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Abstract

Background: Our previous study revealed that astragaloside IV (AS-1V) effectively
improved gestational diabetes mellitus (GDM) by reducing hepatic gluconeogenesis. Due
to the importance of placental oxidative stress, we further explored the protective role of

AS-1V on placental oxidative stress in GDM.

Methods: First, non-pregnant mice were orally administrated with AS-1V to evaluate its
safety and effect. Then GDM mice were orally administered with AS-IV for 20 days and its
effect on the symptoms of GDM, placental oxidative stress, secretions of inflammatory
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cytokines, as well as toll-like receptor 4 (TLR4)/NF-kB signaling pathway, were evaluated.
Results: AS-IV had no adverse effect on non-pregnant mice. On the other hand, AS-IV
significantly attenuated the GDM-induced hyperglycemia, glucose intolerance, insulin
resistance, placental oxidative stress, productions of inflammatory cytokines and the

activation of TLR4/NF-kB pathway.

Conclusion: AS-IV effectively protected against GDM by alleviating placental oxidative stress
and inflammation, in which TLR4/NF-xB might be involved.
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Introduction

Gestational diabetes mellitus (GDM) is a condition of
glucose intolerance usually occurring during the late
stage of pregnancy due to decreased maternal insulin
sensitivity and increased glucose production, and often
recovers after delivery. Although it is not a chronic disease,
without proper treatment, GDM would cause severe
damage to the pregnant women and their fetus. GDM
may cause polyhydramnios, gestational hypertension
during pregnancy, and type II diabetes even after delivery.
In terms of fetal outcome of the GDM patients, GDM
increases the risks of fetal macrosomia, fetal growth
restriction, intrauterine hypoxia or even stillbirth.
Moreover, newborns from GDM patients are also prone to
metabolic abnormalities.

Astragaloside IV (AS-1V) is one of the most effective
components of stragalus and AS-IV
is reported to have a wide range of pharmacological
properties, including anti-inflammation, anti-oxidant

membranaceus,

and anti-hypertension, as well as improving immunity
(1, 2, 3), therefore AS-IV has been widely used to treat
hypertension (4, 5), cardiovascular diseases (6, 7), breast
cancer (8) and cervical cancer (9). Moreover, numerous
publications have demonstrated that AS-IV could protect
against diabetes and its complications, such as diabetic
nephropathy, myocardial damage, diabetic wound healing
and diabetic retinopathy (6, 10, 11, 12). Our group has
investigated the effect of AS-IV in GDM-related diseases
and discovered that AS-IV could effectively ameliorate
GDM in genetic mouse model of GDM by inhibiting
NLRP3 inflammasome in the pancreas (13). We also found
that AS-IV remarkably reduced hepatic gluconeogenesis,
hepatic inflammation and oxidative stress to alleviate
GDM in mice (14). Although diabetes and GDM share
similar pathophysiology, due to the complexity of
pregnancy and the importance of oxidative stress and
inflammation in the placenta, as well as the activation
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of toll-like receptor-4 (TLR4) and its downstream NF-«xB
signaling pathway, in this study, we aimed to explore
the role of AS-IV on placental oxidative stress and the
potential involvement of the TLR4 signaling pathway in
GDM mice.

Materials and methods
GDM mouse model

CS57BL/KsJ-Lep*+ (wild-type, wt) and C57BL/Ks]-Lepd/+
(db/+) mice were all purchased from Shanghai Yunhao
Biotech Company (Shanghai, China). We measured
the food intake of wt and db/+ mice, and found all
the mice were pair-fed with the same amount of food
(data not shown). To first study the effect of AS-IV on
the role of non-pregnant mice, female db/+ mice were
randomly divided into two groups: one group was
orally administrated with 20 mg/kg AS-IV (CrackAging,
purity > 98%) in saline solution daily, and the other group
was orally administrated with the same amount of saline.
The day before, the oral gavage was designated as day O.
Blood was collected from the tail vein on days 0, 10 and
20, respectively.

Next, to investigate the effect of AS-IV on pregnant
mice, female mice were individually mated with male
mice of the same genetic background and mating was
confirmed by the presence of a copulatory plug on the
next morning, which was designated as gestation day
(GD) 0. Pregnant mice were randomly divided into three
groups of equal average body weight, with 16 mice in
each group, and treated as previously described. Blood
was collected and body weight was measured on GD 0,
10 and 20, respectively. On GD 20, mice were sacrificed,
and blood and placenta were collected. The study was
approved by the ethics committee of Cangzhou Central
Hospital.

Glucose and insulin tolerance test

On day 15 and GD 15, mice were subjected to glucose
and insulin tolerance tests, respectively, as previously
described (2). Briefly, after fasting for 6 h, mice were
intraperitoneally injected with glucose at a dose of 2 g/kg
body weight. Blood glucose levels were measured at the
indicated time points after glucose injection using a
glucometer (Roche Diagnostics). For the insulin tolerance
test, mice were intraperitoneally injected with insulin
at a dose of 1 mU/kg body weight after 1 h fasting;
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the following experiment was performed the same as the
glucose tolerance test.

Assessment of oxidative stress markers

Reduced glutathione (GSH) was measured as described
before (15), and GSH activity was shown as nM/mg of
placental weight. The activities of catalase and glutathione
peroxidase (GPx) were analyzed using commercial Kits
(Jiancheng Biological, Nanjing, China). Superoxide
dismutase (SOD) activity was detected using a xanthine
oxidase technique kit (ShanghaiSolarbio Bioscience and
Technology Co., Shanghai, China).

ELISA

Interleukin-6 (IL-6), IL-1p, tumor necrosis factor-o (TNF-a)
and serum insulin levels were measured using ELISA Kits
according to the manufacturer’s instructions, respectively
(AIPCO, France).

Western blot

Protein was extracted from lysed placenta in
radioimmunoprecipitation lysis buffer on GD 20. After
centrifuged at 12,000 g at 4°C for 10 min, protein was
loaded into sodium dodecyl sulfate-polyacrylamide gel
electrophoresis gel and transferred to a polyvinylidene
fluoride membrane. After blocking in 5% milk, the
membrane was incubated with the primary antibody,
and then with appropriate peroxidase-conjugated
goat IgG secondary antibodies. All the antibodies were
purchased from Santa Cruz. Blots were visualized by
chemiluminescence (Thermo Fisher Scientific).

qRT-PCR

Total mRNA was extracted from lysed placenta of mice,
and transcribed into cDNA by high-capacity cDNA
reverse transcription kit (Thermo Fisher Scientific), then
gRT-PCR was performed to detect PCR products by SYBR
green (Molecular Probes) as previously described (16). The
sequences of primers were as below:

IL-6: F: TCCAGTTGCCTTCTTGGGAC;
R: GTGTAATTAAGCCTCCGACTTG

TNF-a: F: CATCTTCTCAAAATTCGAGTGACAA;
R: TGGGAGTAGACAAGGTACAACCC

IL-1B: F: TTTTCCTCCTTGCCTCTGAT;
R: GAGTGCTGCCTAATGTCCCC
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SOD: F: CACCGAGGAGAAGTACCA;
R: ACACATCAATCCCCAGCA
CAT: F: ATCTTCCTGAGCAAGCCTTCL;

R: CAAGTTGGTTAATGCAGATGGAG

GPX: F: CCCAGAATGACCAAGCCAA;
R: GCAGTATGCAGGCAAATATATCC

TLR4: F: CGCTTTCACCTCTGCCTTCACG;
R: TTGCCGTTTCTTGTTCTTCTTC

po5: F: TTCCTGGCGAGAGAAGCACG;
R: AAGCTATGGATACTGCGGTCT

GAPDH: F: TTCACCACCATGGAGAAGGC;
R: GGCATGGACTGTGGTCATGA

Statistical analysis

Data were analyzed by statistical product and service
solutions (SPSS 16.0, SPSS Inc.) and expressed as
mean + s.e.M. One-way or two-way analysis of variance
followed by Bonferroni as post hoc test was used to analyze
the difference.

Results

AS-IV had no effect on glucose levels,
insulin levels, and glucose and insulin tolerance in
non-pregnant mice

We treated non-pregnant mice with 20 mg/kg AS-1V daily
for 20 days to confirm its safety, using the same dose
reported in the previous study (17). First, we found that
there was no difference in glucose levels, insulin levels,
glucose or insulin tolerance between non-pregnant wt
and db/+ mice (Fig. 1A, B, C and D), which was consistent
with previous publication showing that non-pregnant
C57BL/Ks]-Lep®’* mice usually did not exhibit diabetic
symptoms, such as hyperglycemia and insulin resistance
(17). Nevertheless, AS-IV also had no effect on glucose
levels, insulin levels, glucose or insulin tolerance in non-
pregnant db/+ mice. Considering that there were no
death or obviously abnormal behavior in the mice, and
the safety results tested in the previous publications, we
concluded that this dose of AS-IV was safe in mice as
previously described (17).

AS-IV improved diabetic symptoms in pregnant
db/+ mice

Next, we evaluated the role of AS-IV in pregnant db/+
mice. Compared to wt mice, pregnant db/+ mice exhibited
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Figure 1

Astragaloside IV had no effect on glucose and insulin levels, glucose and
insulin tolerance in nonpregnant mice. (A and B) The day before
astragaloside IV fed was designated 0 days. The blood glucose and insulin
levels were measured at 0, 10 and 20 days. (C and D) Intraperitoneal
glucose and insulin tolerance test were conducted on day 15. The mice
fasted for 6 h and intraperitoneal injection with glucose at 2 g/kg or
insulin at 0.75 U/kg body weight. The blood was collected from the tail
vein after glucose or insulin injection for 0, 30, and 60 min, and the
glucose and insulin levels were determined. Data were presented as
means + s.e.m. n =8 for each group.

the typical symptoms of GDM, including hyperglycemia
(Fig. 2A), decreased serum insulin levels (Fig. 2B), glucose
intolerance (Fig. 2C) and insulin resistance (Fig. 2D),
all of which were significantly improved by the AS-IV
treatment. Therefore, AS-IV could effectively attenuate
the symptoms of GDM in pregnant db/+ mice.

AS-IV attenuated placental oxidative stress in the
late stage of pregnancy in GDM mice

Placental oxidative stress plays an important role in the
development of GDM, therefore we evaluated the effect
of AS-IV on placental oxidative stress in the late stage of
pregnancy in GDM mice, by measuring oxidative stress
markers, including malondialdehyde (MDA), which is the
degradation product of reactive oxygen species (ROS), and
ani-oxidant enzymes namely SOD, catalase (CAT), GPx
and GSH. Compared to wt mice, GDM mice displayed an
increased level of MDA (Fig. 3D) and decreased levels of
anti-oxidative enzymes both in the serum and placenta on
GD 20, including SOD (Fig. 3A and E), CAT (Fig. 3B), GPx
(Fig. 3C and F) and GSH (Fig. 3G), indicating that placental
oxidative stress was induced in GDM mice. Nevertheless,
AS-IV treatment significantly attenuated the GDM-induced
placental oxidative stress in the late stage of pregnancy.
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Figure 2

Astragaloside IV improved diabetic symptoms in pregnant db/+ mice.

(A and B) The day that female mice were successfully mated was
designated gestation day (GD) 0. The blood glucose and insulin levels
were measured at 0, 10 and 20 days. (C and D) Intraperitoneal glucose
and insulin tolerance test were conducted on GD 15. The mice fasted for
6 h and intraperitoneal injection with glucose at 2 g/kg or insulin at 0.75
U/kg body weight. The blood was collected from the tail vein after glucose
or insulin injection for 0, 30, and 60 minutes, and the glucose and insulin
levels were determined. Data were presented as means + s.e.m. n =16 for
each group. #P < 0.01 compared to wild type mice. *P < 0.05, **P < 0.01
compared to db/+ pair-fed group.
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Figure 3

Astragaloside IV attenuated placental oxidative stress in the late stage of
pregnancy in GDM mice. The mRNA expression of SOD (A), CAT (B), and
GPX (C) in placenta were measured on GD 20 by qRT-PCR. GAPDH was set
as a loading control and the relative expressions were normalized to wild
type. MDA (D), SOD (E), GPx (F), GSH (G) in placenta were measured on GD
20 by ELISA. Data were presented as means + s.e.v. n =6 for each group.
#P < 0.05, #P < 0.01, ##P < 0.001 compared to wild type mice. *P < 0.05,
*%P < 0.01 compared to db/+ pair-fed group. wt: wild type, ctrl: gestational
diabetes mellitus mice (db/+ pair-fed), AS-IV: gestational diabetes mellitus
mice treated with AS-IV.
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AS-1V reduced placental inflammation in the late
stage of pregnancy in GDM mice

Next, we explored the protective role of AS-IV in the
inflammatory response in the late stage of pregnancy in
GDM mice. Inflammation was enhanced in GDM mice
on GD 20, as evidenced by the increased secretions of
inflammatory cytokines both in the serum and placenta,
including IL-6 (Fig. 4A and D), IL-1p (Fig. 4B and E) and
TNF-a (Fig. 4C and F), all of which were significantly
reduced by the treatment of AS-IV. Therefore, AS-IV could
effectively reduce placental inflammation caused by GDM
in the late stage of pregnancy.

AS-1V inhibited placental TLR4/NF-kB pathway in
the late stage of pregnancy in GDM mice

Accumulating evidence revealed that AS-IV inhibited the
inflammatory response through the TLR4/NF-«B signaling
pathway (2, 18, 19), which prompted us to speculate that
AS-IV could also improve placental inflammation by
inhibiting the TLR4/NF-xB pathway. In line with this,
we observed that the TLR4/NF-xB pathway was activated
in the GDM mice as evidenced by the increased protein
and mRNA levels of TLR4 and p-p65 in the placenta of
GDM mice (Fig. 5A, B, C, D, E and F), which were all
inhibited by 20 days of AS-IV treatment. Taken together,
AS-IV might suppress placental inflammation through the
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Astragaloside IV reduced placental inflammation in the late stage of
pregnancy in GDM mice. ELISA was used to analyze the levels of IL-6 (A),
IL-1B (B) and TNF-a (C) in placenta on GD 20. gRT-PCR was used to
analyzed the mRNA levels of IL-6 (D), IL-1p (E) and TNF-« (F) in placenta on
GD 20. GAPDH was set as a loading control and the relative expressions
were normalized to wild type. Data were presented as means + s.e.M. N =6
for each group. #P < 0.01, ##P < 0.001 compared to wild type mice.

*P <0.05, **P <0.01 compared to db/+ pair-fed group. wt: wild type, ctrl:
gestational diabetes mellitus mice (db/+ pair-fed), AS-IV: gestational
diabetes mellitus mice treated with AS-IV.
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Figure 5

Astragaloside IV inhibited placental TLR4/NF-xB pathway in the late stage
of pregnancy in GDM mice. Western blotting was used to assay the protein
expressions of TLR4, p-p65 and p65 in placenta on GD 20 (A). GAPDH was
set as a loading control and the relative expressions were normalized to
wild type (D, E and F). qRT-PCR was used to analyzed the mRNA levels of
TLR4 (B) and p65 (C) in placenta GD 20. GAPDH was set as a loading
control and the relative expressions were normalized to wild type. Data
were presented as means + s.e.m. n =6 for each group.

###P < 0,001 compared to wild type mice. **P < 0.01 compared to

db/+ pair-fed group. wt: wild type, ctrl: gestational diabetes mellitus mice
(db/+ pair-fed), AS-IV: gestational diabetes mellitus mice treated with AS-IV.

TLR4/NF-xB signaling pathway in the late stage of
pregnancy to ameliorate GDM symptoms.

Discussion

GDM is a common metabolic disorder, which occurs
in more than 10% of pregnant women. Due the rapid
improvement of life quality, the prevalence of GDM is
also increasing with elevated incidence of obesity and
the older maternal age worldwide. Although diabetes
and GDM share similar pathophysiology, causes and
symptoms, such as hyperglycemia, glucose intolerance
and insulin resistance, the mechanism of GDM still needs
to be further explored due to the complexity of pregnancy.
Therefore, in recent years, increasing studies have focused
on the investigation into novel therapeutic strategies for
GDM (20).

AS-IV is the major active component of Astragalus
membranaceus. Our group has studied AS-IV in the
pathogenesis of many diseases for a long time, and
discovered that AS-IV could effectively protect against
GDM by inhibiting NLRP3 inflammasome in genetic
GDM mice (13). Because of the multifunctional properties
of AS-IV, we further investigated the protective effect
of AS-IV against GDM and found that, AS-IV also
attenuated hepatic gluconeogenesis to ameliorate GDM
(14). Considering the importance of placental oxidative

Implication of TLR4/NF-kB 9:9 943
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stress and inflammation during the pathogenesis of
GDM, as well as the anti-oxidant and anti-inflammatory
activities of AS-IV, we raised a hypothesis that AS-IV
might ameliorate GDM by inhibiting placental oxidation
and inflammation, therefore in the current study, we
continued to explore the protective effect of AS-IV against
GDM, and our data indicated that AS-IV effectively
reduced placental oxidative stress and inflammation to
alleviate GDM symptoms.

The placenta is an organ that only develops in the
uterus during pregnancy. It connects the growing fetus
via the umbilical cord to the uterine wall, allowing for
nutrient uptake, thermoregulation, waste elimination and
gas exchange through the blood supply of the mother, and
protects against internal infection and produces essential
hormones during pregnancy. Therefore, the placenta plays
a crucial role during pregnancy, which is also involved
in a variety of pregnancy-related diseases, including
GDM. Numerous publications have reported that
excessive ROS, produced as a result of increased placental
oxidative stress, may be the underlying cause of insulin
resistance, islet B-cell dysfunction and impaired glucose
tolerance, therefore decreasing placental pro-oxidation
could alleviate GDM (21, 22, 23). However, unlike type
1 diabetes, patients with GDM could not develop a
protective anti-oxidative mechanism to overcome the
enhanced level of oxidative stress, therefore, additional
supplement of anti-oxidant could be vital to attenuate
the oxidative stress and to reduced complications of GDM
both in the mother and the fetus (24). AS-1V, as a dual anti-
oxidative and anti-inflammatory agent, could effectively
inhibit both oxidative stress and inflammatory response
in GDM mice, leading to attenuation of GDM symptoms.

In addition, TLR4, as well as its downstream NF-xB
signaling pathway, is involved in several physiological
and pathological processes and regulates a wide range
of diseases, particularly inflammation-related diseases
such as GDM (25, 26, 27, 28). In patients with GDM, the
expression of TLR4 was increased in the peripheral blood
mononuclear cells, with the activation of NF-«xB signaling
pathway as well as hyperglycemia and insulin resistance,
and all of these factors participated in the development of
GDM. Furthermore, inhibiting the activity of NF-xB could
increase the expression of glucose transporter 4 (GLUT4)
in the uterus of GDM rats, which indicated that GLUT4
expression reduced by the deactivation of NF-«xB might
be relevant to the occurrence of GDM in the rat uterus
due to insulin resistance. In addition, the activation of
NF-xB also regulated cytokine secretion in the placenta
of GDM rats. In summary, the NF-«xB signaling pathway,
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as well as its upstream TLR4, played an important role
in the pathogenesis of GDM, therefore we investigated
the role of TLR4/NF-xB signaling pathway in AS-IV-
treated GDM mice, and our data demonstrated that the
TLR4/NF-«xB signaling pathway mediated the process of
AS-IV-attenuated GDM symptoms.

In summary, following the previous studies on AS-IV
in GDM mice, we further explored the placental oxidative
stress, placental inflammation and the TLR4/NF-xB
signaling pathway in the process of AS-IV-ameliorated
GDM. Our data suggested that AS-IV could effectively
reduce both the placental oxidative stress and placental
inflammation to ameliorate GDM in genetic GDM mice,
in which the TLR4/NF-«xB signaling pathway might
be involved. Therefore, our results suggested another
detailed mechanism of AS-IV on GDM, which provided
more evidence for utilizing AS-IV in clinical trials among
patients with GDM. Our studies on the effect of AS-IV on
GDM mice further suggested that AS-IV might serve as a
novel therapeutic candidate against GDM.

Conclusion

AS-1V significantly reduced both the placental oxidative
stress and placental inflammation in GDM mice, in which
the TLR4/NF-xB signaling pathway might be involved.
Therefore, AS-IV might serve as a novel therapeutic
candidate against GDM.
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