 
GTT, extra blood samples were collected to measure the 
insulin concentration using a mouse insulin ELISA kit 
(Mercodia, Inc., Uppsala, Sweden). 

For the chronic test, 1 mg/kg oxytocin or atosiban was 
subcutaneously injected daily (09:00 h) into the gestating 
mice for 3 weeks, beginning 7 days before mating. Non-
gestating female mice of a similar age also received 1 mg/kg 
oxytocin or atosiban. Control non-gestating or gestating 
mice received saline vehicle injections (Six groups, n = 8). 
The body weights and FPG (6 h fasting) were measured 
weekly. At 14 days after mating (G14), the animals fasted for 
6 h, and then 1 U/kg insulin was intraperitoneally injected 
for the insulin tolerance test (ITT) assay. The blood samples 
were collected from the tail vein at 0, 30, 60, 90, 120 min 

after insulin loading, the blood glucose level was measured, 
the AUC was drawn to compare the difference of insulin 
sensitivity among each group. For GTT, after receiving the 
last administration of drugs (G15), the animals were fasted 
for 12 h overnight and then dosed with 2 g/kg glucose 
for the GTT assay at G16, insulin secretion during GTT 
was also measured. The flow chart of the experimental 
groups and timeline in animal experiments were shown in 
Supplementary materials (see section on supplementary 
materials given at the end of this article).

Immunohistochemistry and immunofluorescence

After the GTT assay at G16, the animals in the chronic 
test were sacrificed and the pancreas was removed and 
fixed in 4% paraformaldehyde, then embedded in paraffin 
for making tissue sections. The immunohistochemistry 
and immunofluorescence evaluations were performed 
as previously described (19). The expression of oxytocin 
receptor (OXTR) in the islet endocrine cells was detected in 
the tissue sections from vehicle-treated gestation (G) and 
non-gestating (NG) female mice. Immunohistochemical 
staining using insulin antibody and double-
immunofluorescent staining using insulin/Ki67 antibodies 
were performed in all six groups in the chronic test. 
The primary antibodies used were goat anti-oxytocin 
receptor (1:100, Santa Cruz Biotechnology), rabbit anti-
insulin (1:1000, Abcam), rabbit anti-glucagon (1:100, 
Abcam), rat anti-somatostatin (1:100, Abcam), rabbit 
anti-pancreatic polypeptide (1:100, Abcam), and mouse 
anti-Ki67 (1:100, Santa Cruz Biotechnology) antibodies. 
For immunofluorescence, the secondary antibodies were 
Alexa Fluor 594 conjugated donkey anti-goat/mouse IgG 
and Alexa Fluor 488 conjugated donkey anti-rabbit/rat IgG 
(1:400, Invitrogen). The nuclei were stained with 4′,DAPI 
(Sigma–Aldrich). For immunohistochemical staining, the 
secondary antibody was HRP-conjugated goat anti-rabbit/
mouse IgG followed by DAB staining using a commercial 
kit (MaxVisionTM HRP-Polymer anti-Rabbit IHC Kit, 
Maxim Biotechnologies, Fuzhou, China) following the 
manufacturer’s protocols. 

For immunohistochemical and immunofluorescent 
staining, 1–3 adjacent paraffin sections of pancreas 
tissues from each animal were used to receive images 
with consistent quality. Images were taken using a DP70 
microscope (Olympus) and analyzed using ImageJ software 
(NIH, Bethesda, MD, USA). Intra-islet expression of OXTR 
was calculated as the integral optical density (IOD) of 
OXTR-immunoreactive region per-islet adjusted by the 
area of each islet. All visible islets (at least five) on each 

Table 1 Clinical characteristics of non-GDM pregnant women 
and patients with GDM.

Non-GDM (n = 59) GDM (n = 50)

Age (years) 31.3 (5.7) 31.6 (4.9)
BMI (kg/m2) 23.5 (4.1) 25.1 (6.2)*
Body fat ratio (%) 38.2 (5.8)  43.3 (7.1)
HbA1c (%) 4.60 (0.42) 5.73 (0.77)*
Fasting plasma glucose 

(FPG, mmol/L)
4.73 (0.56) 6.30 (0.74)*

1 h glucose (mmol/L) 
during GTT

7.73 (1.67) 9.18 (2.39)*

2 h glucose (mmol/L) 
during GTT

5.62 (1.54) 7.32 (1.24)*

Fasting serum insulin  
(FSI, mU/L)

5.71 (2.33) 11.86 (3.19)**

Fasting c-peptide (ng/mL) 2.15 (0.83) 2.79 (1.16) 
1 h c-peptide (ng/mL) 

during GTT
9.54 (3.82) 7.23 (2.67)*

2 h c-peptide (ng/mL) 
during GTT

4.38 (2.41) 4.91 (2.37)

HOMA-IR 0.86 (0.25) 1.94 (0.66)*
HOMA-β (%) 95.25 (13.72) 43.77 (17.61)**
Systolic blood pressure 

(mmHg)
123.5 (11.2) 126.1 (14.5)

Diastolic blood pressure 
(mmHg)

76.1 (8.7) 79.3 (6.9)

Fasting triglyceride 
(mmol/L)

1.96 (0.34) 1.17 (0.28)

Fasting HDL (mmol/L) 1.87 (0.36) 1.57 (0.44)
Fasting LDL (mmol/L) 2.79 (0.28) 2.43 (0.22)

Data were expressed as mean (s.d.). Mann–Whitney U-tests were 
performed to compare the difference between patients with gestational 
diabetes mellitus (GDM) and non-GDM pregnant women.
*P < 0.05, **P < 0.01.
GTT, glucose tolerance test; HDL, high density lipoprotein; HOMA-IR, 
homeostasis model assessment of insulin resistance; HOMA-β, homeostasis 
model assessment of pancreatic β-cells; LDL, low density lipoprotein.
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pancreatic tissue section were analyzed, then the mean 
IOD value of intra-islet OXTR was calculated in each 
animal for statistical comparison (n = 8). Pancreatic β-cell 
mass was calculated as (total insulin-immunoreactive area/
pancreas tissue area on paraffin section) × pancreas weight, 
this value was analyzed on pancreatic tissue sections from 
each animal in all six groups (n = 8). To evaluate β-cell 
proliferation, an islet with Ki67+/insulin+ cells was labeled 
as a Ki67-positive islet. The total Ki67-positive islet number 
on pancreatic tissue sections from each animal in all six 
groups was counted for statistical comparison (n = 8).

Islet isolation and qPCR

Two days after GTT (G16), the vehicle-treated NG and 
G mice in the acute test were used for islet isolation to 
compare the mRNA expression of Oxtr in the islets (n = 8). 
Islets were isolated as described previously (20). Briefly, 
the mice were anesthetized with chloral hydrate, and 
1 mg/mL collagenase V (Sigma–Aldrich) was injected 
via the common bile duct into the mouse pancreas for 
further digestion. At least 200 islets could be received 
from each mouse. Total RNA was extracted from 50 
islets (isolated from an independent animal) with Trizol 
(Invitrogen) and the RNA sample was reverse transcribed 
using a commercial kit (Takara). The qPCR procedure was 
performed using SYBR Green Kits in an ABI 7300 Sequence 
Detection System (Applied Biosystems). To calculate the 
relative expression of Oxtr in the islets from vehicle-treated 
NG and G mice, a delta CT method was used in this study. 
Primers for mouse cells were oxytocin receptor (Forward: 
5′- GGACGTCAATGCGCCCAAAGAAG -3′; Reverse: 5′- 
ACTCGAGCTGCAACGACTCA -3′), and the housekeeping 
gene β-actin (Forward: 5′- GGCTGTATTCCCCTCCATCG 
-3′; Reverse: 5′- CCAGTTGGTAACAATGCCATGT -3′). 

Cell culture, cell viability, EdU assays, and  
glucose-stimulated insulin secretion (GSIS) in vitro

Rat insulinoma INS1 cells were cultured in RPMI-1640  
medium with 10% fetal bovine serum and 50 μM 
β-mercaptoethanol at 37°C (5% CO2, 95% air). After 
incubation with different compounds for 24 h, the 
cell viability was determined with the CCK8 assay 
(Dojindo Molecular Tech. Tokyo, Japan), following the 
manufacturer’s protocols. To evaluate cell proliferation, 
the EdU assay was conducted with a BeyoClickTM EdU-594 
kit (Beyotime, Shanghai, China). The nuclei were stained 
with DAPI. Immunofluorescent photos were taken using 
a DP70 microscope (Olympus), and the proliferative ratio 

was calculated as EdU-positive cell number divided by total 
DAPI-staining cell number. 

To investigate the effect of oxytocin signal on insulin 
secretion in vitro, INS-1 cells were plated into 24-well 
plates (50,000 cells per well). The culture medium was 
changed to HBSS without glucose for 1 h and pre-treated 
with different compounds (HBSS, without glucose) for  
15 min. Then the medium was changed to 2.8 mM glucose 
dissolved in HBSS (with those different compounds) for  
1 h, and the supernatant in each well was collected as low 
glucose-stimulated samples. Subsequently, the medium 
was changed to HBSS contained 16.8 mM glucose with 
different compounds, after another 1-h incubation, the 
supernatant was collected as high glucose-stimulated 
samples. The insulin concentration in low and high 
glucose-stimulated samples was measured by ELISA 
and adjusted by the DNA content of cells in each well. 
The insulin secretion function was calculated as fold 
(high glucose/low glucose) of increasing in insulin  
concentration (n = 5).

Western blot analysis

After the INS-1 cells were treated with different 
compounds for different time, the cells were lysed in 
radioimmunoprecipitation assay (RIPA) buffer (Beyotime), 
and the resulting protein lysates were subjected to Western 
blot analysis, as previously described (20). The following 
primary antibodies were obtained from Cell Signaling 
Technology: rabbit anti-CDK4 (1:1000), rabbit anti-cyclin 
D1 (1:1000), rabbit anti-tubulin (1:1000), rabbit anti-
phosphorylated MEK (1:1000), rabbit anti-total MEK 
(1:1000), rabbit anti-phosphorylated ERK (1:1000), and 
rabbit anti-total ERK (1:1000). The secondary antibody was 
goat anti-rabbit IgG (1:10,000, Sigma–Aldrich). The images 
of blots were captured and analyzed on ChemiDoc XRS+ 
system (Bio-Rad). All blots were repeated at least for three 
times. The optical density (OD) of each band in blot was 
analyzed by ImageJ software (NIH).

Statistics

All data are expressed as mean ± s.d. Mann–Whitney U-tests 
were used for the analysis of the clinical data. Student's 
t-test was used to compare the difference between the two 
groups. Two-way ANOVA analysis was used in the other 
experiments to compare the differences among multiple 
groups. A value of P < 0.05 was considered statistically 
significant.
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Results

Serum oxytocin level is correlated with β-cell 
function during gestation

We investigated the potential association between serum 
oxytocin level and β-cell function by comparing patients 
with GDM and non-GDM pregnant women. Table 1 shows 
the clinical characteristics of the patients with GDM and 
the non-GDM volunteers. The patients with GDM had 
higher fasting blood glucose and HbA1c levels, impaired 
glucose tolerance and β-cell function, and other multiple 
diabetic symptoms. Interestingly, at 36 weeks of pregnancy, 
the serum oxytocin levels were significantly lower in the 
patients with GDM (118 ± 32 pg/mL) than in the non-
GDM pregnant women (137 ± 24 pg/mL) (Fig. 1A). Further 
correlation analyses confirmed a positive correlation 
between serum oxytocin levels and the levels of released 
glucose-stimulated c-peptide (Fig. 1B) and between the 
serum oxytocin levels and the HOMA-β index (Fig. 1C).

Expression of the oxytocin receptor is increased in 
pancreatic β-cells of gestating mice

We investigated the expression of the oxytocin receptor 
in pancreatic islets from non-gestating and gestating 
mice. Double-immunofluorescence results showed that 
the oxytocin receptor is highly expressed in murine islets 
(Fig. 2A and B) and shows an overlap with insulin-positive 
β-cells, but less of an overlap with glucagon-positive, 
somatostatin-positive, and pancreatic polypeptide (PP)-
positive α-, δ-, and PP-cells (Fig. 2A). Immunohistochemical 
staining revealed that the expression of the oxytocin 
receptor was higher in the islets from gestating mice than 
from non-gestating mice (Fig. 2B and C). In line with this 
result, the mRNA expression of oxytocin receptor was also 
higher in isolated islets from gestating mice than in non-
gestating mice (Fig. 2D). 

Acute and chronic treatment of oxytocin both 
enhanced insulin secretion in gestating mice

The expression of the oxytocin receptor is increased in the 
islets during gestation; therefore, we tested the effect of 
exogenous oxytocin on the function of pancreatic β-cells 
in gestating mice. Acute administration of oxytocin 30 min  
before glucose loading reduced glucose tolerance in 
both non-gestating and gestating mice (Fig. 3A and B). 
Determination of glucose-stimulated insulin secretion 
suggested that an acute administration of oxytocin 

enhanced both the first and second phases of insulin 
secretion (Fig. 3C, D and E).

A 3-week chronic administration of oxytocin had 
minor effects on bodyweight (Fig. 4A) and random blood 
glucose measurements (Fig. 4B). At 2 weeks of gestation, 
an insulin tolerance test showed slight insulin resistance 
in the gestating mice but not in the non-gestating mice,  

Figure 1
Decreased serum oxytocin levels are associated with β-cell dysfunction in 
patients with gestational diabetes mellitus (GDM). (A) Serum oxytocin 
level in patients with gestational diabetes mellitus (GDM, n = 50) and 
healthy pregnant women (non-GDM, n = 59), ***P < 0.001. (B) Correlation 
between glucose-stimulated c-peptide release and the serum oxytocin 
level in non-GDM and GDM women. ns, not significant; ***P < 0.001. (C) 
Correlation between HOMA-β index and the serum oxytocin level in 
non-GDM and GDM women. ns, not significant; **P < 0.01.
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but chronic oxytocin treatment did not alter insulin 
tolerance (Fig. 4C and D). A similar tendency was 
found with the glucose tolerance test. However, a 
3-week oxytocin treatment slightly improved glucose 
tolerance although the difference was not statistically 

significant (Fig. 4E and F). The glucose tolerance test 
indicated that the 3-week oxytocin treatment caused a  
significant enhancement of insulin secretion in the 
gestating mice but not in the non-gestating mice (Fig. 
4G and H). 

Figure 3
The effect of acute oxytocin treatment on 
gestating mice. (A) Non-gestating (NG) mice and 
gestating (G) mice at 2 weeks of gestation 
received vehicle or oxytocin 30 min before 
glucose loading for a glucose tolerance test (GTT). 
Blood glucose levels were recorded. (B) The area 
under curve (AUC) of THE GTT in (A). *P < 0.05, 
***P < 0.001 as indicated, n = 8. (C) Serum insulin 
concentrations were measured at different times 
before and after glucose loading during the GTT 
in (A). (D) The AUC of the first (1st) phase (0 to  
10 min) of insulin secretion in (C). *P < 0.05,  
**P < 0.01 as indicated, n = 8. (E) The AUC of the 
second (2nd) phase (10 to 120 min) of insulin 
secretion in (C). *P < 0.05, ***P < 0.001 as 
indicated, n = 8. 

Figure 2
The expression of the oxytocin receptor is increased in the islets of gestating mice. (A) Double-immunofluorescent staining of oxytocin receptor (OXTR) 
and insulin (INS), glucagon (GCG), somatostatin (SST), and pancreatic polypeptide (PP) in pancreatic islets from non-gestating mice. DAPI was used to 
stain the nucleus. Scale bar = 100 μm. (B) Immunohistochemical staining of pancreatic islets from non-gestating (NG) mice and gestating (G) mice using 
OXTR antibody. Scale bar = 100 μm. (C) The relative integral optical density (IOD) of OXTR immunostaining between NG and G mice, *P < 0.05, n = 8.  
(D) The mRNA expression of Oxtr in isolated islets from NG and G mice, *P < 0.05, n = 8.
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Antagonism of the oxytocin receptor by atosiban 
impairs glucose tolerance and insulin secretion in 
gestating mice

We investigated the effect of antagonism of the oxytocin 
receptor during gestation with atosiban, a specific inhibitor 
of the oxytocin receptor. Acute and chronic atosiban 
experiments revealed, as expected, that pre-treatment 

with atosiban increased glucose tolerance in both  
non-gestating mice and gestating mice (Fig. 5A and B).  
During the GTT, insulin secretion was also inhibited 
by the acute administration of atosiban (Fig. 5C, D and 
E). Chronic treatment of atosiban for 3 weeks, starting  
7 days before mating, did not alter bodyweight (Fig. 6A) or 
the random blood glucose level (Fig. 6B) in non-gestating 
or gestating mice. Atosiban promoted a slight increase 

Figure 4
The effect of chronic oxytocin treatment on gestating mice. (A) Seven days before mating, vehicle and oxytocin were injected daily into NG and G mice for 
3 weeks. Bodyweight was measured every week. (B) Seven days before mating, vehicle and oxytocin were injected daily in NG and G mice for 3 weeks. 
Random blood glucose was measured every week. (C) After a 3-week administration of vehicle or oxytocin, the insulin tolerance test (ITT) was performed 
in NG and G mice. (D) The AUC of ITT in (C). *P < 0.05 as indicated, n = 8. (E) After a 3-week administration of vehicle or oxytocin, the GTT was performed 
in NG and G mice. (F) The AUC of THE GTT in (E). ns, not significant; *P < 0.05 as indicated, n = 8. (G) During the GTT in (E), the serum insulin concentration 
was measured. (H) The AUC of insulin secretion in (G). ***P < 0.001 as indicated, n = 8.

Figure 5
The effect of acute atosiban treatment in 
gestating mice. (A) Non-gestating (NG) mice and 
gestating (G) mice at 2 weeks of gestation 
received vehicle or atosiban 30 min before 
glucose loading for the glucose tolerance test 
(GTT). Blood glucose levels were recorded.  
(B) The area under curve (AUC) of THE GTT in (A).  
*P < 0.05, ***P < 0.001 as indicated, n = 8.  
(C) Serum insulin concentrations were measured 
at different times before and after glucose 
loading during the GTT in (A). (D) The AUC of the 
first (1st) phase (0 to 10 min) of insulin secretion 
in (C). *P < 0.05, **P < 0.01 as indicated, n = 8.  
(E) The AUC of the second (2nd) phase (10 to  
120 min) of insulin secretion in (C). *P < 0.05,  
***P < 0.001 as indicated, n = 8.

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-21-0043

https://ec.bioscientifica.com © 2021 The authors
Published by Bioscientifica Ltd

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-21-0043
https://ec.bioscientifica.com


P Gu et al. Oxytocin ensures islet 
adaptation in gestation

701

PB–XX

10:7

in insulin sensitivity in the gestating mice, although the 
effect was not statistically significant (Fig. 6C and D). 
Notably, chronic treatment with atosiban triggered glucose 
intolerance (Fig. 6E and F) and decreased the secretion of 
insulin during the GTT (Fig. 6G and H).

The oxytocin signal is associated with maternal 
islet expansion and β-cell proliferation

The effect of chronic treatment with oxytocin or atosiban 
on the morphology of islets was also investigated in 
gestating mice. Insulin immunostaining showed a greater 
β-cell mass in gestating mice than in non-gestating mice 
(Fig. 7A and B). No obvious difference was found in non-
gestating mice treated with chronic exposure to oxytocin 
or atosiban; however, chronic treatment of gestating 
mice with oxytocin significantly promoted maternal islet 
expansion, while atosiban reduced this process (Fig. 7A 
and B). Double-immunofluorescence staining showed a 
higher Ki67+/insulin+ cell number in the islets of gestating 
mice than in non-gestating mice (Fig. 7C and D). Oxytocin 
also showed a tendency to increase the proliferative β-cell 
ratio in gestating mice, whereas atosiban inhibited β-cell 
replication in gestating mice; however, the differences did 
not reach statistical significance (Fig. 7C and D).

Oxytocin enhances pancreatic β-cell proliferation 
the activation of the MAPK pathway

A 24 h treatment of the rat INS-1 insulinoma cell line 
with oxytocin revealed a dose-dependent increase in 
cell viability, while co-incubation with 1 μM atosiban 
inhibited this oxytocin-induced cell growth (Fig. 8A). 
Treatment with atosiban alone did not alter the cell 
viability of INS-1 cells (Fig. 8B). EdU staining showed that 
the oxytocin-induced increase in viability of INS-1 cells 
could be due to increased cell proliferation (Fig. 8C and D). 
Atosiban co-incubation abolished this oxytocin-induced 
cell proliferation (Fig. 8C and D). The expression of two 
proliferative protein markers, cyclin-dependent kinase 
4 (CDK4) and cyclin D1, were both dose-dependently 
increased after a 24 h treatment with oxytocin (Fig. 8E, F 
and G). In contrast, co-incubation of the INS-1 cells with 
atosiban inhibited the increase in CDK4 and cyclin D1 
expression (Fig. 8H, I and J).

Western blots revealed that oxytocin treatment 
of INS-1 cells stimulated the phosphorylation of two 
mitogen-activated protein kinases (MAPKs), MEK and ERK, 
within 0.5 to 1 h (Fig. 9A, B and C). Co-treatment with a 
MEK inhibitor, PD98059, reduced ERK phosphorylation 
at 1 h after oxytocin administration (Fig. 9D and E). 
Prolongation of the treatment beyond 24 h resulted in 

Figure 6
The effect of chronic atosiban treatment in gestating mice. (A) Vehicle or atosiban was injected daily in NG and G mice for 3 weeks, beginning 7 days 
before mating. Bodyweight was measured every week. (B) Vehicle and atosiban were injected daily in NG and G mice for 3 weeks, beginning 7 days 
before mating. Random blood glucose levels were measured every week. (C) After the 3-week administration of vehicle or atosiban, the insulin tolerance 
test (ITT) was performed in the NG and G mice. (D) The AUC of ITT in (C). ns,not significant; **P < 0.01 as indicated, n = 8. (E) After the 3-week 
administration of vehicle or atosiban, the GTT was performed in the NG and G mice. (F) The AUC of the GTT in (E). *P < 0.05, ***P < 0.001 as indicated, 
n = 8. (G) During the GTT in (E), the serum insulin concentration was measured. (H) The AUC of insulin secretion in (G). ***P < 0.001 as indicated, n = 8.
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a reduction in the expression of CDK4 and cyclin D1 by 
PD98059, similar to the effect of atosiban (Fig. 9D, F and 
G). In line with this result, 10 μM PD98059 (with no cell 
toxicity at this dosage) showed a similar inhibitory effect 
on the viability of oxytocin-treated INS-1 cells (Fig. 9H 
and I). We also noticed that co-treatment with atosiban, 
but not with PD98059, could inhibit oxytocin-stimulated 
acute insulin secretion by INS-1 cells (Fig. 9J).

Discussion

Although the clinical use of oxytocin to improve uterine 
contractions in patients with GDM has been reported (6), 
whether the circulation level of oxytocin is associated 
with the development of GDM remains unclear. In this 
study, GDM patients with no other chronic disease, and 
especially metabolic disorders, were enrolled and analyzed. 
We found that the circulating levels of oxytocin were lower 
in patients with GDM than in healthy pregnant women, 
suggesting a relationship between circulating oxytocin 
levels and the development of GDM. This result differed 
from the findings of an earlier study by Stock  et  al (9). 
However, only 12 women with gestational diabetes and 12 
normal pregnant women were enrolled in this earlier study 
to test the effect of 400 kcal breakfast meal challenge on 
oxytocin levels. Thus, although a larger study population 

is still needed, the present work has provided important 
evidence of a decreased level of oxytocin in patients with 
GDM. Our further analysis of this relationship revealed a 
significant positive correlation between oxytocin level and 
β-cell functions in patients with GDM. 

Therefore, oxytocin may play an important role in 
the β-cell adaption process during pregnancy, and a lack 
of oxytocin in pregnant women could be one of the risk 
factors associated with the development of GDM. To 
confirm this speculation, we tested the effect of exogenous 
oxytocin and the antagonist of oxytocin receptors, 
atosiban, on glucose profiles in gestating mice. Several 
studies have previously reported that acute treatment with 
oxytocin can reduce plasma glucose levels and stimulate 
insulin secretion in animals and humans (11, 21, 22). 
A previous study revealed that the oxytocin receptor is 
present in islets by immunohistochemical staining (12). 
However, considering the complicated effect in the islet 
endocrine signal, the precise localization of oxytocin 
receptors with different islet endocrine cell types needs 
further investigation. Double-immunofluorescent 
staining showed that oxytocin receptor is co-localized with 
insulin-positive β-cells, but less in other islet endocrine 
cells, which is in line with a recent report (13). Therefore, 
acute treatment with oxytocin could certainly activate 
insulin secretion via oxytocin receptor agonism and the 
downstream signals in pancreatic β-cells. In line with  

Figure 7
Chronic oxytocin or atosiban treatment affects 
islet expansion and β-cell proliferation. (A) After a 
3-week treatment with vehicle, oxytocin (oxy), or 
atosiban (ato) in non-gestating (NG) mice and 
gestating (G) mice, pancreatic tissue sections 
were immunohistochemically stained for insulin. 
Representative images are shown, scale 
bar = 500 μm. (B) The β-cell mass was analyzed in 
pancreatic tissue sections from each animal.  
*P < 0.05, **P < 0.01, ***P < 0.001 as indicated,  
n = 8. (C) Double immunofluorescence staining 
for insulin (INS) and Ki67 was performed in NG 
and G mice treated with chronic oxytocin or 
atosiban levels; DAPI was used to stain the nuclei. 
Representative images are shown, scale 
bar = 100 μm. (D) Islet with Ki67+/insulin+ cells 
was recorded as a Ki67-positive islet; the number 
of Ki67-positive islets in pancreatic tissue sections 
from each animal was counted. ns, not 
significant; *P < 0.05 as indicated, n = 8.
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these results, we found that acute oxytocin administration 
also improved glucose tolerance and insulin secretion, 
while atosiban blocked insulin secretion in gestating mice. 

Chronic treatment with oxytocin can improve 
tolerance in animal models of obesity (22, 23, 24). 
In this study, although random blood glucose levels 
were not altered, a 3-week administration of oxytocin 
enhanced insulin secretion in gestating mice. This effect 
could be attributed to the increased β-cell mass and cell 
proliferation observed in oxytocin-treated gestating mice. 

The proliferative activity of oxytocin has been reported in 
multiple cells, like glial cells (25), corticotrophic adenomas 
(26), and periodontal stem cells (27). Importantly, Mohan 
et  al. reported that oxytocin has a proliferative effect on 
pancreatic β-cells and protects against apoptosis in vitro 
(13). β-cell proliferation is important for islet expansion 
during pregnancy (28) therefore, oxytocin-induced β-cell 
proliferation could play a crucial role in this process.

Chronic treatment with atosiban, an oxytocin receptor 
antagonist (13), reduced the β-cell proliferation ratio, β-cell 

Figure 8
The effect of oxytocin on the proliferation of the INS-1 β-cell line. (A) INS-1 cells were treated for 24 h with different concentrations of oxytocin in the 
presence/absence of 1 μM atosiban and the cell viability was measured with the CCK8 assay. **P < 0.01, ***P < 0.001, n = 6. (B) INS-1 cells were treated 
for 24 h with different concentrations of atosiban and the cell viability was measured with the CCK8 assay. (C) INS-1 cells were treated for 24 h with 1 
μM oxytocin in the presence/absence of 1 μM atosiban, then EdU assays were performed. Red stained nuclei indicate EdU-positive cells, all nuclei were 
stained with DAPI. Representative images are shown, scale bar = 100 μM. (D) Statistical analysis of (C). ns, not significant; ***P < 0.001 compared with 
control group; ###P < 0.001 as indicated, n = 10. (E) INS-1 cells were treated for 24 h with different concentrations of oxytocin and then cell lysates were 
subjected to Western blotting using CDK4 and cyclin D1 antibodies; tubulin was used as an internal reference. (F) The optical density (OD) of each band 
was measured; the ratio of CDK4/tubulin was calculated as the relative expression of CDK4, *P < 0.05, **P < 0.01 compared to the control group, n = 3. 
(G) The ratio of cyclin D1/tubulin was calculated as the relative expression of cyclin D1, *P < 0.05, **P < 0.01 compared to the control group, n = 3. (H) 
INS-1 cells were treated for 24 h with different concentrations of oxytocin in the presence/absence of 1 μM atosiban and then the cell lysates were 
subjected to Western blotting using CDK4 and cyclin D1 antibodies; tubulin was used as an internal reference. (I) The ratio of CDK4/tubulin was 
calculated as the relative expression of CDK4, *P < 0.05 compared to the control group, #P < 0.05 as indicated; ns, not significant, n = 3. (J) The ratio of 
cyclin D1/tubulin was calculated as the relative expression of cyclin D1, **P < 0.01 compared to the control group, ##P < 0.01 as indicated; ns, not 
significant, n = 3.
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mass, glucose tolerance, and insulin secretion in gestating 
mice, but had much less effect in non-gestating mice. 
These results further suggested the importance of oxytocin 
signaling in islet expansion during pregnancy. During 
gestation, adaptive islet expansion relies on multiple 
proteins and hormones, like hepatic growth factor 
(HGF) (4), insulin-like growth factor (IGF) (4), platelet-
derived growth factor (PDGF) (29), and adiponectin (28).  

Lack of these bioactive proteins and hormones could cause 
dysfunction of the adaptation of maternal β-cells during 
pregnancy and could be an important trigger for GDM 
(4). Our study has provided novel evidence that oxytocin 
is also crucial in this important physiological process. It 
should be noticed that unlike in humans, circulating levels 
of mouse oxytocin only increase in very late pregnancy 
(30), further investigation is important to reveal the 

Figure 9
The effect of oxytocin on MAPK signal of the INS-1 β-cell line. (A) INS-1 cells were treated with 1 μM oxytocin for different times and the cell lysates were 
subjected to Western blotting using phosphorylated MEK (p-MEK), total MEK (t-MEK), phosphorylated ERK (p-ERK), and total ERK (t-ERK) antibodies; 
tubulin was used as an internal reference. (B) The optical density (OD) of each band was measured; the ratio of p-MEK/t-MEK was calculated and adjusted 
by the OD of tubulin, *P < 0.05, **P < 0.01 compared to the control group, n = 3. (C) The optical density (OD) of each band was measured; the ratio of 
p-ERK/t-ERK was calculated and adjusted by the OD of tubulin, *P < 0.05, **P < 0.01, ***P < 0.001 compared to the control group, n = 3. (D) INS-1 cells 
were treated for 1 h or 24 h with different concentrations of oxytocin in the presence/absence of 10 μM PD98059 (a MEK inhibitor, MEKi) and the cell 
lysates were subjected to Western blotting using p-ERK, t-ERK, CDK4, and cyclin D1 antibodies; tubulin was used as an internal reference. (E) The ratio of 
p-ERK/t-ERK was calculated and adjusted by the OD of tubulin; (F) The ratio of CDK4/tubulin was calculated as the relative expression of CDK4; (G) The 
ratio of cyclin D1/tubulin was calculated as the relative expression of cyclin D1, **P < 0.01, #P < 0.05 as indicated; ns, not significant; n = 3. (H) INS-1 cells 
were treated for 24 h with different concentrations of oxytocin in the presence/absence of 1 μM PD98059, and then the cell viability was measured with 
the CCK8 assay. **P < 0.01, ***P < 0.001, n = 6. (I) INS-1 cells were treated for 24 h with different concentrations of PD98059, and then the cell viability 
was measured with the CCK8 assay. IC50 = 49.3 μM. (J) INS-1 cells were pre-treated with different compounds for 15 min, then treated with low (2.8 mM) 
glucose (1 h) and high (16.8 mM) glucose (1 h) concentrations to trigger insulin secretion. The fold increase of insulin secretion in response to high 
glucose vs low glucose was calculated. ***P < 0.001, n = 5.
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effect of oxytocin on glucose homeostasis in pregnant 
mice. However, considered that exogenous oxytocin 
supplementary improves glucose profiles, inhibiting 
oxytocin signal by atosiban impairs insulin secretion and 
glucose tolerance in pregnant mice, oxytocin signal could 
play an important role in the β-cell adaptation during 
gestation in rodents.

A possible mechanism of oxytocin signaling related 
to adaptive islet expansion during pregnancy was also 
investigated in this study. As a typical G-protein coupled 
receptor (GPCR), the activated oxytocin receptor could 
increase intracellular calcium concentrations to enhance 
insulin secretion in pancreatic β-cells (13). The increased 
expression of the oxytocin receptor found in gestational 
islets could serve to enhance insulin secretion to meet 
the high glucose utilization ratio during pregnancy. In 
addition, the downstream kinase activated by this GPCR 
is important. Oxytocin can activate the MAPK pathway 
in multiple types of cells in a time-dependent and 
transient manner (31, 32, 33). We confirmed that oxytocin 
activation induced phosphorylation of the MEK/ERK 
signal in INS-1 cells peaked at 30–60 min after oxytocin 
treatment. Although the phosphorylation decreases over 
time, MAPK activation is believed to contribute to β-cell 
proliferation in INS-1 cell lines. Recently, Watanabe et al. 
reported that oxytocin receptor knockout mice have 
impaired MAPK signals in islets, and this leads to impaired 
insulin secretion and glucose intolerance (14). In line 
with this result, chronic antagonism of oxytocin signal by 
atosiban impaired islet adaptation and glucose tolerance in 
gestating mice, which could be attributed to the reduced 
acute oxytocin-enhanced insulin secretion and chronic 
cell proliferation via MAPK activation. 

In summary, this study has provided strong evidence 
that oxytocin signaling is crucial for the adaptive islet 
expansion during pregnancy. Lack of oxytocin is associated 
with an increased risk of GDM, and this finding enhances 
the understanding of the pathological mechanism of 
GDM and suggests a possible diagnostic and therapeutic 
target for GDM. 
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