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Abstract. Though assisted reproduction technology has been
developed, a treatment for absolute uterine factor infertility
(AUFI), such as defects in the uterus, has not yet been estab-
lished. Regenerative medicine has been developed and applied
clinically over recent years; however, whole solid organs still
cannot be produced. Though uterine regeneration has the
potential to be a treatment for AUFI, there have been only
a few studies on uterine regeneration involving the myome-
trium in vivo. In the present report, those relevant articles
are reviewed. A literature search was conducted in PubMed
with a combination of key words, and 10 articles were found,
including nine in rat models and one in a mouse model. Of
these studies, eight used scaffolds and two were performed
without scaffolds. In four of these studies, scaffolds were
re-cellularized with various cells. In the remaining four
studies, scaffolds were transplanted alone, or other structures
were used. Though the methods differed, the injured uterus
recovered well, morphologically and functionally, in every
study. Only 10 articles were relevant to our investigation, but
the results were favorable, if limited to partial regeneration.
Recently, uterus transplantation (UTx) has been investigated
as a treatment for AUFI. However, UTx has many problems
in the medical, ethical and social fields. Though the artificial
uterus was also researched and some improvements in this
technology were reported, it will take long time for this to
reach a clinically applicable stage. Though the results of
uterine regeneration studies were promising, these studies
were conducted using animal models, so further human
studies and trials are needed.
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1. Introduction

The World Health Organization defines infertility as a disease
resulting in a failure to conceive after at least one year of
unprotected intercourse (1). Recent developments in assisted
reproduction technology have promoted treatment options
and success for many infertile patients. However, a specific
treatment for absolute uterine factor infertility (AUFI) has not
yet been established. AUFTI is defined as an infertile condition
caused by problems with the uterus, and is classified as either
congenital or acquired. Congenital AUFI can include uterine
malformation such as Mayer-Rokitansky-Kiister-Hauser
syndrome, which occurs in one in 4,500 female children (2).
Acquired AUFI is usually caused by hysterectomy for a malig-
nant uterine tumor, including cervical and endometrial cancer,
benign diseases such as uterine fibroids, and postpartum
hemorrhage (3). Asherman syndrome and severe endometrial
adhesion are also causes of AUFI.

Surrogate pregnancy and adoption are both options by
which patients with AUFI may have their own biological child.
However, more countries are prohibiting surrogacy because
of the medical risks to surrogate mothers and concerns about
the welfare of the child, causing difficulties and increased
mental stress for patients with AUFI. Thus, research on
uterine regenerative medicine was initiated as a solution to
AUFI. Organ regeneration was established in the 1970s, based
on the culture of differentiated cells, such as epidermal cells
and chondrocytes (4). Langer and Vacanti (5) showed that the
use of scaffolds allowed cells to settle in transplanted sites
more effectively than with injecting suspensions locally. This
result led to the concept of tissue engineering (6). Nowadays,
multipotent cells, such as embryonic stem cells (ESCs) and
induced pluripotent stem cells, are used for studies in this
field (7,8). Furthermore, scaffolds that can more accurately
recapitulate the complexity of vascular structures and those
produced by the de-cellularization of organs are used in
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tissue engineering research (5). Skin (9), cartilage (10), blood
vessel (11), liver (12), heart (13) and kidney (14) regeneration
has been studied; skin and cartilage regeneration has been
used in clinical practice (15,16). However, whole solid organs
still cannot be produced and various devices for this purpose
are currently under development (17).

Though it is important to identify a specific treatment for
patients with AUFT to relieve the mental burden of this condi-
tion and allow them to have their own biological child, there
have been only a few studies thus far on uterine regeneration
as a whole organ. In the present report, studies on uterine
regeneration containing the myometrium in vivo have been
reviewed, in order to present and discuss the current status
of uterine regeneration technology, which has potential to
successfully treat patients with AUFI.

2. Methods

A literature search in PubMed was conducted using the
combination of key words ‘uterus’, ‘uterine’, ‘engineering’,
‘reconstruction’ and ‘regeneration’ to collect articles relevant
to uterine regeneration. These were examined, though only
data from those that referred to uterine regeneration involving
the myometrium in vivo were collected. No specifications on
animal species were placed. A manual search of the bibliogra-
phies of relevant papers was carried out to identify additional
studies for possible inclusion. Articles written in a language
other than English were excluded from the present review.

3. Results

A total of 10 articles were found, including nine involving rat
models and one with a mouse model. Of these, eight studies
used scaffolds and two were performed without scaffolds
(Table I).

Partial regeneration of the uterus using scaffolds. i et al (18)
transplanted collagen scaffolds with collagen-binding domain
attached to the N-terminal of native basic fibroblast growth
factor (CBD-bFGF) and scaffolds with native basic fibro-
blast growth factor (NAT-bFGF) in rats. Three groups were
compared: Transplant scaffolds with CBD-bFGF (CBD-bFGF
group), transplant scaffolds with NAT-bFGF (NAT-bFGF
group), and a non-transplant group. Patent uterine cavi-
ties accounted for 45% in the non-transplant group, 85% in
the NAT-bFGF group, and 95% in the CBD-bFGF group.
Endometrial thickness, number of neovessels, regeneration
of myocytes, and cell proliferation (assessed by Ki-67 immu-
nostaining) were each highest in the CBD-bFGF group. A
pregnancy test showed pregnancy in the transplanted uteri,
with rates of 86.67% in the CBD-bFGF group, 60.00% in the
NAT-bFGF group, and 33.33% in the non-transplant group.
Based on these results, it was concluded that a bFGF delivery
system using a collagen scaffold may be useful for uterine
regeneration.

Santoso et al (19) cut the uterine horns of Sprague Dawley
rats into 15x5 mm rectangular sections and de-cellularized the
samples with ionic detergent, SDS or high hydrostatic pres-
sure (HHP) to produce scaffolds. A defect of approximately
15x5 mm was created, and the scaffold was transplanted into

recipient rats. At 30 days after transplantation, changes in the
uteri of groups transplanted with a scaffold prepared using
SDS (SDS group) or HHP (HHP group) were compared with
those in a sham group, in which the uterus was only incised
and sutured, and a native group, in which the uterus had no
intervention. The transplants in the SDS and HHP groups
were found to have macroscopically assimilated with the
surrounding tissues by 30 days post-transplantation. Histology
revealed regenerated epithelial and stromal cells and myocytes
in both scaffold-transplant groups. The increases in elastin
and collagen in the uteri of both scaffold-transplant groups
were similar to those of the sham group. In a comparison
of mechanical properties, there were no significant differ-
ences in Young's modulus and tissue thickness between the
scaffold-transplant and sham groups. However, significantly
more fatty tissues were attached to the transplant site in both
the scaffold-transplant groups and to the surgical site in the
sham group, in comparison with the native group. This may
influence the mechanical properties of these groups. In subse-
quent pregnancy tests, there was no significant difference in
the number of fetuses among the four groups. These results
suggest that scaffolds produced using SDS or HHP methods
contribute to uterine tissue regeneration both morphologically
and functionally.

Miyazaki and Maruyama (20) also achieved partial
regeneration of the uterus in rats. The uterus, including the
abdominal aorta, was removed from each rat and perfused
with SDS from the aorta for de-cellularization. A mixture of
cells extracted from a rat uterus and rat mesenchymal stem
cells (MSCs) were injected to induce re-cellularization, and
then the re-cellularized scaffold was transplanted into a rat
uterine partial defect injury model. Rats were divided into
three groups: A transplant group, in which the graft was trans-
planted into the uterine defect, a non-transplant group, in which
only a uterine defect was made, and a control group, in which
no procedure was performed. Regenerated tissues in the trans-
plant group were thicker than those in the non-transplant group.
Immunohistochemistry (IHC) showed vimentin-positive cells
in the transplant sites and regeneration of stromal cells, and
confirmed that cytokeratin-positive cells covered the lumen,
indicating epithelialization. In a pregnancy test, pregnancy
was confirmed in one of six uterine horns in the non-transplant
group, and six of eight uterine horns in the transplant group.
However, there were significantly fewer fetuses in the trans-
plant and non-transplant groups, compared with the control
group. The function of regenerated uteri with endometrial
decidualization, which is identified by desmin-positive cells in
rats using immunostaining, was also assessed. In the transplant
group, desmin-positive cells increased similarly to the control
group and hormone sensitivity was confirmed, whereas these
changes were not found in the non-transplant group. Based on
these results, it was suggested that the regenerated endometria
exhibited both morphological and functional regeneration.

Ding et al (21) reported on the re-cellularization of bone
marrow (BM)-derived MSCs in collagen scaffolds and trans-
plantation into rats. In this study, rats were divided into four
groups: An MSC/scaffold group, in which collagen scaffolds
with MSCs were transplanted into the uterine defect; a scaf-
fold-transplant group, in which scaffolds without MSCs were
transplanted; a non-transplant group, in which a uterine defect
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Table I. Continued.

Pregnancy test result

Cell

Scaffold type

Animal

Year

Authors (ref.)

Number of fetuses and percentage of

N/A, transplant of myofibroblast tissue
in rat peritoneal cavity using tubular

shaped boiled blood clots

None

Rat

2008

Campbell et al (26)

pregnant uterine horns not shown, but

pregnancies noted in all grafted rats

Pregnant uterine horn rate:
PBS group: 56.3%
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N/A, but inject CBD-VEGF

into the uterine scar

None

Rat

2012

Lin et al (27)

NAT-VEGF group: 68.8%

CBD-VEGEF group: 87.5%

N/A, not applicable; CBD-bFGF, collagen-binding domain attached to the N-terminal of native basic fibroblast growth factor; PBS, phosphate-buffered saline; NAT-bFGF, native bFGF; CBD-VEGF,

vascular endothelial growth factor with a collagen binding domain; NAT-VEGF, native VEGF; SDS, sodium dodecyl sulfate; HHP, high hydrostatic pressure; MSCs, mesenchymal stem cells; DMSO,

dimethyl sulfoxide; SDC, sodium deoxycholate solution; GFP-MSCs, green fluorescent protein-labeled mesenchymal stem cells; UC-MSCs, umbilical cord-derived MSCs.

was made without a transplant; and a sham group, in which no
procedure was performed. In the MSC/scaffold group, expres-
sion of various markers, including bFGF, IGF-1, TGF@1 and
VEGEF, was higher than that in the scaffold-transplant group
and the non-transplant group. Proliferation of endometrial
cells and myocytes and vascular density in the MSC/scaffold
group were also higher than those in the scaffold-transplant
and non-transplant groups. A pregnancy test on day 90 after
transplantation confirmed pregnancy in 6/18 transplanted
uterine horns in the MSC/scaffold group, which was inferior
to 100% in the sham group, but superior to the results in
the scaffold-transplant and non-transplant groups. Based on
these results, Ding er al (21) suggested that the scaffold with
BM-MSCs may contribute to regeneration of uterine tissues.

Song et al (22) also showed regeneration of the uterus in rats.
Collagen scaffolds were used and human ESCs were cocultured
with endometrial cells for use as ESCs-differentiated cells
for cellularization of scaffolds. Four groups were compared:
A cellularized scaffold (cells/scaffold) group, scaffold only
group, resection only group, and a sham (no procedure) group.
The rate of patency of the uterine cavity was high (90%) in the
cells/scaffold group, ranked second to the sham group. In the
cells/scaffold group, assimilation with surrounding tissues was
enhanced, with increased endometrium thickening, muscle
layer thickening, and endometrial glands in comparison with
other groups at 12 weeks after transplantation. A pregnancy
test showed pregnancy rates of 80% in the cells/scaffold group,
33% in the scaffold only group, and 26.7% in the resection only
group. The mean number of fetuses per uterine horn was 4.2
in the cells/scaffold group, which was higher than that in
other groups, and implantation around the transplant site was
confirmed. Based on these results, Song et al (22) proposed
that transplantation of the cellularized scaffold enhances
regeneration of uterine function. However, small amounts of
transplanted human ESCs-derived cells were detected in the
transplant sites, which suggested that transplanted cells did
not differentiate similarly to surrounding cells, but enhanced
transfer of surrounding cells.

Hellstrom et al (23) perfused the uterus removed from donor
rats using three different methods to produce de-cellularized
scaffolds. The three perfusion methods included continuous
perfusion from the aorta with perfusate containing 4% dimethyl
sulfoxide (DMSO) and 1% Triton X-100 in phosphate-buffered
saline (PBS) (group 1); perfusion with DMSO and Triton X-100
in distilled water (dH,O) (group 2); and 6-h perfusion with
2% sodium deoxycholate solution (SDC) in dH,O (group 3).
Suspensions of a mixture of endometrial and myometrial cells
extracted from the rat uterus and green fluorescent protein
(GFP) labeled MSCs were injected into the perfused uterus
to induce re-cellularization. After re-cellularization of these
scaffolds, they transplanted those in a partial defect injury in
Sprague-Dawley rat. Grafts of 5x10 mm were produced and
transplanted into recipient rats. A pregnant test was performed
and there were no differences in the number of pregnancies
between groups 1 and 2, or in the number of fetuses in each
uterine horn. However, the number of pregnancies in trans-
planted uteri was lower in group 3. No placenta was attached
to the transplant site in all transplanted groups, but pregnancy
around the transplant site was confirmed in groups 1 and 2,
whereas no pregnancy was found around the transplant site in
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group 3. Based on these results, Hellstrom ez al (23) suggested
that SDC was inappropriate to produce scaffold for partial
uterus transplantation and concluded that grafts transplanted
in groups 1 and 2 contributed to regeneration of partial defect
injury of the uterus. However, GFP-labeled MSCs in the
transplanted sites were not detected using IHC and no differ-
entiation of MSCs to uterine tissues was shown. The author
mentioned that some beneficial effects may have contributed
to a successful repopulation of host uterus cells that eventually
replaced the GFP-labeled MSCs in their study.

Hiraoka et al (24) transplanted murine uterus-derived
scaffolds that were de-cellularized using SDS into a recipient
mouse and confirmed regeneration of epithelial cells and
muscle and stromal layers. On day 28 after transplantation,
grafts were macroscopically similar to surrounding tissues,
and THC with creatine kinase 8, a-smooth muscle actin
(a-SMA), estrogen receptor and progesterone receptor revealed
structures of epithelia, glandular epithelia, and stromal and
muscle layers. Cells forming these structures were confirmed
to be derived from recipient mice. A pregnancy test showed no
significant difference in the number of fetuses in the uterine
horns between the transplant and non-transplant groups, with
pregnancy at transplanted sites. The body weight of fetuses
in the transplant sites was normal. They also performed the
experiments about cell migration and hormonal contribution
to the regeneration. The experiments revealed that transfer
of host epithelial cells to grafts first occurred one day after
transplantation, and transfer of cells to the stroma began one
week after transplantation. Experiments in ovariectomized
mice showed that estrogen and progesterone were not involved
in tissue regeneration. However, STAT3, which is involved in
cell proliferation in epithelial tissues, was found to be asso-
ciated with scaffold regeneration in the uterus when using
knockdown mice.

Xu et al (25) injected umbilical cord-derived MSCs
(UC-MSCs) and gelatin collagen scaffolds into a scar site
in a uterine defect rat model. Four groups were examined:
a UC-MSCs/scaffold group, in which UC-MSCs and gelatin
collagen scaffolds were injected, a UC-MSCs group, in which
only UC-MSCs were injected, a scaffold group, in which
only scaffolds were injected, and a PBS group, in which PBS
was injected instead of UC-MSCs. In the UC-MSCs/scaffold
group, UC-MSCs were retained in the scar site, suggesting a
contribution of the gelatin scaffold. Uterine regeneration was
found macroscopically in the UC-MSCs/scaffold group and the
regenerated conditions 60 days after the operation were similar
to those of a normal uterus. Histological examination revealed
that uterine regeneration based on endometrial thickness,
regeneration of uterine tissues, and the number of endometrial
glands and neovessels was greater in the UC-MSCs/scaffold
group than in the PBS, scaffold, and UC-MSCs groups. A
pregnancy test showed a pregnancy rate of 93.75% in the
UC-MSCs/scaffold group, which was the highest of the four
groups. The UC-MSCs/scaffold group had implantation at
10 of 16 uterine horns in scar sites, which was significantly
higher than the two in the PBS group, one in the scaffold group,
and three in the UC-MSC group. In the molecular biological
investigation, high expression of matrix metalloproteinase-9
was found in the UC-MSCs/scaffold group, suggesting that
this enzyme might promote regeneration.
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Uterine regeneration without scaffolds. Campbell et al (26)
generated boiled blood clots with tubular shapes (0.5 cm
diameter x 2.5 cm long), and transplanted them into the
abdominal cavity of rats to produce tissue for transplantation.
After 2-3 weeks, the clots covered with myofibroblast tissues
were removed and carefully detached (1.5-2.0 x 0.75-1.0 cm)
for transplantation in a uterine defect model in rats. Grafts
were assessed at 4, 6, 8, 10 and 12 weeks after transplantation.
Morphology of muscle layers, epithelia and secretory glands
became similar to those in normal uteri over time. A pregnancy
test at 12 weeks after transplantation confirmed pregnancy in
all operated rats, with normal fetuses in the transplant sites.
Based on these results, Campbell ef al (26) concluded that
a procedure without scaffolds was also an option to support
tissue engineering.

Lin et al (27) showed regeneration of the uterus in a rat
partial defect injury model, using injection of native vascular
endothelial growth factor (NAT-VEGF) or vascular endothelial
growth factor with a collagen binding domain (CBD-VEGF)
into the injury site, which was established 30 days prior to
injection of NAT-VEGF and CBD-VEGTF. In this report, there
were three groups: CBD-VEGF injection (CBD-VEGF group),
NAT-VEGF injection (NAT-VEGF group), and PBS injection
(PBS group). The uterine wall in the CBD-VEGF group was
significantly thicker and the uterine glands were significantly
better formed than those in the other two groups. IHC showed
more a-SMA-positive cells in the CBD-VEGF group than
in the other groups, suggesting enhanced regeneration of
myocytes. IHC with von Willebrand factor revealed a higher
density of neovessels in the CBD-VEGF group. A pregnancy
test gave pregnancy rates of 56.3% in the PBS group, 68.6% in
the NAT-VEGF group, and 87.5% in the CBD-VEGF group,
although with no significant differences among the groups.
The pregnancy rate at the scar site was significantly higher in
the CBD-VEGF group (8/16) compared with the NAT-VEGF
(3/16) and PBS (1/16) groups. Based on these results, it was
suggested that VEGF remained in scar sites due to the CBD
and contributed to uterine remodeling.

4. Discussion

We have reviewed studies of uterine regeneration, including
myometrium regeneration, as a therapeutic approach for
AUFI. The studies were roughly classified into those using
scaffolds and those without scaffolds. Scaffolds were produced
with de-cellularized organs, or collagen scaffolds were used.
Scaffolds formed by de-cellularization have a concern of an
immune response to grafts, but no studies to date have shown
a noteworthy immune response to these scaffolds. Collagen
scaffolds are likely to be useful in clinical practice if infec-
tion-associated problems can be solved.

It remains unclear which cell strains are best for uterine
regeneration. Multipotent BM-MSCs and UC-MSCs and
human ESCs have been used; however, no study has shown
that these cells differentiate directly into endometrial and
myometrial cells. Therefore, there is a need to examine how
these cells influence and contribute to uterine remodeling. On
the other hand, many studies have shown uterine remodeling
via the migration of host cells, and in studies with CBD-VEGF
and CBD-bFGF, uterine remodeling was enhanced without
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the transplantation of stem cells. Identification of factors that
promote tissue regeneration may lead to the development of
new fields of regenerative medicine.

There are few studies on regeneration of all uterine
layers, including muscle layers, but regeneration of endo-
metria alone has been examined using several cell types.
Gil-Sanchis er al (28) examined endometrial regeneration after
injection of cell suspensions of unfractionated bone marrow
cells, hematopoietic progenitor cells, endothelial progenitor
cells, and MSCs isolated from murine bone marrow-derived
cells, and three established cell lines (bone marrow-derived
multipotent adult progenitor cells, bone marrow-derived
hypoblast-like stem cells, and MSCs). The isolated murine
MSCs, endothelial progenitor cells, and bone marrow derived
hypoblast-like stem cells contributed to endometrial regenera-
tion. Gan et al (29) transplanted human amniotic mesenchymal
stromal cells into a rat uterine cavity injury model and
obtained endometrial regeneration. The endometria were
significantly thicker in the transplant group, with an increased
number of endometrial glands and inhibition of fibrogenesis in
this group. Wang et al (30) conducted a study on regeneration
using intravenous or intrauterine injection of BM-MSCs in a
rat model of Asherman syndrome. In both groups, endometrial
fibrogenesis significantly decreased and endometrial gland
cells increased in comparison with those in the non-injection
group. Cervell6 et al (31) injected human BM-MSCs intrave-
nously or directly into endometria in a murine uterine cavity
injury model, and observed endometrial regeneration in both
group. It was proposed that endometrial regeneration was
enhanced by a paracrine effect induced by transplanted cells.
Alawadhi et al (32) also injected BM-MSCs intravenously into
a murine uterine cavity injury model, obtaining therapeutic
effects and significantly increased pregnancy rates after MSCs
injection. Kilic et al (33) and Zhao et al (34) performed MSCs
transplantation and conducted molecular biology studies to
investigate how MSCs contribute to endometrial regeneration.

Most studies of endometrial regeneration have used
animal models, but several clinical applications in humans
have also been reported. Singh et al (35) showed recovered
menses in patients with Asherman syndrome using mono-
nuclear stem cells. Nagori et al (36) injected BM-MSCs and
endometrial angiogenic stem cells into the uterine cavity and
confirmed pregnancy by in vitro fertilization-embryo transfer.
Tan et al (37) obtained recovery of endometrial thinning by
injection of autologous menstrual blood-derived stromal cells
in patients with Asherman syndrome, with the result of three
pregnancies, with two subsequent abortions. This study had no
control group, but endometria thickened from before to after
treatment and embryo implantation was possible.

Uterus transplantation (UTx) is also used for AUFI. From
2012 to 2013, UTx with nine living donors was conducted in
Sweden (38), using advanced technology for organ preserva-
tion and vascular anastomosis and novel immunosuppressants.
In 2014, the Swedish group reported the first delivery by a
patient who underwent UTx (39), and successful deliveries
by nine UTx patients have been achieved by this group up to
April 2018. UTx is now performed in clinical practice in many
countries, and provides hope for patients with AUFI. However,
further improvement of available immunosuppressants and
surgical procedures for UTx are required, and there are also

ethical and social concerns, including for the welfare of the
child (40).

Trials of artificial uterus production can be traced back to
1954, when Greenberg connected a rat fetus, which remained
bound to the umbilical cord and placenta, to an extracorpo-
real circulation system that served as an assumed artificial
uterus, and observed changes in fetal electrolytes (41). In 1958,
Westin et al tried to develop neonates using an extracorporeal
circulation cycle connected to a pump and oxygenator via the
umbilical artery and vein (42). Recently, in 2017, Partridge et al
achieved 4-week nursing of a fetal goat in an artificial
uterus (43). Recent progress with extracorporeal circulation
systems supports longer fetal development in artificial uteri.
However, it is still difficult to proceed from implantation to
delivery in an artificial uterus.

It is difficult to make a conclusive comparison of the
quality of methods to regenerate the uterus, because there
were only ten articles and every method described in these
studies was different to the others, even though the results
were very similar and all positive. Regarding the limita-
tions of the studies reviewed in this article, all studies were
conducted only on rodents, but the anatomical features,
vascular system and uterine size of rodents differ greatly
from those of humans. Additionally, the duration of human
pregnancy is longer, and the fetus size is relatively bigger
than for rodents. These are important differences we need
to consider before adopting these methods for humans.
Therefore, further studies on non-human primates who have
similar uterine anatomical features and vascular systems
to humans are required before we progress to the clinical
application of these techniques.

There has been remarkable progress in the field of regen-
erative medicine in the 30 years since the concept of tissue
engineering was proposed; some artificial organs are already
used in clinical practice. Many new techniques, such as grafts
produced with cells alone and without scaffolds in cartilage
regeneration (10) and in making a myocardial patch (44), and
vessel production using a 3D bioprinter (45), have recently
been investigated. These new technologies may be applicable
to uterine regeneration.

5. Conclusion

Though AUFTI has a major effect on the lives of patients and
makes it impossible for them to have their own child, studies of
uterine regenerative medicine may be delayed when compared
with those on other organs, as the uterus is not a vital organ.
Although there are promising results from uterine regenera-
tion studies, to date these studies have only been conducted on
animals, so the applicability of the technology requires further
investigation.
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