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Abstract

To investigate the effect of puerarin on insulin resistance and inflammation in rats with gestational diabetes mellitus (GDM).
Gestational diabetic model rats were established by intraperitoneal injection of streptozotocin (25 mg/kg) combined with
high-fat feeding and were randomly assigned to three groups: the control group, the GDM group, and the puerarin-treated
group. Puerarin was intragastrically administered to rats daily until the offspring were born. The rats in both the GDM group
and control group were administered the same volume of normal saline. Serum total cholesterol, triglycerides, high-density
lipoprotein cholesterol, and low-density lipoprotein cholesterol in all groups of rats were measured. Haematoxylin and eosin
staining was used to evaluate morphological changes in the liver, pancreas, and adipose tissues around the reproductive
organs. Western blotting was carried out to measure the protein expression of IRS-1 and inflammatory factors, including
TNF-a, TLR4, MyD88 and phosphorylated NF-kB, in the adipose tissues around the reproductive organs. Puerarin had
preventive effects on GDM-induced pathological changes and ameliorated glucose and lipid metabolism disorders in GDM
rats. Puerarin upregulated IRS-1 expression and decreased the protein expression of TNF-a, TLR4, and MyD88 as well as
the levels of phosphorylated NF-xB in adipose tissues around the reproductive organs in GDM rats. This study indicated that
puerarin exerts anti-inflammatory effects by downregulating the important TLR4/MyD88/NF-kB inflammatory signalling
pathway. Therefore, puerarin can decrease the expression of TNF-a and ameliorate insulin resistance in GDM rats, suggest-
ing the potential efficacy of puerarin in GDM treatment.
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Abbreviations FBG Fasting blood glucose

GDM Gestational diabetes mellitus FINS Fasting blood insulin

IR Insulin resistance TC Total cholesterol

STZ Streptozotocin TG Triglycerides

TRL4  Toll-like receptor 4 HDL-C High-density lipoprotein cholesterol

MyD88 Myeloid differentiation primary response gene LDL-C Low-density lipoprotein cholesterol
88 STZ Streptozotocin

NF-xB  Nuclear factor-xB
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Gestational diabetes mellitus (GDM) refers to hyperglycae-

mia in pregnant women with no prior history of diabetes
mellitus. It has been reported that the morbidity of GDM is
5-10% and has increased significantly in recent years [1].
Studies reported that GDM affects 3-21.2% of all pregnan-
cies in Asian women [2], and the total incidence of GDM
in mainland China was 14.8%, which indicated that China
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Although the pathogenesis of GDM has not been fully
clarified, GWAS has provided extensive support for the
relationship of genetic polymorphisms with GDM suscep-
tibility, such as MTNR1B polymorphisms rs1387153 and
rs10830963 [4]. It is generally believed that GDM is associ-
ated with insulin resistance (IR) and high risks to the health
of the mother and infant, including high blood pressure,
foetal abnormalities, weight problems, and type II diabetes.
These findings emphasize the need to optimize therapeutic
approaches for GDM to maintain the health of mothers and
offspring.

Accumulating evidence suggests that chronic inflam-
mation in GDM patients may cause abnormal regulation
of insulin signalling and that inflammatory cytokines play
important roles in the development of IR in GDM [5]. Tyros-
ine phosphorylation of insulin receptor substrate 1 (IRS-1)
allows the activation and binding of phosphatidylinositol-
3kinase (PI3kinase) in insulin signalling, which leads to
insulin’s anabolic actions [6]. TNF-a is a common inflam-
matory cytokine that may promote IRS-1 serine phospho-
rylation and downregulate the tyrosine phosphorylation of
IRS-1 [7]. Some preclinical studies have demonstrated that
toll-like receptors are involved in the occurrence of inflam-
matory reactions and play an important role in the develop-
ment of inflammation by mediating the activation of nuclear
factor-kB (NF-xB) through the Myeloid differentiation pri-
mary response gene 88 (MyD88) pathway [8, 9]. Addition-
ally, the role of toll-like receptor 4 (TLR4) and NF-xB in
the development of GDM was explored [10, 11]. We found
increased protein expression of TLR4 and excessive inflam-
matory cytokines in the GDM rat model compared with con-
trol animals.

Puerarin is an isoflavonoid extracted from the root of
Puerarin lobata which has been used in traditional Chi-
nese medicine for thousands of years. The hydrodistilla-
tion extraction, high-speed counter-current chromatogra-
phy, ionic liquid extraction, gas-assisted three-liquid-phase
extraction method have been exploited as the general tech-
niques for separating this active compound from herb extract
[12]. Commercial puerarin is available from many compa-
nies. Over the past decades, evidence suggests that puerarin
has therapeutic effects on diabetes mellitus, arteriosclerosis,
and myocardial ischaemia in rats as well as anti-inflamma-
tory and hypoglycaemic effects [13—15]. A large number
of studies on the pharmacological effects of puerarin have
shown that puerarin can improve glucose tolerance and insu-
lin sensitivity in the animal model of type 2 diabetes mellitus
(T2DM) [16]. In vitro study also suggested that puerarin
protects pancreatic f-cell function by mediating PI3K/Akt
pathway [17]. Furthermore, puerarin suppressed the expres-
sion of intercellular cell adhesion molecule-1 (ICAM-1) and
the activation of NF-xB induced by TNF-«a, and prevented
the adhesion of TNF-a-stimulated monocytes to endothelial
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cells. Puerarin could play hypoglycaemic and hypolipidae-
mic roles in experimental and clinical studies [18]. Our pre-
vious study also showed that puerarin has clinical effects on
IR and regulates insulin signal transduction [19]. To sum up,
the effects of puerarin in type 2 diabetes have been studied
deeply now, however, there are very few in-depth studies
in the effects of puerarin in gestational diabetes around the
world. Only a few Chinese scholars reported the protection
of puerarin against oxidative stress injury in gestational dia-
betic rats in the past decade [20-22].

Gestational diabetes and T2DM have the similar patho-
logical characteristics, both of them have an insulin-resistant
state related with some chronic inflammation. Some studies
have also indicated that TLR4-mediated release of inflam-
matory cytokines may be a factor leading to increased glu-
cose levels in GDM patients [23]. As the TLR4/MyD88/
NF-«B pathway has been suggested to play a critical role in
the development of inflammation, we conducted a study to
elucidate whether the hypoglycaemic effect of puerarin was
mediated through the TLR4/MyD88/NF-xB signal trans-
duction pathway. Therefore, we hypothesized that puera-
rin exerts anti-inflammatory and hypoglycaemic effects by
regulating TLR4 expression. To evaluate this hypothesis,
we considered the inflammatory reaction as the cut-in point
for the in vivo experiments. We characterised the effects
and potential mechanisms by which TLR4 regulates insulin
expression in GDM rats and demonstrated that puerarin may
regulate downstream signalling proteins of TLR4 associated
with inflammation and metabolism. Our findings provide a
possible therapeutic target for the treatment of GDM. The
purpose of this study was to investigate the effect of puerarin
on streptozotocin (STZ)-induced GDM rats and the underly-
ing mechanisms.

Methods
Chemicals

Puerarin was purchased from Beijing Solarbio Science &
Technology Company Limited (Beijing, China, P9050). STZ
was obtained from Sigma Co., Ltd. (St. Louis, MO, USA,
V900890).

Experimental animals

Experimental Wistar rats (females =40, males =20) weigh-
ing 130-161 g were obtained from Shanghai Slaccas Labo-
ratory Animal Technology Company Limited and were
maintained under controlled environmental conditions
(22-26 °C, 40-70% humidity, and a 12-h light—dark cycle).
They were provided with tap water and a standard lab diet
available ad libitum. All the experimental procedures were
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conducted in strict conformance with the NIH Guideline for
the Laboratory Animals’ Use and Care, and the protocol was
approved by the Animal Care Committee of Zhangjiagang
TCM Hospital Affiliated to Nanjing University of Chinese
Medicine.

Establishment of the GDM rat model

After 1 week of standard diet feeding, the rats were fed a
constant 8-week high-fat diet, and all of the rats’ weights
were recorded. The rats were then fasted for 12 h. Those
with blood glucose levels higher than 6.67 mmol/L were
excluded from this study. Vaginal smears were performed
every day to determine the rat’s oestrous cycle, and then
rats in the oestrous stage were paired with healthy male rats
at a ratio of 2:1. On the following morning, the appearance
of sperm or a mucus plug observed by using microscopy
suggested that the rat was pregnant for 0 d. The pregnant
rats were then labelled and separated from others. One
week after mating, if the rats were not pregnant, they were
excluded from the subsequent study. Pregnant rats were
given an intraperitoneal injection of 1% streptozotocin at a
dosage of 25 mg/kg to induce the GDM model. Rats with a
blood glucose concentration of between 6.67 mmol/L and
16.67 mmol/L were used as the GDM model.

Dietary intake and treatment groups

GDM rats were divided into 2 groups (6 rats per group)
at random: the GDM group and the puerarin-treated group
(resuspended in 0.9% saline, 0.25 g(kg/day), chemical struc-
ture shown in Fig. 1). Another 6 healthy, pregnant rats were
kept as the control group. The rats were given drug intragas-
trically every day until their offspring were born. The rats in
both the control group and the GDM group were given the
same volume of normal saline. All rats were fed the basic
diet and provided with water freely. Additionally, all exter-
nal behavioural and morphological changes, including food
and water intake as well as faecal and urinary output, were
documented continuously for 2 weeks.

Collection of blood and tissue samples

Blood samples were gathered at 25 days of pregnancy after
fasting for 12 h and animals were euthanized by cervical
dislocation. Serum samples were separated after centrifu-
gation of whole blood at 3000 r/min for 10 min, and serum
samples were stored in a freezer at — 80 °C until use. The
liver, pancreas, and adipose tissues around the reproductive
organs were promptly extracted from the rats upon sacrifice.
Samples were divided into two portions: one was stored in
a 10% formalin solution for histological analyses, and the
other was immediately frozen in a freezer at — 80 °C until
use.

Biochemical analyses

Serum total cholesterol (TC), triglycerides (TG), high-den-
sity lipoprotein cholesterol (HDL-C), and low-density lipo-
protein cholesterol (LDL-C) were assessed using enzymatic
kits (eBioscience, San Diego, CA, USA) according to the
manufacturer’s instructions. Fast blood glucose levels were
measured using instuments as “Bayer fast blood glucose
meter”. Insulin levels were measured using Insulin Elisa Kit
(Merc& Millipor, St Charles, MO, USA).

Histological study

Histological analyses of the liver, pancreas, and adipose
tissues around the reproductive organs were performed to
evaluate morphological changes. Haematoxylin and eosin
staining was used.

Protein extraction and Western blotting

Adipose tissues were homogenized in ice-cold lysis buffer.
After homogenization for 30 min on ice, the tissue homogen-
ates were centrifuged at 13,000 r/min for 30 min at 4 °C. The
bicinchoninic acid method was applied to determine the total
protein concentration. Equivalent amounts of proteins were
loaded in each lane, denatured, and then frozen at — 80 °C

Fig.1 Chemical structure of
puerarin
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before western blotting. The proteins were subsequently sub-
jected to sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene fluoride mem-
branes. After incubation with the apposite primary antibody
at 4 °C overnight and secondary antibodies at room tem-
perature for 2 h, polyvinylidene fluoride membranes were
washed 3 times in PBS for 10 min, and the targeted proteins
were detected by using enhanced chemifluorescence reagent.

The membranes were incubated with antibodies
against TLR4 (ab13556, Abcam), IRS-1 (ab131487,
Abcam), MyD88 (ab2064, Abcam), NF-kB (82425, CST),
andphospho-NF-xB (3033, CST). All the samples were ana-
lysed in an average of 3 independent tests by using different
gels. Bands were quantified by Imagel.

Statistical analysis

Statistical analyses were performed by GraphPad Prism
version 7.0. All data are presented as the means + standard
deviations (SD) for 6 rats per group. Outcomes were ana-
lysed by one-way ANOVA followed by Tukey’s multiple
comparisons test. A P value below 0.05 was considered sta-
tistically significant.

Results
Tissue pathological changes in GDM rats

The GDM rat model was established with STZ. We used
haematoxylin and eosin staining to evaluate the morphol-
ogy of the liver, pancreas, and adipose tissues in all rats. As
presented in Fig. 2a, mild-to-moderate hepatocyte steatosis,
focal inflammatory cell infiltration, and individual liver cells
undergoing degeneration and necrosis were detected in the
GDM group. A morphological study of pancreatic tissues
confirmed the mild-to-moderate contraction of pancreatic
islets with inflammatory cell infiltration in the GDM group,
whereas the fat cells increased in size. To determine the sta-
bility of the GDM rat model, after STZ induction, the blood
glucose levels on days 3, 7, and 18 were monitored in both
groups. The GDM group had higher blood glucose levels
than those in the control group, and these levels remained
stable over time (P <0.01) (Fig. 2b).

Preventive effects of puerarin on GDM-induced
pathological changes

Haematoxylin and eosin staining was used to analyse the
tissue pathological changes in STZ-induced GDM rats.
Pathologist was invited to score the inflammatory changes
in pancreatic and liver tissues in each group. (The criteria
are shown in the Table 1 and 2). The adipocyte size in
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the adipose tissue was measured using ImageJ. As shown
in Fig. 3a—c, liver cells of the rats in the control group
were arranged neatly and no necroinflammatory injury or
steatosis and the structure of pancreas were normal. Com-
pared with the control group, the GDM rats showed mild
to moderate inflammatory cellular infiltrates and steatosis
in liver tissue, pancreatic islet contraction, and an increase
in adipocyte size. Puerarin alleviated the degeneration of
hepatic cells pancreatic lesion and reduced the adipocyte
size (Fig. 3d-f).

Puerarin ameliorated glucose and lipid metabolism
disorders in GDM rats

The effects of puerarin treatment on blood glucose, insulin,
TG, TC, HDL-C, and LDL-C are presented in Fig. 4(a—g).
Compared with the control group, markedly higher levels
of blood glucose, insulin, TG, TC, and LDL-C and lower
HDL-C levels were observed in GDM rats. Puerarin treat-
ment effectively ameliorated disorders of glucose and lipid
metabolism and IR in GDM rats.

Effect of Puerarin on TLR4/MyD88/NF-kB signalling
molecules

IR is common in the pathogenesis of GDM. The level of
IRS-1 was lower in the GDM group than in the control
group. Figure 5a-b demonstrates the effects of puerarin
on the expression of IRS-1 in GDM rats. Treatment with
puerarin upregulated IRS-1 expression in adipose tissues
around the reproductive organs in GDM rats (P <0.01).

To determine the role of the TLR4/MyD88/NF-xB
pathway in puerarin-mediated inhibition of the inflam-
matory response, we studied the activities of TLR4,
MyD88, p-NF-xB, and TNF-a in adipose tissues around
the reproductive organs in GDM rats by western blotting
to elucidate the precise molecular mechanism of the anti-
inflammatory activity of puerarin. Based on the western
blotting analysis (Fig. 5a, c—d), the protein expression of
TLR4 and MyD8S in the adipose tissues around the repro-
ductive organs significantly increased. Puerarin treatment
decreased TLR4 and MyD88 expression (P <0.05). To fur-
ther confirm the suppression of inflammatory mediators
by puerarin, the protein levels of phosphorylated NF-kB
and TNF-a in adipose tissues around the reproductive
organs were also investigated. As depicted in Fig. 5a,
e—f, the expression of phosphorylated NF-kB and TNF-a
were enhanced in adipose tissues around the reproductive
organs of GDM rats, and puerarin treatment suppressed
the expression levels of phosphorylated NF-kB and TNF-a
(P<0.01, P<0.05).
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Fig.2 Histopathological
observation in GDM rats. a
Comparison of liver, pancreas, a
adipose tissues morphology of
rats in control group and GDM
group (HE, x 100). b FBG
before and after streptozotocin
(STZ) induction in two groups.
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Discussion

GDM is characterized by glucose intolerance and IR and
is the most common disorder of glucose and lipid metabo-
lism during pregnancy. The aetiology and pathogenesis of
GDM is complex and involves genetic and environmental
factors, the SNPs study indicated that some genes that have
a genetic association in T2DM have the same association
in gestational diabetes [24]. GDM can lead to substantial

health risks for mothers and offspring [25, 26]. In offspring
of women with GDM, there is a high risk of congenital mal-
formations, including heart, digestive system, and nervous
system malformations, which can lead to long-term chronic
disease [27, 28]. Lifestyle and pharmacological interven-
tions have benefited offspring. Since IR is common in the
pathogenesis of GDM, we developed a rat model of GDM
by continuously feeding diabetic rats with a high-fat diet
and administering an intraperitoneal injection of STZ. We
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Table 1 Pancreatic endoscopic diagnostic criteria

Score Lesion condition of pancreas

0 Normal morphology and structure of pancreas

1 Inflammatory cell infiltration, B cells swelled
and occurred vacuolar degeneration; pancre-
atic acinar cells of some rates occurred vacu-
olar degeneration, mild interstitial inflam-
matory cells infiltration; pancreatic ductal
revealed mild dilatation

2 Pancreatic B cells particles depigmentation,
swelling and occurred vacuolar degenera-
tion, mild atrophy of islet; the number of
pancreatic B reduced slightly

showed that GDM rats had high IR, leading to a larger
increase in abnormal lipid metabolism and plasma glucose
in comparison with those in normal controls.

Many studies have reported that there is a close correla-
tion between the inflammatory response and insulin resist-
ance [29-31]. Inflammatory cytokines mediate insulin sig-
nal transduction by preventing tyrosine phosphorylation of
IRS-1 [32, 33]. TLR4 is known to trigger the inflammatory
response by activating the NF-kB pathway, which leads to
the production of inflammatory mediators [34-36]. Acti-
vated TLR4 subsequently transmits inflammatory signals
through the adaptor protein MyD88 [37, 38]. The MyD88-
dependent signalling pathway activated NF-kB to induce
the inflammatory cytokine TNF-a [39]. Recent reports have
shown that traditional Chinese medicines have therapeutic
potential in inflammatory response and GDM [40-43].
Taking into account the inflammatory response involved in
GDM [29, 44], we evaluated the effects of puerarin treat-
ment on IRS-1, TLR4, MyD88, and NF-xB expression in
GDM rats. The inhibition of the TLR4/MyD88/NF-«B sig-
nalling pathway may highlight the potential of puerarin as a
suppressor of the inflammatory response.

In this study, we validated the cross-talk of TLR4 between
inflammation and IR in GDM rats. Through its action on
inflammation, TLR4 could contribute to the altered inflam-
mation and IR in GDM. This hypothesis is also supported by
our present findings showing an association with inflamma-
tion signalling molecules, including MyD88, NF-xB, TNF-
a, and glucose metabolism.

The Chinese medical herb kudzu root has been used for
the treatment of diabetes mellitus for a long time [15, 45,
46], and several previous studies have shown that puerarin
has a pharmacological effect of improving glucose uptake
and attenuating insulin sensitivity [16]. However, the mecha-
nism by which puerarin affects GDM remains unknown. The
present study aimed to investigate puerarin’s effects in GDM
rats, and the results strongly suggest that serum glucose and
lipid levels were decreased by puerarin in GDM rats. The
protein expression levels of IRS-1 were significantly upregu-
lated by puerarin in GDM rats. We also found that puerarin
downregulated TLR4 andMyD88 expression and decreased
the levels of phosphorylated NF-kB and TNF-a in GDM rat
adipose tissues around the reproductive organs.

Natural health products are the potential source in clinical
research. Previous studies showed that resveratrol adminis-
tration can improve maternal glucose and lipid homeostasis
in both C57BL/KsJ-Lep “@'*) (db/+) mouse and streptozo-
tocin-induced diabetes animal model. The toxicity of puera-
rin to experimental animals is low, studies have reported that
there was no significant sub-acute toxicity after adminis-
trated intraperitoneally at 516.7 mg/kg and 273.1 mg/kg for
30 days in rats and rabbits observed. However, we should
pay more attention to the safety of pregnancy medication.
Some study reported that puerarin can pass the placental bar-
rier and maintain a high concentration in fetuses, indicating
that puerarin administration should be carefully considered
in pregnant women [47]. In this case, the long-term safety
of puerarin in animal studies especially in the offspring of
the GDM rats need to be determined in our further reaserch.

Conclusion

In conclusion, our study revealed that puerarin effectively
ameliorated disorders of glucose and lipid metabolism and
IR in GDM rats and has a potentially anti-inflammatory
effect related to the downregulation of downstream path-
ways of TLR4/MyD88/NF-kB, suggesting that TLR4 is a
promising target for the treatment of GDM.

Table 2 Diagnostic criteria for

liver lesion Score  Lesion condition of Liver
0 Normal hepatocytes arranged in two cell thick plates and no necroinflammatory injury or steatosis
Mild inflammatory cellular infiltrates
2 Hydropic degeneration (ballooning) of hepatocytes, focal lytic necrosis, and moderate inflamma-
tory cellular infiltrates
3 Evident fatty change (steatosis)
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Fig.3 Puerarin administration attenuates GDM rats’ pathological
changes. a Comparison of liver, pancreas, adipose tissues morphol-
ogy of rats in control group. b Comparison of liver, pancreas, adipose
tissues morphology of rats in GDM group. ¢ Comparison of liver,

pancreas, adipose tissues morphology of rats in puerarin treatment
group (HE,Xx100). (CN Control Group, GDM gestational diabetes
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Fig.4 Effects of puerarin on glucose and lipid metabolism in GDM
rats. a The effect of puerarin on fasting blood glucose (FBG). b The
effect of puerarin on fasting blood insulin(FINS). ¢ The effect of
puerarin on HOMA-IR index. d The effect of puerarin on triglycer-
ides (TG). e The effect of puerarin on total cholesterol (TC). f The

effect of puerarin on high-density lipoprotein cholesterol (HLDL-C).
g The effect of puerarin on low-density lipoprotein cholesterol (HDL-
O). **P<0.01, *P<0.05. (CN Control Group, GDM gestational dia-
betes mellitus group, GDM + PUR puerarin treatment group)
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Fig.5 Effects of puerarin on IRS-1, TNF-a and TLR4/MyD88/NF-kB signaling pathway in adipose tissues around the reproductive organs of
GDM rats Data are presented as mean + SEM with (n=6). **P <0.01, *P <0.05
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