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Abstract

Background: Oxidative stress leads to insulin resistance and gestational diabetes mellitus 
(GDM). The nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1  
(HO-1) signaling is an important anti-oxidative stress pathway, which can be activated 
by hypoxia-reoxygenation (H/R) treatment. We aimed to demonstrate the effects of H/R 
treatment on GDM symptoms as well as reproductive outcomes.
Methods: Pregnant C57BL/KsJ db/+ mice were used as a genetic GDM model. Plasma 
insulin and other biochemical indexes of plasma, insulin sensitivity, glucose intolerance, 
blood glucose and liver biochemical indexes were evaluated. Protein abundance of HO-1 
and Nrf2 were assessed with Western blot.
Results: H/R treatment markedly ameliorated β-cell insufficiency and glucose intolerance, 
suppressed oxidative stress in vivo, stimulated the activities of anti-oxidant enzymes, and 
led to improved reproductive outcomes. The beneficial effects of H/R treatment were 
mechanistically mediated via the restoration of Nrf2/HO-1 anti-oxidant signaling pathway 
in the liver of GDM mice.
Conclusion: Our study, for the first time, suggests that H/R treatment is a potentially novel 
therapeutic approach against GDM symptoms, by activating the Nrf2/HO-1 signaling 
pathway and inhibiting oxidative stress.

Introduction

Gestational diabetes mellitus (GDM) is primarily resulted 
from insulin resistance and glucose intolerance during 
pregnancy, affecting 7% of pregnant women globally 
(1, 2). GDM causes higher risks of diabetes, obesity 
and premature cardiovascular system disease during 
pregnancy for the fetus as well as the mother (2, 3). 
GDM may also lead to deficits in fetal development, with 
~15–45% of babies born by diabetic women exhibiting 
macrosomia symptoms (4, 5). Therefore, investigation 
and development of effective treatments against GDM are 
of essential clinical value.

In order to sustain the fasting energy requirements 
during pregnancy, the endogenous production of glucose 
is increased by ~30% in pregnant women at the late 
gestational stage (6). However, in women with GDM,  

β cell dysfunction can clinically manifest as an increase 
in insulin resistance and results in hyperglycemia 
during pregnancy (7, 8). Following the increased insulin 
resistance, circulating lipids, including free fatty acids, 
triglycerides (TG), low-density lipoprotein (LDL) and total 
cholesterol (TCh), are all elevated (9, 10). The placenta is a 
highly vascularized structure, enriched with mitochondria 
and high in reactive oxygen species (ROS) production and 
metabolic rate. Therefore, pregnancy is regarded as a pre-
diabetic state with greater oxidative stress (11, 12).

Oxidative stress, which is among the major factors 
contributing to the diabetes pathogenesis, exerts crucial 
functions in the development of insulin resistance (13). 
Several reports have shown the manifestation of oxidative 
stress following GDM diagnosis (14, 15, 16, 17, 18, 19). 

-20-0555

Key Words

ff gestational diabetes 
mellitus

ff oxidative stress

ff Nrf2HO-1 signaling

ff db/+ mouse model

ff hypoxia-reoxygenation 
treatment

Endocrine Connections
(2021) 10, 84–91

ID: 20-0555
10 1

This work is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License.https://doi.org/10.1530/EC-20-0555

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

mailto:zhangjf00116@163.com
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-20-0555
https://ec.bioscientifica.com


X Hou et al. Role of hypoxia in gestational 
diabetes mellitus

85

PB–XX

10:1

In GDM patients, the serum malondialdehyde (MDA) 
level was increased whereas glutathione peroxidase 
(GPx) was reduced at 26–32 weeks of gestation (16). 
Toescu  et al. showed that levels of lipids, as well as the 
lipid hydroperoxide activities, were elevated in women 
with GDM at late gestational stage (17). Levels of 
protein carbonyl content, plasma superoxide dismutase 
(SOD) and placental 8-isoprostane were all increased in 
pregnant women with GDM (15). The liver is the largest 
internal organ in the human body and is responsible 
for the metabolism of endogenous molecules as well as 
xenobiotics to maintain metabolic homeostasis (20). 
Many free radicals, for instance reactive sulfur species, 
reactive nitrogen species, and ROS, are the products of 
liver metabolism. When there is disruption in the balanced 
free radical production, oxidative stress is generated, 
which may result in liver damage and dysfunction, as well 
as hyperglycemia (21, 22). Several investigations have 
suggested that there is a strong association between liver 
metabolic dysfunction-induced oxidative stress and GDM 
or type 2 diabetes (20, 21, 23, 24). Thus, it is important 
to demonstrate the relationship between GDM and 
oxidative stress in the liver. Screening and development 
of novel anti-oxidants that alleviate oxidative stress and 
improve liver functions may provide valuable strategies 
for treating GDM.

The hypoxia-reoxygenation (H/R) treatment is 
recently reported to exhibit anti-oxidative efficacy in 
rodent models by activating nuclear factor erythroid 
2-related factor 2 (Nrf2) (25). The nuclear transcription 
factor Nrf2 is an essential anti-oxidative regulator that 
maintains the redox state and defends against intracellular 
oxidative stress (26). We therefore investigated the effect 
of H/R treatment in attenuating GDM symptoms using 
the pregnant C57BL/KsJ db/+ mouse model, as well as 
potential involvement of Nrf2 in this process.

Materials and methods

GDM mouse model

All experiments involving the use of mice were conducted 
in compliance with the Guide for the Care and Use of 
Laboratory Animals (8th edition, NIH), and obtained 
approval from the CANGZHOU CENTRAL HOSPITAL 
Animal Care and Use Committee. All measures were taken 
to minimize unnecessary suffering of the animals. C57BL/
KsJ wild-type (WT) and db/+ female mice (8-week old) 
were obtained from Shanghai Laboratory Animal Center 

(Shanghai, China) and used in the current study as the 
GDM mouse model (27). The animals were housed under 
standard rearing conditions (12 h light:12 h darkness 
cycle), and allowed access to food and water ad libitum. 
At 10 weeks of age, female mice were individually mated 
with WT male mice, and on the next morning, designated 
gestation day (GD) 0, mice were checked for the presence 
of a copulatory plug to confirm successful mating.

H/R treatment

Pregnant female mice were then randomly assigned to 
various treatment groups with 12 mice per group. H/R 
treatment started on GD 0, and was conducted once per 
day till full term delivery. For the H/R treatment group, 
mice were first subjected to hypoxic insult with 6% O2 for 
1 h, followed by reoxygenation with 21% O2 for another 
1 h, as previously described (25). For the control group, 
mice were housed with constant 21% O2.

Glucose tolerance test (GTT) and insulin tolerance 
test (ITT)

GTT and ITT were performed on GD 15. For GTT, mice, 
after 6 h fasting, received intraperitoneal (i.p.) injections 
of glucose at 2 g per kg body weight. Blood samples at 
0, 30 and 60 min following glucose administration were 
obtained from the tail via capillary tubes. For ITT, mice 
were fasted for 6 h and given i.p. insulin at 0.75 U per 
kg body weight. At 0, 30 and 60 min following insulin 
injections, blood samples were similarly collected.

Serum glucose, serum insulin and body weight

At GD 0, 10 and 20, serum glucose and insulin levels as 
well as body weight were examined. Non-fasting samples 
of the blood were collected through tail vein, and the 
level of serum glucose was assessed using a glucometer 
(Lifescan Surestep). Serum insulin level was determined 
with UltraSensitive Mouse Insulin ELISA Kit (EMINS, 
Thermo Fisher Scientific). A top-loading balance (Fisher 
Scientific) was used to measure body weight.

Liver dissection

Six pregnant mice were sacrificed on GD 20, and blood 
and liver samples were harvested. Meanwhile, the other 
six mice were saved until completion of the pregnancy 
to collect the livers of the offspring after birth, which 
were dissected as previously established (28). For liver 
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collection, mice were deeply anesthetized with a cocktail 
of 10 mg/kg acepromazine, 100 mg/kg xylazine and 100 
mg/kg ketamine. The abdominal cavity was cut open 
to expose the portal vein, through which an insulin  
bolus (10 U/kg diluted in 100 μL saline) was delivered. 
The livers were dissected immediately and stored at -80°C 
until later use.

Biochemical indexes analyses

For measurement of blood indexes, GTT and ITT were 
examined as described previously (after 6 h fasting), 
while other biomedical indexes were measured under fed 
conditions. Female WT and db/+ mice were sacrificed on 
GD 20. Samples of blood were centrifuged at 1000 g for 10 
min at 4°C to collect serum samples, which were frozen at 
-80°C for subsequent analyses. Liver tissues were collected 
and frozen at -80°C for assessments of biochemical 
indexes. The TCh, LDL, high-density lipoprotein (HDL), 
MDA and TG levels were evaluated with Total Cholesterol 
Assay Kit (STA-384, Cell Biolabs), LDL/VLDL and HDL 
Cholesterol Assay Kit (STA-391, Cell Biolabs), Lipid 
Peroxidation MDA Assay Kit (S0131, Beyotime, Shanghai, 
China), and Serum Triglyceride Quantification Kit (STA-
396, Cell Biolabs), respectively. Atherogenic index was 
determined as previously established (29). Preparation 
of liver lysates was conducted following previously 
described protocol (27). The MDA, GPx, SOD, catalase 
(CAT), and glutathione (GSH) levels in the liver were 
determined using Lipid Peroxidation MDA Assay Kit 
(S0131), Total Glutathione Peroxidase Assay Kit (S0058), 
Total Superoxide Dismutase Assay Kit with NBT (S0109), 
Catalase Assay Kit (S0051), and Glutathione Reductase 
Assay Kit (S0055), obtained from Beyotime Biotechnology 
(Shanghai, China), respectively.

Western blot

Samples of liver tissues (500 mg) were homogenized on 
ice using a cell strainer (40 μm) with 2 mL cold buffer A 
(in mM: 10 Tris–HCl at pH 7.4, 250 sucrose, and 5 MgCl2).  

Liver lysates were first centrifuged at 4°C for 15 min at 500 g.  
The resulted pellets were rinsed with buffer A again and 
then resuspended gently in eight volumes of buffer B (in 
mM: 10 Tris–HCl at pH = 7.4, 2000 sucrose, and 1 MgCl2). 
Next, the mixture was centrifuged at 4°C for 30 min at 
16,000 g, and the brownish upper layer was carefully 
discarded to collect the white pellet (the nuclei) in the 
bottom layer. The nuclei lysates were then examined 
through immunoblotting as previously described (22). 
Mouse Heme oxygenase-1 (HO-1) (1:1000, #ab13248) 
and Nrf2 (1:1000, #ab76026) primary antibodies were 
purchased from Abcam; Histone-3 antibody (1:2000, 
#9715) was purchased from CST, Inc. (Danvers, USA).

Statistical analysis

Statistical analyses were performed with GraphPad 
Prism (https://www.graphpad.com/). One-way or two-
way ANOVA followed by a Bonferroni post hoc multiple 
comparison test was employed to assess the differences 
between groups. The data were expressed as mean ± s.d. 
P < 0.05 was regarded as statistically significant difference.

Results

H/R treatment attenuates GDM symptoms in 
pregnant db/+ mice

We first examined the effect of H/R treatment on GDM 
symptoms in pregnant db/+ mice, in terms of steady state 
blood glucose and insulin levels during pregnancy. It was 
found that body weight gains throughout the pregnancy in 
all three groups were nearly identical (Fig. 1A), suggesting 
the H/R treatment didn’t cause any general adverse 
effect on pregnancy. Next, in WT females, blood glucose 
levels were stable on GD 0, 10 and 20 (Fig. 2B); whereas 
db/+ female mice exhibited markedly increased levels of 
blood glucose, which is the characteristic hyperglycemic 
symptom of GDM. In contrast, in db/+ females treated 
with H/R, blood glucose remained at similar levels as the 
WT group during the entire pregnancy, suggesting an 

Figure 1
H/R treatment attenuates GDM symptoms in 
pregnant db/+ mice. Maternal body weight (A), 
and serum glucose (B) and insulin levels (C) were 
measured on gestation day (GD) 0, 10 and 20 in 
wild type, db/+ control and db/+ H/R mice. Data 
were shown in mean ± s.d. (n = 12). *P < 0.05, 
between ‘db/+ H/R’ and either ‘Wild type’ or ‘db/+ 
control’ groups at the same time point.
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alleviation of hyperglycemia by H/R treatment. Likewise, 
steady state levels of insulin in db/+ mice were substantially 
lower compared with the WT group, and fully restored in 
the group receiving H/R treatment (Fig. 1C).

H/R treatment improves glucose and insulin 
tolerance in pregnant db/+ mice

We next conducted the GTT test in all three groups on GD 
10. In comparison to WT mice, pregnant db/+ female mice 
showed marked glucose intolerance, as indicated by the 
prominent elevation of glucose levels following the initial 
injection of glucose (Fig. 2A, 30 and 60 min), while H/R 
treatment in the db/+ females largely ameliorated such 
glucose intolerance. Meanwhile, insulin levels in the db/+ 
mice were greatly reduced throughout the testing period (0, 
30 and 60 min) in comparison with the WT mice (Fig. 2B), 
likely contributing to the glucose intolerant phenotype. 
Most importantly, insulin response was restored by 
H/R treatment to the same level as the WT controls. In 
comparison with the GTT that evaluates the complete 
outcome of insulin secretion and glucose disposal, the ITT 
directly measures the ability of insulin to promptly promote 

the degradation of glucose (30). Hence, we next conducted 
the ITT in all three groups on GD 10 (Fig. 2C). Expectedly, 
blood glucose levels in the db/+ females were greatly higher 
than those of WT after the initial insulin administration, 
indicating an insulin resistant phenotype. Further, H/R 
treatment in the db/+ mice led to a noticeable reduction of 
the glucose level to similar levels as the WT. Collectively, 
these results suggested that H/R treatment attenuated acute 
intolerance to glucose and insulin in pregnant db/+ mice.

H/R treatment improves biochemical indexes in 
pregnant db/+ mice

To further demonstrate the beneficial metabolic effects of 
H/R treatment, several biochemical indexes in the serum of 
pregnant db/+ mouse were assessed on GD 20, a late stage 
in pregnancy. As shown in Fig. 3, compared to db/+ mice, 
the serum TG, TCh and LDL were significantly reduced in 
pregnant db/+ females with H/R treatment (Fig. 3A, B and D). 
Interestingly, HDL, the ‘good’ cholesterol that clears excess 
cholesterol from the arteries, was remarkably elevated in 
mice receiving H/R treatment compared with the untreated 
controls (Fig. 3C). Further, the atherogenic index in pregnant 

Figure 2
H/R treatment improves glucose and insulin 
tolerance in pregnant db/+ mice. Effects of H/R 
treatment on serum glucose (A) and insulin (B) 
levels during intraperitoneal glucose tolerance 
test in wild type, db/+ control and db/+ H/R mice 
on GD 15. (C) Effects of H/R treatment on serum 
glucose level during intraperitoneal insulin 
tolerance test in wild type, db/+ control and db/+ 
H/R mice on GD 15. Data were shown in mean ± 
s.d. (n = 12). *P < 0.05, between ‘db/+ H/R’ and 
either ‘WT’ or ‘db/+ control’ groups at the same 
time point.

Figure 3
H/R treatment improves biochemical indexes in 
pregnant db/+ mice. (A) Serum triglyceride (TG), 
(B) total serum cholesterol (TCh), (C) serum 
high-density lipoprotein (HDL), (D) serum 
low-density lipoprotein (LDL) and (E) atherogenic 
index were measured in wild type, db/+ control 
and db/+ H/R mice on GD 20. Data were shown in 
mean ± s.d. (n = 12). *P < 0.05, between ‘db/+ H/R’ 
and either ‘Wild type’ or ‘db/+ control’ groups.
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db/+ mice with H/R treatment was lower than that in the 
controls (Fig. 3E). These findings showed that H/R treatment 
improved biochemical indexes and promoted metabolic 
homeostasis in GDM mice at the late stage of pregnancy.

H/R treatment relieves maternal oxidative stress 
in pregnant db/+ mice

The maternal oxidative stress is a main factor contributing 
to insulin resistance and exerts crucial roles in the 
development of GDM. In the current study, we assessed 
the oxidative stress-related parameters in GDM mice with 
or without H/R treatments at GD 20. We first examined 
the activities of first line defense anti-oxidants in the liver, 
such as SOD, CAT and GPx. The results showed that H/R 
treatment induced noticeable increase in the activities 
of those defense anti-oxidants in pregnant db/+ mice in 
comparison with untreated db/+ controls and the positive 
controls (Fig. 4A, B and D). In addition, the levels of GSH, 
an essential anti-oxidant to prevent oxidative damages, 
were greatly increased in the livers of db/+ mice treated 
with H/R (Fig. 4C). Finally, both the serum and liver levels 
of MDA were also upregulated in db/+ mice compared with 
the WT group, which were markedly inhibited by the H/R 
treatment (Fig. 5E and F). These findings demonstrated 
that H/R treatment alleviated the maternal oxidative 
stress in pregnant GDM mice.

H/R treatment improves reproductive outcome of 
pregnant db/+ mice

Reduced fetal survival, as indicated by fewer fetuses 
(31, 32), is among the major adverse impacts of GDM. 
Further, the average offspring birth weight was reportedly 
increased by 5–8% in db/+ GDM mice (30, 33). Thus, 

we next examined whether H/R treatment could lead 
to improved reproductive outcomes in GDM females. 
Offspring was counted at birth for each female mouse 
from the WT, db/+ control and db/+ H/R groups (Fig. 5A). 
Six WT female mice delivered 40 litters, and the six female 
mice of the db/+ group delivered 25 litters. By contrast, the 
six females in the db/+ H/R group gave birth to 35 litters. 
We further compared the birth weight of the offspring 
in all groups (Fig. 5B), and the result showed that, in 
consistence with prior reports (30, 33), offspring born by 
db/+ females were on average significantly heavier than 
those in the WT group, whereas birth weight of offspring 
in the db/+ H/R group was nearly the same as WT controls. 
These data clearly suggested that H/R treatment improved 
the reproductive outcomes of GDM female mice.

H/R treatment elevates Nrf2 activation and HO-1 
expression in pregnant db/+ mice

As the Nrf2/HO-1 signaling pathway reportedly 
functions as a critical transcriptional regulator of anti-
oxidant genes to restore redox homeostasis (25, 26), we 
investigated the effects of H/R treatment on the Nrf2/
HO-1 signaling pathway in the livers of pregnant mice 
using Western blot. Compare to WT mice, a lower level 
of nuclear Nrf2 was observed in db/+ mice (Fig. 6A). 
Consistently, the Nrf2-dependent gene, HO-1, which 
clears out toxic heme to protect against oxidative injuries, 
was also reduced in db/+ mice (Fig. 6B). Importantly, H/R 
treatment dramatically elevated the nuclear expression 
of Nrf2 as well as HO-1 (Fig. 6A and B). These results 
showed that H/R treatment likely stimulated the Nrf2/
HO-1 signaling pathway and enhanced the oxidative 
responsive capability in GDM mice.

Figure 4
H/R treatment relieves maternal oxidative stress 
in pregnant db/+ mice. Liver levels of (A) 
superoxide dismutase (SOD), (B) glutathione 
peroxidase (GPx), (C) glutathione (GSH), (D) 
catalase (CAT), and serum (A) and liver (B) levels of 
MDA contents were measured by ELISA in wild 
type, db/+ control and db/+ H/R mice on GD 20. 
Data were shown in mean ± s.d. (n = 6). *P < 0.05, 
**P < 0.01, between ‘db/+ H/R’ and either ‘Wild 
type’ or ‘db/+ control’ groups.
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Discussion

GDM is an emerging world-wide public health concern, 
affecting 7% of pregnant women around the globe 
(1, 2). The majority of GDM patients exhibit chronic 
hyperglycemia and insulin resistance (2), indicating the 
similarity between diabetes and GDM with regard to 
cause as well as symptoms. Oxidative stress is proposed to 
play a causative role in the development of diabetes and 
insulin resistance. Therefore, anti-oxidative pathways, 
such as Nrf2/HO-1 discovered in this study, with active 
involvement in dyslipidemia and diabetes, are extremely 
likely to possess similar properties in preventing and 
treating GDM. Metformin and insulin are the two major 
drugs prescribed to treat GDM; however, the clinical 
practice of insulin is hindered by the inconvenient 
administration route as well as the potential to become 
hypoglycemic and to gain weight (1, 3, 5). Our data 
demonstrated that H/R treatment markedly alleviated 

GDM symptoms via the activation of anti-oxidant 
enzymes (SOD, GPx and CAT) and restoration of the 
Nrf2/HO-1 signaling pathway. We also found that H/R 
treatment dramatically improved glucose intolerance as 
well as β-cell insufficiency in pregnant GDM mice.

Our results are the first to illustrate that H/R treatment 
possess the capacity to ameliorate GDM symptoms by 
reducing hepatic oxidative stress in a mouse model. 
We further demonstrated the molecular mechanism 
underlying the positive effects of H/R treatment in 
pregnant db/+ mice. We discovered that H/R treatment 
restored the activities of Nrf2/HO-1 signaling pathway in 
the liver and improved atherogenic index in GDM mice. 
Nrf2 is considered as an oxidative stress sensor (34), and 
in the presence of ROS and the cytosolic Nrf2 repressor 
Keap1, it undergoes structural changes to dissociate 
from the Nrf2-Keap1 complex, which allows Nrf2 to 
translocate into the nucleus to initiate transcription of 
genes with an anti-oxidant response element in their 
promoter (35). HO-1, a target of Nrf2, exerts pivotal 
beneficial functions in diseases associated with oxidative 
stress (36). A recent study demonstrated that HO-1 
could be upregulated by various natural compounds 
(37). In particular in HepG2 cells, HO-1 upregulation 
through Nrf2-transduction and p38 inactivation (38) 
exhibited protective effects against oxidative damage 
through the Keap1/Nrf2-dependent signaling pathway 
(39). Our results revealed that H/R treatment could 
prevent oxidative stress, in agreement with earlier report 
(25). H/R treatment has also been shown to protect the 
blood-brain barrier against oxidative stress by activating 
the Nrf2 signaling to regulate inflammation-related 
genes such as GSH (25). H/R-induced injury was also 
implicated in hepatocytes by promoting apoptosis and 
oxidative stress through regulating Keap1/Nrf2 signaling 
(40). In patients with type 2 diabetes, Nrf2 is positively 
correlated with Th2 cytokines and is able to partially 
restore the stress cytokine-inhibited insulin secretion in 
pancreatic β-cells (41). Importantly, introduction of Nrf2 
in fetal endothelial cells was shown to improve the anti-
oxidative capacity (42). The above-mentioned studies all 
pointed to the critical role of Nrf2 in H/R treatment or 
injury models, as well as its role in diabetic symptoms, 
therefore highlighted the importance of investigating the 
Nrf2-related pathways in the pathogenesis of not only 
diabetes but also GDM. The current study, together with 
the aforementioned findings, suggested that the Nrf2 
anti-oxidative pathway is critical for the development of 
GDM, supporting a promising role of Nrf2 as a biomarker 
for the diagnosis or treatment of GDM.

Figure 5
H/R treatment improves reproductive outcome of pregnant db/+ mice. (A) 
Litter size and (B) body weight at birth of offsprings born by each female 
mouse from wild type, db/+ control and db/+ H/R groups. Data were 
shown in mean ± s.d. (n = 6). *P < 0.05, between ‘db/+ H/R’ and either ‘Wild 
type’ or ‘db/+ control’ groups.

Figure 6
H/R treatment elevates Nrf2 activation and HO-1 expression in pregnant 
db/+ mice. Western blot analysis of (A) total and nuclear protein levels of 
Nrf2, and (B) HO-1 protein level in maternal liver tissues of wild type, 
db/+ control and db/+ H/R mice on GD 20. Representative images of the 
blots, from three independent biological repeats, were shown, with 
quantification indicated as relative to the loading control below each blot 
as mean ± s.d.
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Fetal macrosomia, referring to birth weight above 
90% for the gestational age, is one of the main adverse 
outcomes of GDM (2, 5). In expecting mothers with 
GDM, blood glucose of abnormal high levels feeds into 
the fetal circulation via the placenta, forcing the fetal 
pancreas to react to the hyperglycemia and often leading 
to hyperinsulinemia. The high levels of glucose as well as 
insulin result in excess storage of protein and fat in the 
fetus, finally causing macrosomia (43, 44). Fewer offspring 
number is another typical phenotype in GDM mice (5, 30), 
as consistently observed in the current study. Of note, the 
H/R treatment rescued the defects in offspring number in 
db/+ mice. Additionally, birth weight of offspring born 
by GDM females treated with H/R was reduced by ~9% 
compared with the controls born by untreated GDM 
mothers. Altogether, our study demonstrated that H/R 
treatment ameliorated the β-cell insufficiency and glucose 
intolerance, alleviated symptoms of GDM, and improved 
the reproductive outcomes by stimulating anti-oxidant 
enzymes and restoring the Nrf2/HO-1 signaling pathway.

Conclusion

In conclusion, our findings in the current study provided the 
first evidence of the therapeutic potential of H/R treatment 
against GDM using db/+ mice as a mouse GDM model. H/R 
treatment substantially alleviated β-cell insufficiency and 
glucose intolerance, relieved dyslipidemia and oxidative 
stress, enhanced the activities of anti-oxidant enzymes, 
and eventually improved fetal development. This effect 
of H/R treatment was mechanistically mediated through 
restoration of the hepatic Nrf2/HO-1 anti-oxidant signaling 
in GDM mice. Our data indicate that H/R treatment could 
serve as a potential therapeutic strategy for combating 
diabetes as well as GDM.
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