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Transplantation of decellularized and lyophilized

amniotic membrane inhibits endometrial fibrosis

by regulating connective tissue growth factor and
tissue inhibitor of matrix metalloproteinase-2
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Abstract. Intrauterine adhesion (IUA) is a disease
characterized by endometrial fibrosis caused by injury to
the endometrium. In the present study, decellularized and
Iyophilized human amniotic membrane (DL-AM) material
was transplanted in a rat model to explore the preventive
effect against IUA. A total of 24 Sprague Dawley rats were
randomly divided into an IUA (n=12) group and an IUA +
DL-AM (n=12) group. To establish the model, the endome-
trium of the left uterus was scraped, while that of the right
uterus was used as a control. In the IUA group, scraped uteri
were sutured without any other treatment, whereas DL-AM
was transplanted onto the scraped uteri in the IUA + DL-AM
group. Uteri were resected for histological and immunohisto-
chemical evaluation at 3, 7, 14 and 28 days after surgery. The
results confirmed the development of TUA, which was accom-
panied by an increase in the rate of fibrotic area. Integral
optical density (IOD) values of connective tissue growth
factor (CTGF) were elevated in the ITUA group, while matrix
metalloproteinase-2 (MMP-2) decreased relative to the control
group (P<0.05). After DL-AM transplantation, the IOD value
of CTGF dropped, while MMP-2 increased compared with
the TUA group (P<0.05). However, compared with that in
the control group, the IOD value of CTGF was still higher,
whereas MMP-2 was still lower in the IUA + DL-AM group
(P<0.05). Furthermore, no evidence of endometrial regenera-
tion was detected in both the IUA and TUA + DL-AM groups.
Overall, these results indicated that in the rat model of IUA,
transplantation of DL-AM had the potential to prevent the
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formation of fibrosis to a certain extent and may thus be an
alternative strategy for managing the condition.

Introduction

Intrauterine adhesion (IUA; also referred to as Asherman's
syndrome) is a disease characterized by partial or complete
uterine/cervical atresia, as well as abnormal menstrual patterns,
such as amenorrhea and hypomenorrhea, and fertility impair-
ment, including spontaneous miscarriage, placenta accretion,
preterm delivery and intrauterine growth restriction (1-3). Injury
to the endometrium is considered the leading cause of TUA (1-3).
At present, it is difficult to estimate the actual IUA incidence
due to underdiagnoses. However, previous studies have esti-
mated that 1.5% of female cases of infertility, 5-39% of those
with recurrent miscarriage and 40% with repeat dilation and
curettage for retained placental tissue are related to TUA (2,3).
To date, numerous approaches, such as adhesiolysis,
intrauterine devices, intrauterine balloon stent, anti-adhesion
barrier hyaluronic acid and carboxymethylcellulose, have been
adopted for the prevention of TUA after surgery (4). However,
the rate of adhesion recurrence has remained significantly high
after hysteroscopic adhesiolysis, while data regarding safety
and efficacy of alternative methods are currently insufficient.
Technological advancements in tissue engineering
have allowed the identification of biological materials with
crucial roles in repairing damaged tissues. For instance, the
utility of amniotic membrane (AM), a translucent membrane
derived from the placenta, which consists of monostratified
epithelium expressing few histocompatibility antigens and
stroma with no blood vessels, nerves and lymph vessels, has
been documented (5). Consequently, this membrane with
anti-inflammatory, low-immunogenicity and anti-fibrotic
properties has been applied for wound healing, particularly
in ophthalmology and burns (6,7). However, this approach
is still associated with certain problems regarding storage
and infection of fresh AM. Decellularized and lyophilized
amniotic membrane (DL-AM) has been developed as an
improved approach; in this material, immunogenicity is
eliminated through removal of epithelial cells and problems
related to infection and storage are prevented by sterilization
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and lyophilization (8,9). In fact, DL-AM has been success-
fully applied to close pharyngocutaneous fistula (10). Previous
studies by our group indicated that DL-AM effectively
suppressed IUA by ameliorating endometrial fibrosis (11-13).
However, the underlying mechanisms of action have remained
to be elucidated.

The major pathological changes of IUA are avascular
fibrous strands joining uterine walls due to accumulation
of extracellular matrix (ECM) (1-3). Various proteins and
cytokines have been implicated in fibrosis development. For
instance, connective tissue growth factor (CTGF) is a widely
known hallmark of fibrosis across multiple tissues, including
IUA (14). Furthermore, matrix metalloproteinases (MMPs) are
a large family of zinc-dependent endopeptidases that degrade
ECM components. Of note, disruption of the equilibrium
between ECM accumulation and degradation has been associ-
ated with fibrosis development (15).

In the present study, the efficacy of DL-AM transplantation
to inhibit endometrial fibrosis was evaluated in damaged uteri
of a rat model of IUA. It was further investigated whether this
effect was mediated via downregulation and upregulation of
CTGF and MMP-2, respectively.

Materials and methods

Ethics statement. Animal handling and experimental
procedures were performed in compliance with the
guidelines approved by the Institutional Animal Care and
Use Committee (IACUC) at Nanjing Medical University
(approval no. TACUC-1912051) and the Animal Research:
Reporting of in vivo Experiments guidelines (16). Rats were
housed (3 rats per cage) under conditions including a 12-h
light/dark light-dark cycle, temperature of 22-25°C and relative
humidity of 50-65% with free access to food and water. All
efforts were made to minimize animal suffering. AM samples
were obtained from donors who had caesarian sections and
seronegative results for syphilis, human immunodeficiency
virus, hepatitis B and hepatitis C virus. Sample collection was
performed under sterile conditions after obtainment of written
informed consent by the subjects.

Preparation of DL-AM. First, the AM was separated from
the chorion membrane and then gently washed with sterile
PBS to remove the blood component. The clean samples were
incubated with 0.2% EDTA for 30 min, with continuous stir-
ring for decellularization, then dried in a lyophilizer. Samples
were cut into small pieces, measuring ~2.5x2.5 cm, sterilized
under Co% y-ray irradiation (25 kGy) sterilizer and then
vacuum-packed for subsequent experiments (17) (Fig. 1).

Establishment of an IUA rat model and DL-AM
transplantation. A total of 24 Sprague Dawley rats (180-220 g;
8-week-old; female; Charles River Laboratories, Inc.) were
randomly divided into two groups: IUA (n=12) and TUA +
DL-AM (n=12). Vaginal smears of exfoliated vaginal epithelial
cells were observed under light microscopy prior to surgery.
All rats were operated and sacrificed during the anestrus
period. In brief, rats were anesthetized under pentobarbital
(40 mg/kg, intraperitoneal injection) and their Y-type uterus
was exposed, with the right uteri of each rat used as control

without treatment. The left uteri of rats in the IUA group were
cut and scraped to the depth of the stromal layer (including
epithelial and at least 1/3 stromal layer to ensure successful
establishment of the IUA model) using a razor blade. The
wound was then carefully sutured and closed. For rats in the
IUA + DL-AM group, DL-AM was transplanted onto the inner
surface of the scraped uterus and the incision closed by careful
suturing (Fig. 1). Rats were sacrificed under pentobarbital
(100 mg/kg, intraperitoneal injection) (no heartbeat and no
breathing were confirmed for death) and uteri were cut and
collected 3, 7, 14 and 28 days after surgery.

Histology and immunohistochemistry. All samples were fixed
in 4% paraformaldehyde solution, embedded in paraffin wax
and then cut into 5-¢m sections. Van Gieson staining (Beijing
Solarbio Science & Technology Co., Ltd.) was performed to
evaluate fibrosis. The percentage of fibrotic area was defined as
the ratio of endometrial fibrotic to the whole endometrial areas
(including epithelial and stromal layers) (11). For immunohisto-
chemistry, sections were deparaffinized and rehydrated using
graded ethanol, then incubated with sodium citrate solution
(0.1 mM, pH 6.0) at 95-100°C for 10 min for antigen-retrieval
and then with 3% hydrogen peroxide solution for endogenous
peroxidase activity blocking at room temperature for 15 min.
The samples were incubated with primary antibodies, namely
anti-CTGF (cat. no. bs-0843R; Bioss) and anti-MMP-2
(cat. no. bs-4599R; Bioss) diluted at 1:200 overnight at 4°C
and then with a secondary antibody (cat. no. TA130001; 1:100;
OriGene Technologies, Inc.) matching the respective primary
antibodies at 25°C for 1 h. Sections were then stained with
3-3'-diaminobenzidine solution (OriGene Technologies, Inc.)
and counterstained with hematoxylin.

Scanning electron microscopy. Specimens were fixed in
1% glutaraldehyde at 4°C for 24 h and then treated with
1% osmium tetroxide for 2 h. They were then dehydrated,
critical-point dried, mounted and coated with gold prior to
visualization. All specimens were observed under a scanning
electron microscope (S-3400N; Hitachi, Ltd.).

Statistical analysis. Data were analyzed using SPSS 24.0 and
expressed as the mean + standard deviation. Comparisons
among groups were performed by one-way ANOVA and
Tukey's post-hoc test. The software, ImagePro Plus v6.0 (Media
Cybernetics, Inc.), was employed to calculate the rate of fibrotic
area and evaluate the levels of CTGF and MMP-2 expression
in the groups (11-13). The integral optical density (IOD) was
defined as the sum total of optical density for positively-stained
unit areas for CTGF and MMP-2, with high IOD values implying
higher expression as previously described as a semiquantitative
method to evaluate the expression of proteins (11-13,17,18). The
IOD value was calculated by two authors independently. P<0.05
was considered to indicate statistical significance.

Results

AM decellularization and confirmation. The DL-AM
appeared transparent and fragile. H&E staining revealed
monostratified cylinder cell epithelium and stromal cells in
fresh AM, but no cells on the surface of DL-AM. In addition,
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Figure 1. Schematic illustration of the experimental procedures. (A) Appearance of fresh fetal membrane. (B) Fresh amniotic membrane was separated from
fetal membrane. (C) Fresh amniotic membrane. (D) Decellularized and DL-AM was prepared by decellularization, lyophilization and cutting. (E) DL-AM was
cut into pieces. (F) Sterilized DL-AM used for transplantation. (G) The left inner uterine surface of female Sprague Dawley rats was opened and (H) scraped to
mimic endometrial trauma for ITUA model. (I) In the IUA + DL-AM group, DL-AM was transplanted to the damaged endometrium and (J) the uterine wound
was then closed. (K) In the IUA group, the inner surface of the uterine was scraped and (L) the wound was sutured. IUA, intrauterine adhesion; DL-AM,

decellularized and lyophilized human amniotic membrane.

light microscopy indicated no structure of epithelial cells on
the surface of DL-AM. Further examination using scanning
electron microscopy revealed only collagen fibers but no
epithelial cells in DL-AM specimens, confirming successful
removal of AM epithelial cells (Fig. 2).

Degree of fibrosis. Van Gieson staining revealed that fibers
were stained red while non-fiber components stained yellow.
Analysis of the fibrotic area revealed higher rates in the ITUA
than in the control group (P<0.05), indicating progression of
IUA. Furthermore, rats in the ITUA + DL-AM group exhibited
a significantly lower fibrotic area percentage than those in the
IUA group at the same time-point (P<0.05), although this was
still higher than in the control group (P<0.05; Fig. 3).

Expression of CTGF after DL-AM transplantation. CTGF
exhibited weak expression in the stromal and epithelial layer
of the control group, but this factor was significantly upregu-
lated after scraping (P<0.05), particularly in the stromal layer.
CTGEF was significantly downregulated in the uterus tissues at
3,7, 14 and 28 days after DL-AM transplantation compared

with that in the IUA group at each time-point. However, the
expression was significantly higher relative to that in the uteri
of the control group (P<0.05; Fig. 4).

Expression of MMP-2 after DL-AM transplantation. MMP-2
was highly expressed in control uteri, including epithelial
and stromal layers, but significantly downregulated in
scraped uteri (P<0.05). Transplantation of DL-AM resulted
in significant upregulation of MMP-2 compared with the
IUA group (P<0.05). However, the expression of MMP-2 in
the ITUA + DL-AM was lower than that in the control group
(P<0.05; Fig. 5).

Discussion

The etiology of IUA has frequently been associated with injury
to the basal layer of the endometrium, particularly during dila-
tion and curettage. On the other hand, the incidence of TUA
has been linked to the rise in hysteroscopic surgeries and arti-
ficial abortions (1-3). In patients with moderate-to-severe IUA,
injury to the endometrial basal layer impairs regeneration
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Figure 2. Comparisons between fAM and DL-AM via gross pathology, light microscopy, scanning electron microscopy and H&E staining (scale bar, 100 ym).
fAM, fresh amniotic membrane; DL-AM, decellularized and lyophilized human amniotic membrane.

and repair of the remaining endometrium, thereby causing
the formation of scars and adhesions in the uterine cavity and
resulting in clinical manifestations. It is therefore imperative
to elucidate the underlying mechanisms, which may aid in the
development of new strategies for treating TUA.

In the present study, a rat model of [UA was established
via traditional endometrial scraping, to mimic the patho-
genesis and pathological changes of the disease. Successful
model establishment was confirmed after removal of endo-
metrial epithelial cells and disappearance of the uterine
cavity. Furthermore, the development of IUA was associ-
ated with an increased area of fiber and a higher fibrotic
area percentage, confirming successful establishment of the
IUA model.

AM is a traditional natural biomaterial that has been
applied in wound healing, particularly for burns (7) and ocular
surface reconstruction (19). To date, different types of AM
have been produced to circumvent difficulties regarding infec-
tion and storage. For instance, de-epithelialization of AM has
been indicated to effectively eliminate immunogenicity of AM
and promote cell proliferation and differentiation relative to
intact AM (8,20), making it a suitable scaffold for transplanta-
tion of other cells in tissue engineering. Although it allows
lower expression of various growth factors compared with
fresh AM (20), de-epithelialization AM has been applied in
tissue repairing, including pericardium repairs (21) and left
ventricular remodeling (22). In the present study, DL-AM

was produced by lyophilization of de-epithelialized AM for
room temperature preservation, as well as sterilization and
eliminate potential infection. Although DL-AM has previously
been reported to treat post-laryngectomy pharyngocutaneous
fistulas (10), its preventive efficacy, as well as the underlying
mechanisms of action on IUA, have remained elusive. The
present study sought to evaluate the preventative efficacy of
DL-AM on IUA by transplanting it into scraped uteri.

Previous studies have indicated that CTGF promotes
the proliferation of stromal cells and ECM accumulation in
connective tissues (23). In fact, its high secretion across virtu-
ally all fibrotic conditions, including the skin (24), kidney (25)
and liver (26), makes it a promising therapeutic target for
fibrosis. Pamrevlumab, a recombinant antibody that binds
to CTGF, has been applied in clinical trials (stage 3) for the
treatment of idiopathic pulmonary fibrosis (27) and was indi-
cated to hold promise as an alternative treatment for [TUA. The
results of the present study revealed significant upregulation of
CTGF in scraped uteri relative to that in control uteri. In fact,
CTGF expression appeared to increase with the development
of TUA, consistent with a previous study (14). In the present
study, it was further observed that CTGF was downregulated
after DL-AM transplantation relative to the IUA group.
However, this expression was still significantly higher in the
IUA + DL-AM than in the control group, suggesting that the
inhibitory effect of DL-AM on CTGF expression was only
partial.
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Figure 3. Evaluation of fibrosis and the effect of DL-AM transplantation on fibrosis. (A) Van Gieson staining compared among groups at 3, 7, 14 and 28 days
after surgery. Fibrotic areas were stained red (magnification, x40). (B) Fibrotic area in different groups 3, 7, 14 and 28 days after the operation. Although a
lower fibrotic area percentage was observed after DL-AM transplantation compared with that in the IUA group, the fibrotic area rate in the IUA + DL-AM
group was still higher relative to the control group (scale bar, 100 ym). ‘P<0.05. IUA, intrauterine adhesion; DL-AM, decellularized and lyophilized human

amniotic membrane.

ECM accumulation is a common phenomenon during
the development of IUA. MMPs have a pivotal role in ECM
degradation compared to CTGF. Although MMP-2 has been
indicated to have a crucial role in fibrogenesis, its pattern of
expression in fibrotic tissues remains controversial. Certain
studies have reported that MMP-2 is upregulated (28-30),
while others have demonstrated its downregulation in
fibrosis (31-33). The results of the present study indicated that
MMP-2 was significantly downregulated in scraped relative to
control uteri, while DL-AM transplantation partially induced
its upregulation, thus facilitating ECM degradation and inhib-
iting the development of fibrosis.

Overall, the present results are consistent with those of
previous studies and further affirm the preventive efficacy
of DL-AM on IUA. However, there were still significant

differences between scraped uteri with DL-AM and control
uteri with regards to the expression of CTGF and MMP-2.
Furthermore, no evidence of endometrial epithelium regenera-
tion and restoration of the uterine cavity was found, indicating
that DL-AM only has limited efficacy, which necessitates the
development of alternative methods to help regenerate endo-
metrial epithelium.

In conclusion, a rat model of I[UA was successfully generated
and used to reveal that CTGF and MMP-2 are upregulated and
downregulated, respectively, during IUA progression relative
to normal uteri. DL-AM transplantation resulted in down-
regulation of CTGF, while the expression levels of MMP-2 were
higher than those in the IUA group. Taken together, these results
indicated that DL-AM is able to prevent endometrial fibrosis by
suppressing CTGF and upregulating MMP-2 expression.
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Figure 4. Profiles of CTGF expression among groups. (A) Immunohistochemical analysis of CTGF in all groups including epithelial and stromal layers
(magnification, x40 and 100 for magnified windows). Positive areas were stained brown. (B) IOD values in the different groups. The IOD value of the IUA
group was higher than that of the other groups. The IOD value was higher in the IUA + DL-AM group than in the control group at 7, 14 and 28 days after the
operation (scale bar, 100 zm). "P<0.05. IOD, integral optical density; IUA, intrauterine adhesion; DL-AM, decellularized and lyophilized human amniotic
membrane; CTGF, connective tissue growth factor.
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Figure 5. Profiles of MMP-2 expression among different groups. (A) Immunohistochemistry of MMP-2 in all groups including epithelial and stromal layers
(magnification, x40 and 100 for magnified windows). Positive areas were stained brown. (B) Bar graph comparing the IOD values across all groups. The IOD
value of the IUA group was significantly lower than that of the other groups at 3, 7, 14 and 28 days post-surgery. The IOD value of the IUA + DL-AM group
was higher than that of the I[UA group, but still lower than that of the control group (scale bar, 100 zm). "P<0.05. MMP, matrix metalloproteinase; IOD, integral
optical density; IUA, intrauterine adhesion; DL-AM, decellularized and lyophilized human amniotic membrane.
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