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Abstract: Intrauterine adhesion (IUA) is a common cause for secondary infertility. However, traditional treatment
nowadays can only restore the shape of the uterine cavity but not the inadequate endometrium. In this study, we
investigated the therapeutic potentials of induced pluripotent stem cells (iPSCs) to treat IUA in a mouse model
and further explore the role of heme-oxygenase-1 (HO-1) gene in exerting such effects. Dual injury of lipopolysac-
chairdes and mechanical injury was first applied to establish an IUA model and different cells were then infused
in situ into the mice uterus after modeling, including PBS, MEF, iPS, iPS-ho1siRNA and iPS-CT siRNA. Subsequent
fertility outcomes were observed 28 d after treatment, so were the degree of tissue edema and inflammation 24 h
and 5 d after treatment. Results showed that transplantation iPSCs in situ could significantly increase pregnancy
rate and fetus number when compared with controls (PBS and MEF). Pathological studies also revealed that iPSCs
could significantly ameliorated tissue edema and inflammation with the proof of having higher number of nucleus
but less neutrophil than control groups 24 h after treatment. Furthermore, iPSCs were detected in the impaired en-
dometrium by immunofluorescence staining 5 d after treatment. This, coupled with the increased level of ER expres-
sion and number of endometrial gland, strongly indicated the functional improvement of impaired endometrium.
However, when knocking down HO-1 expression, the effect of iPSCs was significantly weakened. In conclusion, our
results indicated that iPSCs might be a pragmatic solution for the treatment of IUA and HO-1 gene play an important
role in regulating the therapeutic effect of iPSCs.
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Introduction

Over the last decade, both delay of childbearing
and fertility problems have become increas-
ingly common among women in the world.
Infertility, which has been recognized as a pub-
lic health issue worldwide by the World Health
Organization (WHO), has a global prevalence
of 9% [1]. Primary infertility is defined as the
inability to bear any children while secondary
infertility is the inability to become pregnant
after previously conceiving, whether or not the
first pregnancy came to full term. Despite being
common, infertility is often experienced as a
lonely road for affected couples.

Even though technological advances, including
artificial assisted technology, have provided
many more options available to individuals ex-
periencing fertility problems, there still remain
some diseases and conditions untreatable with
the drugs. And among those unsolved clinical
issues, intrauterine adhesion (IUA) or Asher-
man’s syndrome is regarded as a major limiting
factor [2]. IUA is a syndrome characterized by
adhesion and/or fibrosis within the uterine cav-
ity due to trauma of the basalis layer of endo-
metrium [3]. With the popularization of hyster-
oscopy and surgery, the incidence of IUA has
increased and become the second most com-
mon cause of female secondary infertility [4, 5].
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However, clinical treatment nowadays for IUA
can only restore the shape of the uterine cavity,
but it remains difficult to repair uterine physio-
logical function, especially the biological func-
tion of inadequate endometrium. Therefore,
the rates of cure and pregnancy are relatively
low, particularly in moderate and severe IUA.

The identification of stem cells has shed light
on those unsolvable issues in reproductive
medicine with the hope of differentiating stem
cells into different cell types to treat incurable
diseases. Thereafter, a new discipline, termed
regenerative medicine has been established.
Since 2006, researchers have identified somat-
ic stem cell in situ of uterine endometrium [6].
And later, Nagori CB et al [7] successfully treat-
ed a patient with severe Asherman’s syndrome
using autologous stem cells isolated from her
own bone marrow, suggesting their possible
role in regenerating and reconstructing the
endometrial tissue in cases of dysfunctional or
atrophic endometrium.

Progress has been made with the new develop-
ment of induced pluripotent stem cells (iPSCs)
by Yamanaka and Takahashi [8]. Derived from
somatic cells reprogramming via overexpres-
sion of exogenous transcription factors, iPSCs
can theoretically be differentiated to any
mature cell type derived from the three primary
germ layers. This, coupled with their autolo-
gous, non-controversial origins, means that
iPSCs could be used to study a wide range of
conditions. A Pilot study using iPSCs to treat
age-related macular degeneration has com-
menced and is now in full swing in Japan [9].

However, to the best of our knowledge, there
has been no documentation of iPSCs in treat-
ing IUA up till now, partially due to the lack of
appropriate animal models or limited knowl-
edge of iPSCs. Considering the great potential-
ity and advantages iPSCs brings, it is now a
particularly opportune moment for us to explore
its role in treating IUA and subsequent infertili-
ty, especially on long-term outcome of pregnan-
cy rate.

In the present study, a female mouse model of
IUA was first successfully established with dual
injury of lipopolysaccharide (LPS) injection and
mechanical injury of endometrium. Then, the
mice-derived iPSCs were transplanted in situ to
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evaluate its therapeutic effect in the animal
model. And the role of heme-oxygenase-1 (HO-
1), an important gene regulating oxidative
stress and inflammation [10], which might be
responsible for such therapeutic effect of iPSCs
was further explored. The purpose of this study
is to investigate whether transplantation iPSCs
in situ could improve adhesion of IUA and
increases subsequent pregnancy rate, which
might provide new strategies to the treatment
of IUA -a frequently occurring, but currently
unsolved, clinical problem.

Materials and methods
Animals

8-week-old female C57 (RT1u haplotype) mice
were purchased from Slaccas, Inc. (Shanghai,
China). The animals were allowed to acclimate
for 1 week and were maintained at a room tem-
perature of 22 + 2°C on a 12 h light/dark cycle
with free access to food and water. For estrous
cycle studies, vaginal smears were obtained
daily between 8:00 and 10:00 AM. Only mice
with four consecutive 4-day estrus cycles were
selected. All housing facilities and experimen-
tal protocols were in accordance with the
Ethical Committee for the Use of Laboratory
Animals of Fudan University and complied with
the “Guide for the Care and Use of Laboratory
Animals” from NIH. This study was approved
by the institutional ethics review board of
Obstetrics and Gynecology Hospital, Fudan
University.

iPSCs culture

Murine iPSCs were generated from mouse
embryo fibroblasts (MEF) derived from 13.5-
day-old embryos of C57BL/6 mice. The iPSCs
were reprogrammed by the transduction of ret-
roviral vectors encoding 4 transcription factors,
Oct-4, Sox2, c-Myc, and KIf4, as described pre-
viously, with brief modifications [8].

Suppression of HO-1 with siRNA transfection

To down-regulate HO-1 (ho-1) mRNA expression
in iPSCs, a siRNA specific for ho-1 (ho-1 siRNA)
and a non-coding control siRNA (CTsiRNA;
Shanghai GenePharma Co., Ltd., Shanghai,
China) were transfected using Lipofectamine™
2000 transfection reagent (Invitrogen, Carls-
bad, CA) as previous report [11]. Briefly, two mil-
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lion cells were transfected with 100 nM siRNA
(final concentration) according to the manufac-
turer’'s protocol. Twenty-four hours later, cells
were harvested, purified, stained and used for
injection into mice and gene expression moni-
tored by real-time PCR. The result showed that
the HO1 expression was successfully inhibited
by siRNA transfection (data not shown).

Mouse model for IUA

After 1-week-acclimation, mice were anesthe-
tized with pentobarbital (60 mg/kg, intraperito-
neally) and operated on through a longitudinal
incision. After laparotomy, the uterine horns
were carefully exposed and wrapped by a pie-
ce of sodden gauze to prevent desiccation.
Lipopolysacchairdes (LPS, Sigma-Aldrich) was
intrauterine infused at a dose of 1.0 mg/kg
body weight using a 27G needle from the tip of
left uterine horn and the left uterus was care-
fully scratched back and forth with the needle
for 1 min, while leaving the right one intact as
self control. The whole surgical procedure was
sterile and visualized under stereo microscope
(Leica, M320, Germany).

A preliminary study was carried out to verify the
validity of the model. Fifteen mice were ran-
domly divided into three groups. Mice in group
A (n=5) and group B (n=5) were sacrificed at 24
h and 5 d respectively after surgery, in order to
investigate the degree of acute and chronic
inflammation on endometrium. Mice in group C
(n=5) were mated with male mice twenty hours
later from the surgery and sacrificed 28 d post-
operatively. Pregnancy rate in each uterine
horn was observed and compared.

Transplantation iPSCs in mouse model of IUA

The IUA model was set up with dual injury
according to procedures mentioned before.
Thirty minutes after LPS injection and mechani-
cal injuring, one hundred mice were randomly
assigned to 5 groups and injected in situ into
the left uterine horns with a 27G needle with
the following suspensions, including: 1) PBS
group: 0.02 ml PBS, 2) MEF group: 6.0 x 10*
MEFs in 0.02 ml PBS, 3) iPS group: 6.0 x 10*
iPSCs in 0.02 ml PBS, 4) iPS-ho1siRNA group:
6.0 x 10* iPSCs transfected with ho1siRNA in
0.02 ml PBS, 5) iPS-CTsiRNA group: 6.0 x 10*
iPSCs transfected with CT siRNA in 0.02 ml
PBS. Cells in each group were stained with (red
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fluorochrome, Sigma-Aldrich) for further tracing
before in vivo experiments. The abdomen of
mice was then closed as usual.

Five mice from each group were sacrificed at
various times following treatment (24 h, 5 d), in
order to evaluate the change of acute and
chronic inflammation on endometrium. The
uteri were excised and HE/immunostaining
were carried out for histology study.

The rest mice (n=10 in each group) were mated
with male mice to investigate the subsequent
pregnancy rate after iPSCs treatment. Male
mice were exchanged among cages every 2
days in order to exclude the effect of male infer-
tility. Mice were euthanized 28 d after treat-
ment. Pregnancy rate was observed and the
number of fetus in each uterine horn was
counted and compared among groups.

Hematoxylin- and eosin staining

The uterine tissues were fixed in 4% formalin
for 24 h, embedded in paraffin and serial 4
mm sections were obtained from each block.
Hematoxylin- and eosin staining was routinely
performed for those mice 24 h after treatment.
On each hematoxylin- and eosin-stained slice,
four high-power fields were selected, the num-
ber of nucleus and neutrophils per high-power
field was counted, and the means were
calculated.

Immunohistochemistry

Uterine tissues from 5 d after treatment were
stained for estrogen receptor (ER) using two
steps method as described previously [12]. The
rabbit polyclonal antibody against ER (Abcam,
Cambridge, UK; Cat. No: ab130088), diluted to
1:100 was used as a primary antibody. For anti-
gen retrieval, the slides were heated at 98°C in
an EDTA buffer (pH 9.0) for a total of 30 min-
utes and cooled naturally to the room tem-
perature. Endogenous peroxidase was blocked
using 3% H,0, in methanol for 10 min prior to
washing with phosphate-buffered saline (PBS).
Sections were then incubated with the primary
antibody overnight at 4°C. The slides were
rinsed and incubated with horseradish peroxi-
dase-labeled secondary anti-rabbit antibody
detection reagent (Shanghai BioTech Company,
Ltd., Shanghai, China) at room temperature for
30 min. The bound antibody complexes were
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stained for 3-5 minutes or until appropriate for
microscopic examination with diaminobenzi-
dine and then counterstained with hematoxylin
and mounted.

The immunoreactivity staining was character-
ized quantitatively using a semi-quantitative
scoring system, as described previously [12].
The number and intensity of positive cells was
quantified using Image-Pro Plus 6.0 software
(Media Cybernetics, Inc., Rockville MD, USA) in
a blinded-manner. A series of five random imag-
es on several sections were captured to obtain
a mean value.

Immunofluroence

The freshly harvested uterine tissues from 5 d
after treatment were embedded with O.C.T.
and were sectioned using a cryostat to 6
um. The cryosections were then stained with
4’ ,6-diamidino-2-phenylindole  dihydrochloride
(DAPI, Molecular Probes, Inc, Eugene, OR) for 5
min, washed with PBS, and analyzed using a
fluroscence Microscope 710 (Carl Zeiss) to trac-
ing the location of infused PKH26 labeling cells.

Statistical analysis

All data were presented as means + SD. The
present study compared continuous variables
using a t-test or analysis of variance (ANOVA)
and used non-parametric tests (Mann-Whitney),
when appropriate, to compare differences. P<
0.05 was considered to indicate a statistically
significant difference. All statistical analyses
were performed using SPSS 16.0 software
(SPSS, Inc., Chicago, IL, USA).

Results

Endometrial morphology after LPS and me-
chanical injury in the mouse IUA model

The number of nucleus and neutrophils per
high-power field were counted and compared
between the left and right uterine horn 24 h
after injury. The group of injured left horns
had fewer nucleus, but more neutrophils than
the right control ones (P<0.05, Figure 1A). The
diluted intercellular space and increased num-
ber of neutrophils indicated endometrial tissue
edema and inflammatory response resulted
from LPS and mechanical injury.
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Estrogen-mediated proliferation in endometri-
um is important in ovum implantation and
successful pregnancy. The immunoreactivity of
ER and number of endometrial glands were cal-
culated 5 d after injury. Histological findings
showed that the expression of ER was signifi-
cantly reduced in the group of injured left horns,
as well as the number of endometrial glands
(P<0.05, Figure 1B), which demonstrated the
occurrence of tissue edema and loss of func-
tional layers possibly resulted from chronic
inflammation.

After 28 days mating with male mice, all fe-
male mice were sacrificed. Gross observation
showed that the number of fetus was signifi-
cantly reduced in the injured left horn when
compared with the right one (P<0.05, Figure
1C). Moreover, in the injured horn, the intact
structure was completely destroyed and intra-
uterine adhesion seemed to occur (Figure 1C).
This, coupled with the findings mentioned be-
fore illustrated the successful establishment
of IUA model in our study.

Infusing iPSCs in situ improves fertility out-
come in the mouse IUA model

To examine the potential role of iPSCs in treat-
ing IUA, different treatment strategies were
applied into 5 groups and the following preg-
nancy rate after 28 d mating with male mice
was observed. As shown in Figure 2, iPSCs
group had the highest pregnancy rate when
compared with the control group of PBS and
MEF (P<0.05). Further gross observation of
each pregnant horns revealed that the iPSCs
treated horns conceived as much fetuses as
that in the intact right ones whereas fetuses
were significantly reduced in MEF or PBS treat-
ed horns (Figure 2A, 2B, P<0.05).

However, when knocking down HO-1 expres-
sion, the iPSCs could no longer retrieve the bio-
logical function of injured endometrium, result-
ing in poor fertility outcome of less implanted
fetuses than that in the control group (iPS-
CTsiRNA group).

Detection and localization of infused iPSCs in
mice endometrium

To confirm whether iPSCs can migrate and

localized into the impaired endometrium, cells
were labeled with PKH26 before infusing into

Int J Clin Exp Med 2016;9(6):10651-10661
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Figure 1. Comparison of histological changes between the injured left horns and the right control ones in mouse IUA
model. A. Comparison of numbers of nucleus and neutrophils 24 h after surgery (n=5, P<0.05); B. Comparison of
ER expression and number of endometrial glands 5 d after surgery (n=5, P<0.05); C. Comparison of fetus numbers
28 d after surgery (n=5, P<0.05).

the uterine cavity. Red fluorescent labeling iPSCs, iPS-holsiRNA and iPS-CTsiRNA group,
cells were observed in the endometrium of but not control 5 d after treatment (Figure 3A).
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Figure 2. Comparison of pregnancy rate and fetus number in different groups 28 d after treatment. A. The implanta-
tion sites of fetus in each uterine horn were exposed 28 d after treatment. Black arrow showed the location of cervix.
B. Comparison of fetus number in both injured left horn and intact right control in each group. C. Comparison of
pregnancy rate in each group. Data are presented as Mean + S.D. PBS: C57 mice injected with PBS. MEF: C57 mice
injected with mouse embryonic fibroblasts, nourishing cells for iPSCs. iPS: C57 mice injected with iPSCs. iPS-HO1
siRNA: C57 mice injected with iPSCs successfully transfected with hol siRNA. iPS-CTsiRNA: C57 mice injected with

iPSCs transfected with noncoding control siRNA.

This result revealed that iPSCs could still retain
in the uterus and even more localized in the
impaired endometrium 5 d after being infused
into the uterine cavity. Therefore, it was likely
that the localized iPSCs might exert the thera-
peutic role in regenerating and reconstructing
the inadequate endometrium and improving
the subsequent fertility outcome.

Further quantitative analysis showed that the
fluorescent intensity was significantly reduced
in iPS-holsiRNA group compared with iPS-
CTsiRNA group (P<0.05, Figure 3B), suggesting
the fundamental role of HO1 gene in regulating
receptivity of iPSCs.
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Infusing iPSCs in situ alleviates tissue edema
and inflammation of the impaired endome-
trium

To explore the effect of iPSCs transplantation
on the impaired endometrium, we calculated
the number of nucleus and neutrophils per 50
um? of the endometrium 24 h after treatment,
as well as the expression of ER and the number
of glands 5 d after treatment, in order to evalu-
ate the degree of tissue edema and inflamma-
tory response.

Tissue edema and inflammation was signifi-
cantly ameliorated in iPSCs group with the

Int J Clin Exp Med 2016;9(6):10651-10661
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proof of having higher number of nucleus but
less neutrophils than control groups (PBS and
MEF) 24 h after treatment (P<0.05, Figure 4A,
4B). Moreover, the expression of ER and the
number of glands of the endometrium were
significantly increased 5 d after treatment in
iPSCs group (P<0.05, Figure 4C, 4D), indicating
the functional improvement of the impaired
endometrium.

However, when knocking down HO-1 expres-
sion, the effect of iPSCs on improving the
injured endometrium was significantly weak-
ened. The endometrium in iPS-ho1siRNA group
exhibited less nucleus but more neutrophils 24
h after treatment (P<0.05, Figure 4A, 4B), as
well as lower level of ER expression and the
number of glands 5 d after treatment when
compared with the control group (P<0.05,
Figure 4C, 4D). This, along with the previous
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iPS-CTsiRNA

Figure 3. The detection and localization of
infused iPSCs in situ of mice uterus. A. Rep-
resentative images of PKH26 labeled cells in
injured uterine endometrium 5 d after treat-
ment. Arrows indicated positive dots identified
by PKH (red fluorescence). B. Quantification of
hi-lites dots in uterus by Image J and present-
ed as Mean + S.D. per 500 ym? endomettri-
um. Mock: C57 mice injected with nothing as
a blank control. PBS: C57 mice injected with
PBS. MEF: C57 mice injected with mouse em-
bryonic fibroblasts, nourishing cells for iPSCs.
iPS: C57 mice injected with iPSCs. iPS-HO1siR-
NA: C57 mice injected with iPSCs successfully
transfected with ho1 siRNA. iPS-CTsiRNA: C57
mice injected with iPSCs transfected with non-
coding control siRNA.

findings in effective treatment by iPSCs, strong-
ly demonstrated the important role of HO1
gene in exerting therapeutic effects of iPSCs.

Discussion

It has been more than a century since Heinrich
Fritsch [13] first described a case of posttrau-
matic intrauterine adhesion. Comprising a con-
dition involving partial replacement of endome-
trial surfaces with fibrotic tissue, IUA could
result in irregular bleeding ranging from hypo-
menorrhea to amenorrhea, infertility, and preg-
nancy loss [14]. The prevalence of IUA was
increased rapidly in the last decade and came
up to highly as 22% in infertile women, possibly
due to the popularization of medical abortion
and increasing incidence of genital tuberculo-
sis and puerperal infection in different coun-
tries [3]. Accordingly, how to deal with IUA and
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Flgure 4. Morphologlcal chan-
ges in impaired uterine endome-
trium in different groups. Black
arrows indicated positive ER ex-
pression (brownish staining in en-
dometrial glands). A. Microscopic
observation 24 h after treatment
by HE. B. Comparison of numbers
of nucleus and neutrophil 24 h
after treatment. C. ER expression
in different groups 5 d after treat-
ment. D. Comparison of numbers
of glands 5 d after treatment.

improve fertility outcome
is gaining great momen-
tum nowadays.

One of the difficulties in
doing research on IUA may
lie in the shortage of an
appropriate animal model
of IUA. Trauma, infection,
endometrial repair disor-
der and low estrogen lev-
els are often regarded as
four contributions relating
to IUA and among them,
trauma and infection are
the most common causes
[15-18].

In this study, we success-
fully set up a mouse model
of IUA with dual injury of
LPS injection and mechan-
ical injury, which mimick-
ing the etiological factors
of trauma and infection
to a large extent. As the
major structural compo-
nent of gram-negative bac-
teria’s cell wall, LPS has
many deleterious effects
and plays a significant role
in a number of disease
processes by increasing
inflammatory cytokine re-
lease [19, 20]. In the pres-
ent study, we used LPS as
an inflammatory-inducing
factor and direct curettage
as mechanical injury. Re-
sults showed that severe
acute and chronic inflam-
matory response occurr-
ed after dual injury with
the phenomena of tissue
edema and functional loss
of ER expression of the
injured endometrium. The
reduced pregnancy rate,
as well as the destroyed
intact structure of the
injured uterine horn 28 d
after dual injury further
demonstrated the forma-
tion of intrauterine adhe-
sion. Although researchers

Int J Clin Exp Med 2016;9(6):10651-10661



IPSCs improve fertility in mice with IUA

once reported the establishment of a female
rabbit model of IUA with dual infection [5], yet it
does not take much insight to note that our
mouse IUA model with self-control method (left
injured horn VS right intact horn) was more con-
venient to model and could exclude individual
heterogeneity during the whole experimental
process.

As we known, the ultimate goal for treating
IUA is to repair the biological function of the
impaired endometrium. However, conventional
treatments using hysteroscopy or hormonal
therapy could not reconstruct the scarred uter-
us so effectively because of the shortage of
naive tissues [21], which might remain as
another difficulty in IUA treatment. These clini-
cal observations prompted us to investigate
therapeutic strategies for this issue. Stem cell
therapies are a promising alternative because
stem cells can be differentiated to be function-
ally equivalent to the endogenous cell types
they are intended to support.

In the present study, mice-derived iPSCs were
injected in situ into the uterine cavity of the IlUA
model. Results showed that the pregnancy
rate, as well as the number of fetus, was sig-
nificantly increased after iPSCs treatment.
Pathological studies further demonstrated the
alleviation of tissue edema and inflammation
24 h after treatment. The increased expression
of ER 5 d after treatment may be a sign of func-
tional recovery of the impaired endometrium as
ER is the main mediator to introduce the pro-
proliferation effect of estrogen on endometri-
um [4, 22], which could explain the agitational
consequence in the subsequent improved fer-
tility outcome.

As one kind of stem cells, iPSCs have several
potential advantages over other cell types in
that they do not require the use of embryonic
cells and have minimal immunogenicity due to
their autologous origins. While the application
of iPSCs is widely popularized in DM, such as
type 1 diabetes mellitus, Parkinson’s disease,
spinal cord injury, chronic liver disorders, and
many other degenerative diseases [23], its
usage in treating IUA is still fragmentary. Our
study was a preliminary attempt to apply iPSCs
in this field and the result strongly indicated the
therapeutic role of iPSCs in treating IUA as we
expected. Although we detected cells labeling
red fluorescence in the impaired endometrium
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after iPSCs treatment, it was still difficult to
determine whether the LPS and curettage-
induced damage provided a portal of entry for
iPSCs into the residual endometrium and dif-
ferentiated into hormonal responsive cells or
whether iPSCs only acted as an initiator of
endogenous stem cell-based tissue repair,
stimulating previously refractory resident stem/
progenitor cells to generate a thicker endome-
trium [24, 25].

In the present study, we not only showed the
effectiveness of iPSCs on subsequent fertility
outcome, but also explored the possible mech-
anisms underlying such effects. Catalyzing the
rate-limiting step in oxidative degradation of
heme to biliverdin, HO-1 is an antioxidant
enzyme which could protect tissue from inflam-
mation injury [26]. Numerous studies have
revealed that HO-1 played a protective role in
metabolic disease [27], diabetes [28], isch-
emia-reperfusion lung injury [29] and other
inflammatory disease [30]. In accordance with
the previous studies, our data also indicated
the essential role of HO-1 in the therapeutic
effect of iPSCs. Downregulation of HO-1 expres-
sion could largely inhibit the implantation of
iPSCs into the impaired endometrium and
attenuate the therapeutic effect of iPSCs.

To the best of our knowledge, this is the first
attempt to apply iPSCs in treating IUA in vivo.
The encouraging results of improved pregnancy
rates and functional recovery of scarred uterus
may provide us a new insight into the treatment
of IUA and expand future clinical applicability.
However, how to effectively direct differentiat-
ing iPSCs to hormonal responsive endometrial
cells and the underlying mechanism of HO-1 in
regulating the therapeutic effect of iPSCs still
await in depth investigation in the future.
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