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Abstract

Intrauterine adhesion (IUA) is now recognized as one of the most common diseases in reproductive-age women. Metformin, a
well-known frontline oral antidiabetic drug, has been found effective in numerous different diseases. The aim of this study was to
determine the effect of metformin on reducing adhesions in an animal model of IUA. Sprague-Dawley rats were randomized into
4 groups: sham operation, control, metformin-treated for 7 days, and metformin-treated for 14 days. To establish the [IUA model,
mechanical injury to the endometria of rats was induced with a mini curette. Metformin was injected intraperitoneally after
surgery. A significant amelioration in both the number of glands and the fibrotic area, compared to those of the control group, was
detected 14 days after metformin intervention. The expression levels of antigen KI-67 and vascular endothelial growth factor
were increased at 7 and 14 days after treatment. However, the transforming growth factor-f§ expression was decreased at 14 days
after treatment. Endoplasmic reticulum stress-related apoptosis proteins (glucose-regulated protein 78, caspase-12, and CCAAT/
enhancer binding protein (EBP) homologous protein) were downregulated after metformin treatment. Moreover, we determined
that the effect of metformin was related to the inhibition of endoplasmic reticulum stress-induced apoptosis via the Phospha-
tidylinositol 3 kinase (PI3K)/Protein kinase B (AKT) and Extracellular regulated protein kinases|/2 pathways. In conclusion,
metformin can attenuate the adhesion and promote the regeneration of the endometrium of the IUA rat, and metformin may
serve as a novel therapeutic strategy for I[UA patients.
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enhancer binding protein (EBP) homologous protein (CHOP) and
to the upregulation of caspase-12, which contributes to cell apop-
tosis.” Observers have already drawn attention to the relationship
between fibrosis and apoptosis, which are induced by ER stress,

Introduction

Asherman syndrome, commonly known as intrauterine adhesion
(IUA), is a consequence of mechanical or infectious injury to the
basal layer of the endometrium, which causes the formation of
fibrosis or adhesions within the uterine cavity.'Recent reports
showed that 7% of secondary amenorrhea cases among Chinese
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women were caused by IUA and IUA is the root cause of more
than one-third of female infertility cases.” Clinical therapies for
TUA are aimed at the prevention of readhesion by hysteroscopic
adhesiolysis, the administration of hormones after surgery, and
the use of intrauterine devices.> Although multiple strategies
may help relieve some symptoms, side effects and recurrence
remain tough problems.* Determining innovative therapies to
repair and regenerate the endometria of IUA patients is urgent.

Abnormal protein accumulation in the endoplasmic reticulum
(ER) can trigger the unfolded protein response (UPR). However,
persistent UPR is destructive and can lead to the irregular expres-
sion of glucose-regulated protein 78 (GPR78) and CCAAT/
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under conditions such as cardiac fibrosis,® liver fibrosis,” and
pulmonary fibrosis.® Recently, ER stress-induced apoptosis has
been identified as a potential contributing factor to the formation
of fibrosis in an ITUA model.” To some extent, ER stress-induced
apoptosis is a potent therapeutic target for [UA.

Metformin, an effective drug in reducing the hepatic produc-
tion of glucose, is widely used among patients with type 2 dia-
betes, especially in overweight patients. In addition to the
glucose-lowering effects in the type 2 diabetes, numerous dif-
ferent functions for metformin have been confirmed in the past
few years, which provides many benefits for patients.'®!!
Recently, researchers have drawn attention to the relationship
between metformin and ER stress.'>'? Various studies have
shown that metformin alleviates disease progression by reducing
abnormal ER stress and UPR-related apoptosis.'*'> No previous
report, however, has discussed the role of metformin in TUA.
Therefore, we hypothesized that metformin may have positive
influences on the injured endometria of patients with TUA.

The present work was designed to determine the effect of
metformin on healing the endometrium of an IUA rat model
after mechanical damage and then to further determine the
possible molecular mechanism underlying the phenomenon.

Materials and Methods

Animal Models and Experimental Groups

Female Sprague-Dawley rats (230-250 g, n = 32) aged 8 weeks
were purchased from the Animal Center of Chinese Academy
of Sciences, Shanghai, China. The experiments were carried
out according to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. This study was approved
by the Animal Care and Use Committee of Wenzhou Medical
University. Rats were housed under standard conditions for at
least 7 days before the commencement of experiments. Vaginal
smears were performed at 08:00 in the morning to determine
the estrous stage on the basis of the amount of nucleated epithe-
lial cells, leukocytes, and cornified epithelial cells under a light
microscope. The IUA models were induced during the diestrus
stage of the cycle. The animals (n = 32) were divided into 2
groups: the sham operation group (n = 8) and the mechanical
injury group (n = 24). All animals were anaesthetized with 1%
pentobarbital sodium (0.5 mL/kg, intraperitoneal). Afterward,
a vertical incision was made in the abdominal midline of each
animal, and a horizontal incision (0.2 cm) was made on the
uterus 0.5 cm above the bifurcation. A mini curette was used to
scrape the endometrium to induce mechanical injury. Rats in
the mechanical injury group were randomly divided into 3
subgroups: control, metformin-treated for 7 days, and
metformin-treated for 14 days. After surgery, the metformin-
treated groups were intraperitoneally injected with 0.2 mL of
metformin at a dose of 1 mg/mL. Additionally, the animals in
the control group were intraperitoneally injected with 0.2 mL
of saline. In the sham operation group, the animals only under-
went abdominal incision without any uterine treatment. The
metformin-treated rats were sacrificed at 7 and 14 days,

whereas the rats in the sham group and control group were
sacrificed at 14 days after surgery.

Histological Examination and Masson Trichrome Staining

The rats were anaesthetized with 1% pentobarbital sodium (0.5
mL/kg, intraperitoneal), and the uterine tissue was collected.
One side of the uterus was fixed in cold 4% paraformaldehyde
overnight and embedded in paraffin. Uterine sections (5 pm)
were stained with hematoxylin and eosin (Beyotime Institute of
Biotechnology, Shanghai, China) and with Masson trichrome
staining (Beyotime Institute of Biotechnology). The histology
was viewed and images were captured under a Nikon Eclipse
801 (Nikon, Japan).

Immunohistochemical Analysis

Immunostaining for antigen KI-67 (Ki-67), transforming growth
factor-p (TGF-P), vascular endothelial growth factor (VEGF),
CHOP, GRP78, and caspase-12 was performed in each experi-
mental group. After dewaxing and rehydration, the sections were
heated in sodium citrate buffer for antigen retrieval in a micro-
wave oven and then rinsed in phosphate-buffered saline (PBS).
The slides were blocked with 3% H,0, for 10 minutes to inhibit
the endogenous peroxidase activity, and then nonspecific anti-
body binding was blocked with 5% bovine serum albumin (BSA;
Beyotime, Shanghai, China) for 30 minutes at 37°C. Thereafter,
primary antibodies, including Ki-67 (1:100, Abcam, CB, UK),
VEGF (1:100, Abcam, CB, UK), TGF-§ (1:100, Abcam, CB,
UK), CHOP (1:200, Santa Cruz, CA, USA), GRP78 (1:200,
Santa Cruz, CA, USA), and caspase-12 (1:400, Abcam, CB,
UK), were incubated with the sections at 4°C overnight. After
thoroughly washing with PBS, the sections were incubated with
the biotinylated secondary antibodies (goat anti-mouse or goat
anti-rabbit) for 2 hours at 37°C. The sections were stained with
diaminobezidin (DAB; ZSGB-BIO, Beijing, China) and coun-
terstained with hematoxylin, followed by dehydration and cover
slipping. The images were acquired on a light microscope
(Olympus, Japan). Semiquantitative evaluation of the immunos-
taining intensity was conducted using Image-Pro plus 6.0 sys-
tem. Negative controls were similarly stained, but the primary
antibodies were replaced with PBS.

Western Blot

The other side of the uterus was stored at —80°C for later
protein analysis. To extract protein, the uterine tissue was
homogenized in modified RIPA buffer (Solarbio, Beijing,
China) with 1 mmol/L phenyl methane sulfonyl fluoride (Solar-
bio). The complex was then centrifuged at 12 000 rpm at 4°C
for 10 minutes, and then, the supernatant was obtained and
quantified with bicinchoninic acid reagents (Thermo, Rock-
ford, Illinois). Proteins (20 pg) were resolved on 12% sodium
dodecyl sulfate—polyacrylamide gels and transferred onto a
polyvinylidene difluoride membrane (Bio-Rad, Hercules, Cali-
fornia). After blocking with 5% skim milk for 120 minutes at
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room temperature, the bands were incubated with primary anti-
bodies, namely, CHOP (1:1000, Santa Cruz, CA, USA),
GRP78 (1:1000, Santa Cruz, CA, USA), caspase-12 (1:1000,
Abcam, CB, UK), phosphorylated-protein kinase B (p-AKT,
1:1000, Abcam, CB, UK), protein kinase B (AKT, 1:1000,
Abcam, CB, UK), phosphorylated-extracellular regulated pro-
tein kinases (p-ERK, 1:1000, Abcam, CB, UK), and extracel-
lular regulated protein kinases (ERK, 1:1000, Abcam, CB,
UK), overnight at 4°C. The next day, the bands were treated
with horseradish peroxidase-conjugated secondary antibodies
(1:5000, Shanghai Boyun Biotech Co., Ltd., China). The bands
were visualized and quantified with Image Lab 3.0 software
(Bio-Rad).

Statistical Analysis

All data are expressed as the mean + standard deviation (SD),
and the analyses were performed using the GraphPad Prism 7.0
software. Two sample ¢ tests were used to determine the sig-
nificance of the differences between 2 groups. One-way anal-
ysis of variance was utilized to determine significant
differences between multiple groups. P Values <0.05 were
considered to indicate statistical significance.

Results

Metformin Treatment Ameliorates the Morphology of the
Uterus and Increases the Number of Glands in the IUA
Model

Hematoxylin and eosin staining was carried out to examine the
tissue histology of the different groups and the results are
shown in Figure 1. There was a simple layer of high columnar
epithelial cells on the surface of the endometrium in the sham
operation group. Round and oviform glands were also noted in
the submucosa and basal layer (Figure 1A). In contrast, in the
control group, the surface of the endometrium was largely
covered by horizontal columnar epithelial cells, and there was
only a small number of glands in the epithelial tissue. More-
over, some uterine adhesions were observed in some rats
(Figure 1A). The metformin-treated group showed less dam-
age. In contrast to the control group, the number of glands
increased slightly after metformin treatment for 7 days
(Figure 1A). The quantitative results indicated that the num-
ber of glands was significantly increased after metformin
treatment for 14 days, and the number of glands was almost
the same as that of the sham operation group and better than
that of the rats treated for 7 days (Figure 1B). Collectively,
these data suggest that metformin helped repair the endome-
trial injury, and the effect appeared to increase with time.

Metformin Treatment Decreases the Fibrosis of the IUA
Model

To characterize fibrosis after injury, the ratio of the area with
endometrial fibrosis to the total endometrial area was measured

by Masson trichrome staining. It was difficult to find any fibro-
sis in the endometrium of the sham operation group (Figure
1A). However, the distribution of endometrial fibrosis in the
control group was apparently increased. In contrast to the con-
trol group, the administration of metformin for 7 days did not
significantly decrease the degree of fibrosis in the endometrium
(Figure 1B). However, at 14 days after metformin treatment,
the ratio of the endometrial fibrosis area was dramatically
reduced compared to those of the other groups. Taken together,
these data suggest that endometrial fibrosis was reduced by
metformin and that the degree of fibrosis had a negative rela-
tionship with the number of the glands.

Metformin Treatment Promotes Cell Proliferation and
Vascularization in the Endometrium of the Rat Model

The immunohistochemical staining results for Ki-67, a
nuclear antigen for cell proliferation, are presented in Figure
2. The number of positive cells was decreased in the control
group compared to the sham operation group (Figure 2A and
B). After the administration of metformin for 7 days and 14
days, the expression of Ki-67 was increased obviously in the
endometria of both groups compared to the control group.
However, no significant difference was detected between the
7-day group and 14-day group. Overall, the administration of
metformin promoted the proliferation of the endometrium of
the injured uterus. Transforming growth factor-f} is an impor-
tant growth factor regulating cell growth and differentiation
and is expressed in the nucleus and cytoplasm of the endo-
metrial cell. The results showed that the density of the TGF-f3-
positive area in the control group was much higher than that in
the sham group (Figure 2C). There was no obvious disparity
between the control group and metformin 7-day group. How-
ever, when we extended the time of the metformin treatment
to 14 days, TGF-B expression was noticeably reduced. To
explore the vascularization of each group, VEGF was used
to measure the vascular remodeling of the endometrium. In
contrast to the sham group, the number of VEGF-positive
cells in the control group was slightly decreased (Figure
2D). After 7 days of metformin injections, the expression
level of VEGF was appreciably upregulated. Strikingly, the
number of VEGF-positive cells in the metformin 14-day
group was even higher than that in the metformin 7-day
group. As shown in Figure 3, these findings showed that met-
formin is critical in enhancing the vascularization of the
injured endometrium.

Endoplasmic Reticulum Stress Signaling Pathway Is
Inhibited by Metformin in I[UA Model

To investigate whether ER stress-related apoptosis was
involved in the protective effect of metformin on the injured
endometrium, ER stress-related apoptosis proteins (GRP78,
caspase-12, and CHOP) were detected by immunohistochem-
ical staining (Figure 3). The damage to the endometrium
caused remarkable increases in the apoptosis proteins (GRP78,



Xu et al

563

Control

Number of glands (/HPF)

Met 14d

Fibrosis area (%)

,;\; »
« &

Figure |. Metformin treatment ameliorates the morphology of the uterus, increases the number of glands, and decreases the fibrosis in the
intrauterine adhesion (IUA) model. (A) Representative images of hematoxylin and eosin (H&E) staining and Masson trichrome staining of the
uterus in different groups (x40 and x200). (B) Quantification of the number of the glands and fibrosis area percentage. The data in the figure are
presented as the mean + standard deviation (SD); n = 8; *P < 0.05, **P < 0.01, ***P < 0.001. Met indicates metformin.

caspase-12, and CHOP) in the control group compared to the
sham operation group. However, the administration of metfor-
min significantly decreased the expression levels of the apop-
tosis proteins. Moreover, the number of positive cells in the
metformin 14-day group was even lower than that in the met-
formin 7-day group. To further strengthen the finding, Western
blot was used to evaluate the expression levels of GRP7S,

caspase-12, and CHOP (Figure 4). The results were approxi-
mate to the immunohistochemical staining. As shown in Figure
4, the expression of ER stress-related apoptosis proteins in the
control group increased considerably compared to the sham
group. Metformin injection helped to reduce the protein
expression level, and 14-day injection of metformin had a bet-
ter effect than injection for 7 days.
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Figure 2. Immunohistochemical staining for antigen Kl-67 (Ki-67), transforming growth factor-p (TGF-B), and vascular endothelial growth
factor (VEGF). A, Representative images of immunohistochemical staining for K-67, TGF-f3, and VEGF in the endometrium (x400) in different
groups. B, Quantification of Ki-67 positive cells. C, Quantification of TGF-f positive cells. D, Quantification of VEGF positive cells. The data in
this figure represent the mean + standard deviation (SD); n = 8; *P < 0.05, **P < 0.01, ***P < 0.001. Met indicates metformin.

The Shielding Effect of Metformin Is Related to the PI3K/
Akt and ERK /2 Signal Pathways

The PI3K/Akt and ERK1/2 pathways are linked to cell sur-
vival, migration, and differentiation. We used Western blot to
explore whether the PI3K/Akt and ERK1/2 pathways were
involved in endometrial regeneration (Figure 4). The protein
levels of p-ERK and p-AKT were reduced after endometrial
injury, whereas metformin treatment for 7 days significantly
increased the levels of these proteins. Moreover, the protein
levels after 14 days of metformin treatment were obviously
elevated compared to those of the control group. These results
indicated that the function of metformin in protecting the endo-
metrium was related to the downregulation of ER stress
through the activation of the PI3K/Akt and ERK1/2 pathways.

Discussion

It is widely believed that curettage, postpartum hemorrhage,
infection, and some surgical treatments can cause trauma to the
endometrium with consequent IUA..'® There are avascular strands
of fibrous tissue that bridge the anterior and posterior uterine
walls in patients with TUA."” As time passes, the thin endometrial
bands become thicker bands with more severe fibrosis and less
glandular proliferation, causing the obliteration of the uterine
cavity.'® Eventually, TUA patients have various symptoms, such
as menstrual aberrations, pelvic pain, secondary infertility, recur-
rent abortion, intrauterine growth restriction, and other complica-
tions during pregnancy, caused by these pathological processes. '’

In this work, metformin showed a positive effect in the
recovery of endometrium in IUA rats. The numbers of glands
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Figure 3. The endoplasmic reticulum (ER) stress signaling pathway is inhibited by metformin in the intrauterine adhesion (IUA) model. A,
Representative images of immunohistochemical staining of glucose-regulated protein 78 (GRP78), caspasel2, and CCAAT/EBP homologous
protein (CHOP) in the endometrium (x400) in different groups. B, Quantification of GRP78-positive cells. C, Quantification of caspasel2-
positive cells. D, Quantification of CHOP-positive cells. The data in the figure represent the mean + standard deviation (SD); n = 8; *P < 0.05,

P < 0.01, *¥*P < 0.001. Met indicates metformin.

were significantly increased after the metformin treatment.
Moreover, we revealed that the prolonged treatment of metfor-
min in the JTUA model exhibited more effective function in
promoting endometrium regeneration. On the other hand, met-
formin reversed the decrease in Ki-67 expression that was
observed in the injured endometrium. Recently, a research by
Xu et al revealed that expression of Ki-67, a cell proliferation
marker, was enhanced after keratinocyte growth factor treat-
ment in TUA rats."” Therefore, the elevated expression level of
Ki-67 indicated the potential efficacy of metformin in promot-
ing cell proliferation. This was in line with the histological
results, which means that metformin can regenerate the endo-
metrium by enhancing the proliferation of endometrium cell
and increasing the number of glands. Many studies have

revealed that endometrial stem cells contribute to the regenera-
tion of endometrium after menstruation.?® A research published
by Gargett et al revealed that stem cells derived from bone
marrow played an important role in the remodeling and regen-
eration of the human uterus.?' Additionally, some studies have
confirmed that metformin can enhance the recruitment of
neural stem cells and promote its proliferation, self-renewal,
and differentiation.”” However, there are few studies focusing
on the role of metformin in the recruitment of stem cells in
endometrium. Thus, more studies are urgently needed to
explore its role in the recruitment of stem cells.

Many previous studies have found that the levels of fibrosis
markers were significantly increased in the endometrium with
IUA compared to the control group, suggesting fibrosis
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Figure 4. The protective effect of metformin is related to the Phosphatidylinositol 3 kinase (PI3K)/Protein kinase B (AKT) and Extracellular
regulated protein kinases|/2 pathways. A, Western blot results of glucose-regulated protein 78 (GRP78), pro-caspase-|2, cleaved caspase- 12,
and C/EBP homologous protein (CHOP) in the different groups. Glyceraldehyde-3-phosphate dehydrogenase (GADPH) was used as the loading
control and for band density normalization. B, Quantification of protein expression. **P < 0.01 versus sham group, #P < 0.05 versus control
group, P < 0.0 versus control group. C, Western blot results of phosphorylated-protein kinase B (p-AKT), protein kinase B (AKT),
phosphorylated-extracellular regulated protein kinases (p-ERK), and extracellular regulated protein kinases (ERK) in different groups. D,
Quantification of protein expression. **P < 0.01 versus sham group, #P < 0.05 versus control group, *P < 0.0l versus control group.

formation may play an important role in the progression of
IUA.?*** Recently, several studies have shown that TGF-, a
central mediator of fibrogenesis, is upregulated in liver fibrosis,
and metformin treatment can reverse the high expression level
of TGF-B.?®> In accord with previous studies,”® metformin
showed a similar efficacy in this study. Our results revealed
that the level of TGF-f was considerably reduced after the
administration of metformin for 14 days. The density of
TGF-B in the 7-day group was lower than that in the control
group, yet a significant reduction was not achieved. However,
there was a significant difference in the TGF-f levels between
the 7- and 14-day groups. The findings by immunohistochem-
istry were in line with Masson trichrome staining. Whereas, a
previous research suggested that, after the combination therapy
of Interceed and estrogen, the fibrosis of endometrium in the
rabbit IUA model resumed at 7 days after intervention.?” This
may partly due to the different animal species and distinct
therapeutic effects in these two studies. The results above indi-
cated that metformin can suppress the fibrosis within the
uterus. While it seems that achieving antifibrosis effect took
more time than renewing the endometrium.

It is well known that the uterus is an organ with an abun-
dant blood supply. Previous studies have reported that
collagen-binding VEGF promotes remodeling of the uterine
scar of the full-thickness injury and improves the function of
the uterus®® and that angiogenesis plays a vital role in

endometria regeneration.'® Moreover, the beneficial effect
of metformin in angiogenesis has been reported in a number
of studies.?’ Coincidently, our data showed that metformin
enhanced the expression of VEGF in the injured endome-
trium, and the drug effect became more pronounced with the
extended time. The results above showed that metformin can
improve the angiogenesis by upregulating the level of VEGF,
which was in accord with previous study.>® Taken together,
metformin has a positive effect on the healing of the injured
endometrium.

An emerging body of evidence implicates that abnormal
ER function is closely related to the pathogenesis of fibrosis.
A recent research published by Luo and Chen demonstrated
that the cardiac ER stress response is sustained during the
procedure of myocardial fibrosis, whereas the attenuation of
ER stress significantly reduces myocardial fibrosis.>' In our
current study, we discovered that the expression of proteins
related to ER stress-induced apoptosis, including GRP78,
CHOP, and caspase-12, was remarkably enhanced in the
injured endometria of IUA rats. In view of these findings, pre-
venting ER stress-related apoptosis may be a novel target to
attenuate fibrosis of the endometrium in IUA. Prior studies
have noted the role of metformin in suppressing aberrant ER
stress and UPR-related apoptosis. A study by Cai et al indicated
that pretreatment with metformin reduced the overexpression
of ER stress markers including cleaved caspase-12 and CHOP
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and attenuated the myocardial trauma and apoptosis induced by
isoproterenol in a rat model."® In our work, after the adminis-
tration of metformin, ER stress associated-apoptosis proteins,
including GRP78, CHOP, and caspase-12 were dramatically
decreased. Moreover, there were obvious differences between
the 2 metformin groups; the 14-day treatment was more effec-
tive in decreasing ER stress-induced apoptosis than 7-day treat-
ment. Briefly, there was a clear benefit of metformin in
attenuating ER stress-induced apoptosis, and therefore, curing
the injured thin endometrium can be feasible.

In this work, we not only evaluated the effectiveness of
metformin on IUA, but also explored the possible mechanisms
underlying it. The PI3K/Akt and ERK1/2 pathways are vital
regulators of cell survival, metabolism, and proliferation in
many physiological and pathological processes. A recent study
revealed that metformin can enhance the therapeutic effect
of gall bladder cancer cells through the PI3K/Akt/ERK
pathway.*® To explore whether the PI3K/AKT and ERK1/2
pathways were involved, we evaluated the phosphorylation of
Akt and the phosphorylation of ERK in different groups. Our
results indicated that the levels of p-Akt and p-ERK were sig-
nificantly decreased in [UA rats and the declined protein levels
of p-Akt and p-ERK were reversed after metformin adminis-
tration. Moreover, the gap was considerably wider with the
prolonged period of treatment. Furthermore, in hepatocellular
carcinoma cells, ER stress-induced apoptosis has been reported
to be mediated by crosstalk between the PI3K/Akt and ERK1/2
pathways.*> We tentatively put forward that the potential of
metformin in the injured endometrium may due to or partially
relied on the inhibition of the ER stress-induced apoptosis and
activation of the PI3K/Akt and ERK1/2 cascades.

In conclusion, we discovered the treatment effect of met-
formin on endometrium in an I[UA model and demonstrated
that metformin could protect the endometrium against
mechanical injury in rats, at least partially, by alleviating
aberrant ER stress-induced apoptosis and activating the
PI3K/Akt and ERK1/2 pathways. However, the exact
mechanisms of endometrium regeneration after the adminis-
tration of metformin are still unclear. Therefore, the specific
mechanism underlying this process should be further studied.
Moreover, further experimental investigations are needed to
confirm the ability of metformin to improve fertility in [UA
rats and determine whether metformin administration will
negatively influence the offspring.
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