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ABSTRACT

Stem cell therapies have opened new frontiers in medicine
with the possibility of regenerating lost or damaged cells.
Embryonic stem cells, induced pluripotent stem cells, hemato-
poietic stem cells, and mesenchymal stem cells have been used
to derive mature cell types for tissue regeneration and repair.
However, the endometrium has emerged as an attractive, novel
source of adult stem cells that are easily accessed and
demonstrate remarkable differentiation capacity. In this review,
we summarize our current understanding of endometrial stem
cells and their therapeutic potential in regenerative medicine.

cell transplantation, endometrium, mesenchymal stem cells,
regenerative medicine, stem cells

INTRODUCTION

In the 21st century, arguably nothing has greater potential to
improve health than stem cell therapies and regenerative
medicine. Increasingly prevalent chronic degenerative diseases
and organ failure are unlikely to be cured with existing drug
therapies alone. While pharmacologic therapies provide
valuable symptomatic relief and may assist in tissue repair by
releasing necessary trophic factors, they do not directly replace
the cells lost during the disease process [1]. Transplantation of
whole organs, including heart, kidney, pancreas, lung, and
liver, has been long practiced in medicine. However, limited
availability of transplantable organs requires investigators to
develop novel strategies for restoring tissue function [2].
Hence, stem cell therapies have emerged as a feasible option to
replace cells lost or damaged during various disease processes.
After the first report of successful hematopoietic stem cell
(HSC) transplantation in 1957 [3], stem cell therapies have
garnered substantial public and scientific attention [2];
numerous types of stem cells have been studied for use in
numerous therapeutic applications. Thousands of clinical trials
using stem cells are currently in progress [4].

REGENERATIVE MEDICINE AND MESENCHYMAL STEM
CELLS

The potential of embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSs), stem cells derived from somatic
cell nuclear transfer, and adult mesenchymal stem cells (MSCs)
in regenerative medicine has been widely investigated. The risk
of tumor formation after ESC or iPS transplant and genetic
manipulation, in addition to ethical controversies surrounding
the use of ESCs, has hampered potential clinical application.
However, MSCs represent a promising tool for both autologous
and heterologous cell replacement therapies.

According to the definition by the Committee of the
International Society for Cellular Therapy, MSCs are multip-
otent cells that are plastic adherent, and express CD73, CD90,
and CD105, while not expressing CD11b, CD14, CD19,
CD79a, CD34, CD45, and HLA-DR, and must be able to
differentiate into osteoblasts, adipocytes, and chondroblasts in
vitro [5]. MSCs have been identified in many adult tissues,
including bone marrow, umbilical cord, dental pulp, perioste-
um, skeletal muscle, fat, pancreas, placenta, and endometrium
[6–10]. Since MSCs can readily differentiate into chondrocytes
and osteocytes, they have been used for cartilage and bone
repair using tissue-specific scaffolds [11]. As discussed in the
following sections in detail, accumulating evidence suggests
that MSCs, especially MSCs derived from the endometrium,
can generate a greater repertoire of mature cell types than was
previously assumed. It is increasingly recognized that MSCs
may be a valuable therapeutic tool in the regenerative medicine
field. In addition to their differentiation potential, the discovery
of a broad spectrum of bioactive molecules secreted by MSCs
has opened the possibility of identifying trophic factors that
mediate the reparative properties of stem cells. To date, this
identification process has primarily relied upon RT-PCR,
ELISA, and HPLC quantification of trophic factors of interest.
Future attempts to identify these bioactive molecules may look
towards high-throughput methods, such as RNA and protein
microarray or whole transcriptome shotgun sequencing.

The majority of the existing evidence on the immunomod-
ulatory properties of MSCs comes from bone marrow-derived
MSCs (BM-MSC). Many studies have demonstrated that
MSCs suppress the adaptive and innate immune systems
[12]. In particular, MSCs inhibit T cell proliferation and
differentiation of these cells into proinflammatory T helper
(Th) 1 and Th17 cells, and promote T cell differentiation into
tolerogenic T regulatory cells [13]. Moreover, MSCs can
induce dendritic cells to acquire a tolerogenic phenotype and
‘‘switch’’ proinflammatory type 1 macrophages to anti-
immunomodulatory type 2 macrophages [14, 15]. They may
also inhibit natural killer (NK) cell activation, proliferation, and
cytotoxicity, thereby reducing a key initial step in the
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inflammatory response [16]. MSCs have been shown to secrete
a variety of cytokines and signaling molecules, which can
largely be divided into three categories: antiapoptotic,
supportive, and angiogenic trophic factors. Antiapoptotic
molecules secreted by MSCs include IGF-1, TGF-b, bFGF,
and HGF. Factors supportive of proliferation and differentia-
tion include IL6, SDF-1, and M-colony-stimulating factor
(CSF). Angiogenic molecules identified in MSC secretions
include VEGF, PIGF, MCP-1, and bFGF. MSCs have
additionally been shown to not only home to sites of injury
via chemokine gradients, but also release chemoattractant
cytokines, such as CXCL12, CCL2, and CXCL8, thereby
increasing further MSC recruitment. Although most experi-
ments working to characterize MSC secretions have relied on
in vitro models, systemic MSC infusion has provided an
effective treatment in humans for graft-versus-host disease, and
has reduced inflammation in mouse models of bleomycin-
induced lung injury [17]. The immunomodulatory nature of
MSCs may allow their clinical use to be expanded from
autologous to heterologous application; MSCs have been
demonstrated to suppress immune response in vitro and in
vivo, particularly when exposed to proinflammatory cytokines
[12].

STEM CELLS IN ENDOMETRIUM

The human endometrium is a highly dynamic tissue that
undergoes approximately 400 menstrual cycles during a
woman’s lifetime. This level of tissue regeneration is
comparable to other tissues with high cellular turnover, such
as epidermis, gut epithelium, and bone marrow. Although the
presence of stem cells within the endometrium was first
speculated by Prianishnikov in 1978 [18], the majority of
studies constituting our current knowledge of endometrium-
derived stem cells (EDSCs) has been published within the last
decade.

A study in 2004 first identified and characterized stem cells
in endometrial tissue [19, 20]. This study demonstrated that
0.22% of endometrial epithelial and 1.25% of endometrial
stromal cells exhibit clonogenicity, suggesting the presence of
stem/progenitor cells in the human endometrium [19].
Characterization of endometrial stromal cells revealed MSC
properties of these cells through clonogenicity assays,
adherence to plastic, fibroblast-like morphology, and differen-
tiation to adipogenic, chondrogenic, and osteogenic fates in
vitro [8, 9, 21–26]. Further characterization of human
endometrial stromal cells using antibody panels showed the
expression of CD29, CD44, CD73, CD90, CD105, MSI1, and
NOTCH1 [8, 22, 25]. Others have suggested that EDSCs are
c-kit- (CD117) and CD34-expressing cells in the basalis layer
of endometrium [27]. Although unequivocal proof of adult
stem cell character has generally relied on repopulation of a
tissue after transplantation of labeled putative stem cells,
studies of EDSCs from stromal tissue have largely involved
characterization by cell surface markers and in vitro validations
of clonogenicity and multipotency. Studies using cell surface
markers to confirm the presence of stem cells have been
constrained in their scope due to broad expression of certain
stem cell markers in the endometrium, such as c-kit and CD133
in the epithelial compartment and CD90 in the functionalis
stroma [22, 28]. A small number of transplantation experiments
of EDSCs have been completed to date, including those on the
differentiation of EDSCs into neuron-like cells [29–31].

Current research on EDSCs has primarily focused on
stromal tissue. While cells within the epithelial compartment
displaying clonogenic properties have been isolated, further

study of these cells has been limited by the lack of widely
accepted specific markers for epithelial progenitor and stem
cells [32]. Recent research by Janzen et al. has proposed the
EpCAMþ

CD44
þ

ITGA6hiThy1�PECAM1�PTPRC�Ter119�

genotype as unique to endometrial epithelial progenitor cells
[33]. The especially dynamic nature of the epithelium during
the menstrual cycle in response to steroid hormones has
similarly complicated cellular research, which must be
controlled for these changes. The relatively small population
of clonogenic epithelial endometrial cells, paired with the
requirement of a fibroblast feeder layer for culture, has thus
shifted the focus of EDSC experiments with potential clinical
application to stromal tissue-derived cells [34].

The label-retaining cell (LRC) approach, which takes
advantage of the relative quiescence of stem/progenitor cells,
has also been used to identify potential populations of stem
cells in the endometrium. After pulse administration of the
thymidine analog bromodeoxyuridine (BrdU), the number of
BrdUþ LRCs progressively decreases over time, and only
slow-cycling cells, such as stem/progenitor cells, retain BrdU.
Approximately 3% of the uterine epithelial and 6% of uterine
stromal cells were identified as LRCs in murine endometrium
in a follow-up period of 8 and 12 wk, respectively [35].
Epithelial LRCs were not observed after 8 wk, whereupon only
the uterine stroma contained LRCs. Epithelial LRCs were
primarily located in the luminal epithelium, and were not
present in the glands, except for occasional LRCs in the neck of
a gland. Stromal LRCs were observed adjacent to luminal and
glandular epithelium, as well as at the endometrial-myometrial
junction. Epithelial LRCs did not express estrogen receptor
alpha (ER-a), stem cell antigen-1 (Sca-1), or CD45. The
majority of the stromal LRCs were also negative for ER-a, Sca-
1, and CD45, but occasional ER-a-expressing cells were
observed [36]. Absence of ER-a expression was considered to
be suggestive of an undifferentiated phenotype. In a separate
study, 1.7% of stromal cells were identified as LRCs in murine
endometrium 16 wk after BrdU administration [35]. The LRCs
were located in the uterine stroma, and 0.32% of them
expressed the stem cell marker c-KIT, while 0.19% of them
expressed the pluripotency marker POU5F1 (OCT-4) [35].
Other studies investigated the LRCs in the context of their
proliferation potential under the influence of estrogen and their
contribution to endometrial decidualization, breakdown, and
repair [37, 38]. The quiescent nature of LRCs and their
proliferation potential identified them as potential stem/
progenitor cells in the endometrium. Further studies are needed
to delineate their exact differentiation potential and surface
markers.

In order to avoid the mutagenic potential of BrdU labeling
and difficulties in culturing viable BrdU LRCs, the LRC
approach has also been used with the H2B-green fluorescent
protein (GFP) transgenic mouse model, which labels cells at
the embryonic, undifferentiated stage. In this model, sexually
mature adult mice expressing Tet-inducable histone 2B-GFP
were given a pulse of doxycycline through their drinking water
for 7 days, thereby activating the expression of GFP [39]. Upon
the removal of the doxycycline-laced water, referred to as the
chase, cells were observed and characterized by a variety of
techniques, including immunohistochemistry and immunoflu-
orescence. After 7 days of doxycycline pulse, the majority of
the uterine cells in each mouse expressed GFP, especially in
the epithelial tissue of the endometrium. As regular cell
division occurred, the GFP signal was expected to be lost in the
cells with highest mitotic activity. In contrast, quiescent cells,
and thus potential stem cells, would retain their label for longer
periods. Although epithelial tissue initially showed high
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expression of GFP signal, within 2–4 wk all GFP expression
was lost. In the stromal tissue, GFP expression was lost
between 8 and 12 wk, indicating a slower division rate
compared to the epithelial tissue. After more than 12 wk of
chase, LRCs were found in the distal oviducts of the mice, and,
as such, were termed long-term LRCs (LT-LRCs). These LT-
LRCs were then isolated by fluorescence-activated cell sorting
(FACS) and shown to form spheroids in culture, much like
undifferentiated stem cells. Furthermore, they were later
differentiated to a phenotype similar to proximal oviduct and
endometrial tissue.

The H2B-GFP model has also been used to characterize
LRCs in the distal oviduct and endocervical transition zone
(TZ) during periods of natural as well as mechanically induced
endometrial regeneration [40]. Mice were pulsed with
doxycycline from Embryonic Day 13.5 to Postnatal Day 21,
encompassing Müllerian duct development and postnatal
uterine maturation. LRCs were located in the endometrial
epithelium after up to 3 wk of chase, and located in the stroma
and myometrium after up to 5 wk of chase. LT-LRCs in the
distal oviduct and endocervical TZ were confirmed to lack ER-
a and PGR, while expressing c-kit and P-p63, thus having an
undifferentiated phenotype. These LT-LRCs often colocalized
with cells expressing ER-a and PGR, corresponding to findings
by Janzen et al. [33]. However, these cells did not contribute to
endometrial re-epithelialization in a mouse model of endome-
trial shedding and proliferation (i.e., menses), implying that
LRCs in the distal oviduct and endocervical TZ do not act as
repopulating stem or progenitor cells during short-term re-
epithelialization. When the mice were pulsed peripubertally,
these cells were found to be present in endometrial glandular
tissue up to 9 mo postpulse. Though these cells could not be
definitively called stem cells, these data lend support to the idea
that the endometrium maintains a source of endogenous stem
cells.

Prospective isolation of endometrial stromal PDGF-Rbþ/
CD146

þ
double-positive cells using FACS resulted in 8- to 10-

fold enrichment for MSC-like cells compared to unfractioned
endometrium [8]. In vitro assays showed that PDGF-Rbþ/
CD146

þ
cells are able to differentiate into adipocytes,

chondrocytes, and osteocytes, and express MSC markers
CD29, CD44, CD73, CD90, and CD105 [8, 9, 26]. Therefore,
PDGF-Rbþ/CD146

þ
double positivity was suggested as a

marker for endometrial MSCs (eMSCs). PDGF-Rbþ/CD146
þ

eMSCs exhibit pericyte characteristics and are localized
adjacent to endometrial blood vessels [26, 41]. Recently,
W5C5 (SUSD2) was introduced as an alternative single marker
to purify the same PDGF-Rbþ/CD146

þ
eMSC population.

W5C5
þ

eMSCs reconstituted endometrial stromal tissue after
transplantation under the kidney capsule of nonobese diabetic/
severe combined immunodeficient/IL2 receptor c-deficient
(NOD/SCIDc) mice [41].

Alternatively, potential populations of EDSCs may be
initially selected based on the ability of side population (SP)
cells and stem cells to exclude Hoechst 33342 dye. Hoechst
dye-excluding SP cells are characterized by the expression of
ATP binding cassette (ABC) subtypes ABCB1 and ABCG2 on
the cytoplasmic membrane that pump the DNA-binding
Hoechst dye out of the cells. SP cells can be isolated from
both the epithelial and stromal fractions of the human
endometrium [42, 43]. Most SP cells have been shown to be
negative for CD9 and CD13 [44]. Flow cytometric analysis
showed that endometrial SP cells preferentially express
endothelial cell markers CD31, CD34, and CD144; some also
express MSC markers CD90, CD105, or CD146, and epithelial
cell marker EMA, which indicates that SP cells in the

endometrium are a heterogeneous population [43, 45, 46].
Additionally, the expression of typical undifferentiated cell
markers, including OCT-4, telomerase, GDF3, DNMT3B,
Nanog, and GABR3, was detected in SP cells [42, 43]. SP cells
displayed greater clonogenic efficiency compared with an
unselected population of cells [42, 46]. When cultured in vitro,
endometrial SP cells differentiated to epithelial, stromal, and
endothelial cells, whereas the non-dye-excluding cells differ-
entiated only to stromal cells [45]. Estrogen receptor and
progesterone receptor expression was not detected in SP cells
with immunohistochemical analysis [43]. However, in other
studies, SP cells expressed decidualization markers prolactin
and IGFBP-1, and displayed features of decidualization, such
as polygonal morphology and abundant cytoplasm after 2 wk
in culture. This suggests that SP cells were responsive to
estrogen and progesterone, though the presence of required
receptors was not confirmed [46]. As studies have not yet been
able to detect ER and progesterone receptor expression in SP
cells, this responsiveness may be the result of paracrine action.
Adipogenic and osteogenic differentiation were observed under
appropriate culture conditions [43]. Human endometrial SP
cells formed glandular, stromal, and endothelial structures
when transplanted under the kidney capsule of immunodefi-
cient NOD/SCIDc mice [45]. In vivo studies have also
suggested that human endometrial SP cells may be able to
differentiate to a smooth muscle cell-like phenotype [47].
Reconstitution of endothelial cells was not observed in other
studies [43], which may have been a result of the heterogeneity
of SP cells. The differentiation potential and quiescent nature
of SP cells suggest that they are another distinct stem cell
population in the endometrium.

We suggested an exogenous source of stem cells contrib-
uting to the endometrium by demonstrating that 2%–52% of
endometrial stroma and epithelium was bone marrow derived
in women who had undergone single HLA mismatched bone
marrow transplantation for cancer treatment [20]. In a similar
study, approximately 8% of the uterine epithelium and 9% of
the uterine stroma cells were bone marrow derived in women
who underwent bone marrow transplantation for cancer therapy
[48]. Bone marrow-derived cells (BMDCs) were also detected
in the endothelial layer of blood vessels [49]. We have further
studied bone marrow’s contribution to uterine endometrium in
a murine model [50]. At 6 mo after bone marrow transplan-
tation from male mice, Y chromosomes were observed in
endometrial cells of the recipient mice. Y chromosome-
containing cells represented 1 in 5000 cells within the uterine
epithelium. The extent of contribution to uterine stroma was
nearly twice that of the epithelium [50]. Various studies have
additionally reported the migration of bone marrow-derived
stem cells after transplantation to distal sites; one such study
demonstrated migration of BMDCs to the spleen from the site
of injection at the heart [51].

We further investigated the factors that influence recruit-
ment of BMDCs to the uterus. Ischemia reperfusion uterine
injury 1 wk after bone marrow transplantation increased
BMDC recruitment to the uterine stroma by two-fold compared
to that in noninjured animals [52]. Without ischemic injury, an
average of 22 and 13 Y chromosome signals were detected per
100 000 cells in the stromal and epithelial compartments,
respectively. In contrast, when ischemic injury was applied, an
average of 42 and 14 Y chromosome signals were detected per
100 000 cells in the stromal and epithelial compartments,
respectively. BMDCs in the uterus expressed the mature
stromal cell marker vimentin, but not CD45, suggesting that
BMDCs fully differentiated and mimicked expression patterns
of endogenous cells in the uterine stroma. Interestingly,
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ischemia-reperfusion injury did not increase the epithelial
contribution of BMDCs, suggesting that the stroma is the main
target of injury and repair. Increased HSC mobilization with
granulocyte-CSF (G-CSF) after uterine ischemia-reperfusion
injury reduced the BMDC contribution to the uterus, likely by
selectively mobilizing HSCs over MSCs. Similarly, systemic
administration of the proinflammatory cytokine IL1b, which
induces proliferation and differentiation of myeloid and
hematopoietic precursors, did not alter the uterine engraftment
of BMDCs. These observations suggest that a distinct cellular
population within bone marrow that behaves differently from
HSC, likely a subset of bone marrow MSCs, contributes to
uterine regeneration after injury [52]. Although the numbers of
engrafted BMDCs in the endometrial stroma were seemingly
small, at 0.042%, after ischemic injury, populations of stem
cells need not reach large numbers in order to be physiolog-
ically relevant. Only 0.01% (1 in 10 000) of cells in a sample of
bone marrow are likely to be HSCs, and yet this small cell
population is functionally capable of replenishing needed
myeloid and lymphoid cells [53]. It is unknown if these
BMDCs are involved directly in repopulation of injured
endometrium, or if they act only as support systems for
surrounding cells by releasing various trophic factors, as has
been well reported in the literature [9]. MSCs have been shown
to transiently release cytokines and growth factors that
stimulate tissue growth while inhibiting fibrosis and apoptosis
at sites of injury. These trophic factors have also been shown to
have a role in the mobilization and differentiation of tissue-
specific adult stem cells. However, given that, in this study, the
uteri were collected 8 mo after bone marrow transplant, thereby
indicating that the engraftment of the BMDCs was long term,
this may suggest a regenerative role beyond the transient
support of growth and repair [33].

We have also evaluated the effect of sex steroids on BMDC
migration to the uterus. When busulfan and cyclophosphamide
chemotherapy were used to ablate endogenous bone marrow in
female mice before they received bone marrow transplants
from male mice, recipient animals developed ovarian failure
and did not cycle. Ovarian transplantation successfully
salvaged estrus cycling in these animals. However, the number
of BMDCs in the uterus was not different between the cycling
and noncycling animals. These findings indicate that the local
uterine injury is the key factor recruiting BMDCs to the uterus,
and that the engraftment is independent of the estrous cycle,
sex steroids, or G-CSF [52].

Stem cells with high proliferation and differentiation
capacity were isolated from menstrual blood and named
endometrial regenerative cells (ERCs); it is likely that these
cells are the same or a subset of those discussed above. A
fraction of EDSCs may be shed with menses in reproductive-
aged women. ERCs expressed CD9, CD29, CD41a, CD44,
CD59, CD73, CD90, and CD105, and not CD14, CD34,
CD38, CD45, CD133, or STRO-1 [54]. Interestingly, ERCs
were also positive for the ESC marker OCT-4 and for
telomerase (hTERT). The cells had substantially faster
replicative potential when compared with bone marrow MSCs,
a unique cytokine and matrix metalloproteinase (MMP) profile,
as well as the ability to differentiate into cardiomyocytic,
respiratory epithelial, neurocytic, myocytic, endothelial, pan-
creatic, hepatic, adipocytic, and osteogenic lineages [54].

REGENERATION OF ENDOMETRIUM WITH BMDCS

Congenital malformations of the uterus and acquired
disorders of the endometrium are associated with infertility
and adverse pregnancy outcomes. A common acquired

endometrial disorder is Asherman syndrome, which is
associated with destruction of the basal-layer endometrium
and formation of intrauterine synechiae, often following
curettage or miscarriage. Current treatment strategies for
Asherman syndrome aim to break up the synechiae and induce
endometrial proliferation in order to restore functionality to the
uterine cavity. Unfortunately, the risk of treatment failure is
high. These fibrotic synechiae often lack endometrial lining
entirely, or, if present, the lining is thin and largely
nonfunctional [55]. Given that endogenous EDSCs are likely
responsible for regenerating the endometrium, it follows that
EDSC may be damaged or lost in women with Asherman
syndrome. Motivated by our previous observations, we have
tested the contribution of bone marrow-derived stem cells to
uterine regeneration in a mouse model of Asherman syndrome
[56]. Following unilateral uterine horn injury, mice were
randomized to receive either allogeneic bone marrow from
male mice or sham transplantation. At 3 mo after surgery, 55
out of 10 000 and 14 out of 10 000 cells in the damaged uterine
horn were Y chromosomeþ/CD45� bone marrow-derived
stromal and epithelial cells, respectively. Y chromosome

þ
/

CD45� bone marrow-derived stromal and epithelial cells were
detectable in both uterine horns of the recipient animals.
Although there was no significant histological difference in
levels of fibrosis between the sham and treatment groups as
determined by hematoxylin and eosin staining, pregnancy rates
were substantially higher in the bone marrow recipient mice
compared with those that were transplanted with PBS, which
suggests a functional role of BMDCs in supporting endometrial
regeneration, possibly by trophic means [56].

Additional evidence for the role of circulating BMDCs in
endometrial regeneration was demonstrated in an endometri-
osis mouse model [57]. We demonstrated that, after endome-
triosis induction and bone marrow transplantation, Y
chromosome

þ
/CD45� BMDCs were competitively attracted

to both endometriotic lesions and the eutopic endometrium. As
a result of this competition, the mice with endometriotic lesions
had reduced numbers of BMDCs in the eutopic endometrium
compared with their lesion-free counterparts [57]. However,
bazedoxifene, a selective ER modulator, can shrink the
endometriotic lesions [57–59] and diminish the flux of BMDCs
to them, thereby redirecting these cells to the eutopic
endometrium [57]. In fact, treatment with bazedoxifene
completely restored the BMDC engraftment to the eutopic
endometrium in mice with endometriotic lesions. Bazedoxifene
acts as an ER antagonist, and thus likely decreased cell
proliferation mediated by estradiol at sites of endometriotic
lesion. BDMCs may be selectively targeted toward regions of
increased proliferation or inflammation; accordingly, as
proliferation within endometriotic lesions was reduced,
BDMCs were redirected to eutopic sites. These findings
suggest a novel mechanism for endometriosis-induced infertil-
ity, in which the endometriotic lesions compete for the flux of
BMDCs and reduce their engraftment to the eutopic endome-
trium (Fig. 1).

In a case report of Asherman syndrome, a 33-yr-old woman,
who had not responded to medical or surgical therapy,
underwent autologous CD9

þ
, CD44

þ
, and CD90

þ
bone

marrow transplantation. Bone marrow transplantation resulted
in increased endometrial vascularization and endometrial
thickness. The patient then underwent in vitro fertilization
and embryo transfer, which resulted in a successful pregnancy
[60].
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DIFFERENTIATION OF EDSCS TO TREAT NONENDO-
METRIAL DISEASE

As discussed above, MSCs have emerged as an alternative
source for cell replacement therapies. MSCs derived from bone
marrow, adipose tissue, and other sources have been long used
for cell replacement therapies with varying degrees of success.
Studies from our laboratory and others have recently
concentrated on the endometrium, which contains a rich
supply of MSC-like cells [61]. In fact, the endometrium is
the only source of tissue-derived MSCs that can be obtained
without analgesic requirements, thereby rendering it a feasible
and functional source for stem cell therapies. Recent studies
have shown that the stem cells in the endometrium exhibit
greater differentiation potential than was previously assumed,
and these cells could be used for regeneration of other organs.
Finally, in females, a woman’s own EDSCs may be used,
eliminating any concerns over immune rejection.

Differentiation of Human EDSCs into Neuronal Phenotypes

Differentiation to dopamine-producing cells. A promising
example of a therapeutic role for eMSC differentiation came
from our laboratory in 2010. We differentiated CD90, CD146,
and PDGF receptor (PDGFR) b expressing human EDSCs
(HEDSCs) to neuron-like cells in vitro [30]. In vitro-
differentiated cells exhibited neurite-like processes and ex-
pressed the neuronal cell markers nestin and tyrosine hydrox-
ylase (TH), the enzyme that catalyzes the rate-limiting step in
dopamine production. Further characterization of these cells with
electrophysiological studies showed the expression of barium-
sensitive inward rectifier potassium channels, which are seen in
central neurons, including those within the substantia nigra.
Differentiation and transplantation of HEDSCs were tested in a
1-methyl 4-phenyl 1,2,3,6-tetrahydro pyridine (MPTP) treated
mouse model of Parkinson disease (PD). MPTP is a selective
neurotoxin of dopaminergic cells, and is used widely to mimic
PD in animal models [62, 63]. Undifferentiated HEDSCs were
transplanted into the striatum of the recipient mice. These stem
cells migrated to substantia nigra, expressed nestin, and adopted
a neuron-like morphology in vivo. Additionally, the brains of

FIG. 1. Schematic illustration of the migration and engraftment of BMDCs, EDSCs, and the differentiation potential of EDSCs. BMDCs migrate and
engraft in the endometrium and endometriotic lesions. The presence of endometriotic lesions can decrease the flux of these cells to the eutopic
endometrium. Furthermore, cells from endometriotic lesions can migrate back to the endometrium. Both of these mechanisms present a novel mechanism
of endometriosis-related infertility. Once harvested from the endometrium and cultured in appropriate conditions, EDSCs can differentiate into a variety of
mature cell types with therapeutic potential, including chondrocytes, insulin-producing cells, neuron-like cells, cardiomyocyte-like cells, urothelial cells,
and megakaryocyte-like cells.
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HEDSC-transplanted mice had significantly higher concentra-
tions of dopamine and its metabolite, DOPAC, when compared
with sham transplant mice.

The dramatic difference in striatal dopamine concentrations
between the sham and the HEDSC-transplanted mice is likely a
combination of the protective mechanism of the HEDSCs
against endogenous neuronal death and the active contribution
of in vivo-differentiated HEDSCs to dopamine production, as
evidenced by the increased expression of TH [30].

We repeated these studies in a nonhuman primate model of
PD [31]. After unilateral injection into the striatum of MPTP-
treated male monkeys, allogeneic EDSCs: engrafted into the
striatum; migrated to the substantia nigra, where they exhibited
neuron-like morphology; expressed TH; and increased the
numbers of TH-positive cells on the transplanted side. Most
impressively, EDSC transplantation was associated with a
mean increase of 27% in dopamine metabolite concentration on
the transplanted side of the brain [31]. Although the exact
molecular mechanism behind this therapeutic benefit remains
to be elucidated, these two proof-of-concept studies show the
promise of EDSCs in PD research.

Differentiation to cholinergic neuron-like cells. In
addition to dopamine-producing cells, other groups have
reported differentiation of CD146-expressing HEDSCs into
cholinergic neuron-like cells in vitro. Upon stimulation with
nerve growth factor and bFGF, HEDSCs increased expression
of choline acetyl transferase, microtubule-associated protein 2,
and neurofilament L, while demonstrating neuron-like mor-
phology. However, detailed electrophysiological studies and
thorough characterization of the differentiated cells have not
yet been completed [64].

Differentiation to oligodendrocyte-like cells. Inflammato-
ry diseases of the central nervous system (CNS), like multiple
sclerosis, typically result in the loss of oligodendrocytes, which
are myelinating neuroglial cells. Thus, derivation of oligoden-
drocytes has been of central interest in cell replacement
therapies for CNS disorders that affect the brain and the spinal
cord. Previous studies have shown that human endometrial
mesenchymal cells expressing CD105, CD90, CD146, and
CD44 can be induced into oligodendrocyte-like cells in a
neuron-conditioned medium containing bFGF, epidermal
growth factor (EGF), PDGF-AA, and thyroid hormone [65].
Differentiated cells exhibited bipolar oligodendrocyte-like
morphology and expressed oligodendrocyte lineage mark-
ers—nestin, PDGFRa, SOX10, and OLIG2—on the mRNA
level. Moreover, the expression of oligodendrocyte cell
markers A2B5, O4, and OLIG2 was observed via immunocy-
tochemistry [65].

In addition to differentiating into oligodendrocyte-like cells,
HEDSCs may exhibit a beneficial effect in demyelinating
diseases by modulating the inflammatory response within the
CNS. In an animal model of autoimmune encephalitis,
intraperitoneal administration of HEDSCs that expressed
CD29, CD73, CD90, HLA-ABC, and SH4 exhibited a
neuroprotective effect by reducing the absolute number of
proinflammatory Th1 and Th17 CD4 infiltrating cells within
the CNS, increasing anti-inflammatory cytokines IL10, IL27,
indolamine 2,3 dioxygenase, and Foxp3, and increasing
regulatory T cells in the spleen of the recipient mice [66].
These findings suggest that HEDSC transplantation confers
favorable systemic immunomodulatory effects and alleviates
the infiltration of proinflammatory cells into the CNS.

Applications in stroke. Stroke is the third leading cause of
death in United States and, if not fatal, results in significant
disability [67]. Stem cell therapies aim to supplant lost neurons,
reduce neuronal death, or increase vasculogenesis after stroke.

The therapeutic potential of ERCs expressing CD117 has been
tested in a rat model of stroke [68]. After middle cerebral artery
occlusion and subsequent intracerebral or intravenous injection
of ERCs, ERC recipient rats demonstrated increased neuronal
survival in the ischemic penumbra when compared with
control. Moreover, ERC recipient rats had better functional
outcomes, as demonstrated by significantly reduced behavioral
abnormalities, such as motor asymmetry. The treated mice
additionally displayed superior motor coordination compared
to vehicle recipient rats. Interestingly, the intracerebral or
intravenous route of delivery of ERCs resulted in similar
functional outcomes in the recipient rats. Nonetheless,
significantly less graft survival was observed after intravenous
injection. Although the exact mechanism of increased neuronal
survival after ERC transplantation observed in vivo was not
elucidated, cultured ERCs secreted neurotrophic factors like
BDNF and NT3, and decreased hypoxia-induced neuronal
death in vitro [68]. The increased neuronal survival after ERC
transplantation, thus, may have been conferred by ERC-
released neurotrophic factors. Further studies are needed to
exactly delineate the neuroprotective mechanisms of ERC
transplantation and determine whether they are able to
differentiate into neuronal phenotypes in vivo.

Differentiation to Insulin-Producing Cells

The potential of generating insulin-producing cells from
stem cells has led to exciting new avenues in diabetes research.
Previous research from our laboratory has shown that HEDSC
expressing MSC markers PDGFb-R, CD146, and CD90 can be
successfully induced to insulin-producing cells [69]. After
incubation for 1 wk in differentiation media, HEDSCs
expressed early pancreatic developmental genes NGN3 and
PDX1. After 3 wk, expression of mature pancreatic beta cell
markers PAX4, GLUT2, and insulin was increased, which
suggests pancreatic beta cell-like differentiation of HEDSCs.
Moreover, HEDSCs changed their morphology and formed
islet-like clusters in culture. Functional analysis of the HEDSC-
derived beta-like cells showed that these cells are responsive to
glucose in vitro and increase insulin secretion when exposed to
increasing concentrations of glucose. We have further shown
the therapeutic potential of the HEDSC-derived beta-like cells
in a mouse model of diabetes. After being treated with
streptozocin to induce diabetes, mice that were transplanted
with endometrial stromal cells developed more severe
hyperglycemia compared to the mice that had been transplant-
ed with HEDSC-derived pancreatic beta-like cells. Notably,
transplantation of pancreatic beta-like cells prevented worsen-
ing of hyperglycemia in the recipient mice, whereas stromal
cell transplantation failed to do so. Although beta-like cell
transplantation did not normalize glucose levels, it prevented
and slowed down the development of diabetes-associated
complications, such as dehydration, weight loss, and cataracts
[69].

Li et al. [70] used a different approach to differentiate
CD29-, CD44-, CD81-, and CD105-expressing human endo-
metrial mesenchymal stem-like cells (EMSCs) to pancreatic
beta-like cells. In this study, EMSCs were cultured in a specific
differentiation medium and ultimately formed spheroid bodies
(SB-EMSCs) that secreted insulin and expressed pancreatic
islet cell markers NKX2, GLUT2, glucagon, and somatostatin
on the mRNA level. Moreover, SB-EMSCs showed glucose-
dependent insulin secretion in vitro. After transplantation, SB-
EMSCs normalized glucose levels in streptozocin-treated
diabetic mice. Interestingly, SB-EMSCs showed resistance to
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oxidative stress and conferred prolonged survival on the
recipient mice.

These pioneer studies have shown the clinical potential of
the human endometrium to generate insulin-secreting cells.
Further research should lead to large-scale and efficient
production of insulin-secreting cells.

Differentiation to Cardiomyocyte-Like Cells

Heart disease is the most common cause of hospitalization
and death in adults. Not surprisingly, cell-based therapies to
replenish lost cardiomyocytes has generated great interest.
ESCs, BM-MSCs, and endothelial progenitor cells have been
employed as a stem cell source in murine cardiac infarction
models. A novel source of cardiac precursor-like cells was
proposed in 2008. Hida et al. [71] successfully differentiated
human menstrual blood-derived MSCs (MMCs) into sponta-
neously beating cardiomyocyte-like cells. These cells are easily
collectible in menses, and were shown to retain their
differentiation potential for approximately 28 generations in
vitro. MMCs expressed CD29 and CD59, but not CD14,
CD34, CD45, or Flk-1. Interestingly, mRNA expression of
cardiac progenitor cell marker GATA4 was observed in human
MMCs, suggesting the cardiomyogenic differentiation poten-
tial of these cells. After being cocultured with murine cardiac
cells, human MMC-derived cells exhibited strong contractility.
Moreover, immunofluorescence analysis revealed the expres-
sion of cardiac-specific troponin I and connexin 43 in the
MMC that were cocultured with murine cardiomyocytes, but
not in the control group. Similarly, characteristic striations of
the intermediate filament a-actinin were observed in the
differentiated MMCs, indicating cardiomyogenic differentia-
tion. Electrophysiological studies on differentiated cells
showed pacemaker potential and action potentials characteristic
of cardiomyocytes. The clinical potential of MMCs was also
tested in murine models of cardiovascular disease; 2 wk after
ligation of the left coronary artery and resultant left ventricular
infarction, either undifferentiated MMCs or BM-MSCs were
injected into the center and margin of the infarct zone. Notably,
left ventricular systolic functions were superior and the infarct
area was smaller in MMC compared to BM-MSC recipients.
Moreover, EGFP-tagged MMCs were detectable in the infarct
area and demonstrated classical striations of a-actinin and
troponin I, which suggests spontaneous cardiomyocyte-like
differentiation in vivo [71]. Many investigators speculate that
the favorable effect of stem cell transplantation after myocar-
dial infarction is due to increased angiogenesis. However, as
the transplantation was done after myocardial necrosis had
been completed, improved cardiac function was not merely due
to MMC-induced angiogenesis. These findings suggest that
MMCs have a substantial capacity to differentiate into
cardiomyocyte-like cells. However, many studies using MSCs
for cardiac repair suggest that the stem cells improve overall
cardiac function by releasing soluble factors that induce
angiogenesis, improving cardiomyocyte survival, and fusing
with the endogenous cardiomyocytes [72–75]. Further research
is needed to understand whether HEDSCs secrete such factors,
which could increase their therapeutic potential.

Differentiation to Megakaryocyte-Like Cells

The vast differentiation potential of HEDSCs was further
supported by an in vitro study, in which HEDSCs were
differentiated into megakaryocyte-like cells that are able to
produce functional platelets [76]. When cultured in media
containing thrombopoietin, up to 30% of the cells expressed

megakaryocyte markers CD41a and CD42b. Moreover, the
differentiated megakaryocytes were able to release functional
platelets that can bind fibrinogen after thrombin stimulation in
vitro. Ultrastructural assessment of these platelets showed the
expression of alpha granules, and a dense tubular system
similar to their endogenous circulating counterparts [76].
Further in vivo studies will help to delineate the functionality
of HEDSC-derived platelets and their potential clinical utility.

Differentiation to Urothelial Cells

The urinary bladder is a musculocutaneous organ, the
primary function of which is to store and expel waste products
in the form of urine. Developmental and acquired abnormalities
of the bladder result in urinary incontinence and potential
damage to the upper urinary tract, which may result in renal
failure. Therefore, efforts to restore the anatomical integrity and
function of the bladder with tissue engineering have been of
central interest in regenerative medicine. Previously, MSCs
derived from bone marrow and endothelial progenitors were
used as a source of smooth muscle cells and vasculature in
efforts to regenerate bladder in vivo [77, 78]. Recently, a report
of the derivation of urinary-epithelial cells from HEDSCs
suggested that the human endometrium may be an alternative
autologous cell source for bladder regeneration [80]. In this
study, CD146þ, CD105

þ
, CD90

þ
, and CD44

þ
HEDSCs were

isolated and plated on collagen-V, silk, and silk-collagen
nanofibers, which provided a suitable three-dimensioanl
scaffold for HEDSC proliferation and tissue engineering
applications. Stimulation of HEDSCs by keratinocyte growth
factor and EGF in vitro resulted in increased expression of
urinary bladder epithelium (urothelium) characteristic genes
and proteins: uroplakin-Ia, uroplakin-Ib, uroplakin-II, uropla-
kin-III, and cytokeratin 20 [79]. Although this study provided
promising preliminary results, further studies are needed to
determine the applicability and function of the HEDSC-derived
urothelial cells.

Differentiation to Other Mesenchymal Cell Types

Cartilage tissue is composed of chondrocytes and abundant
extracellular matrix, which is adopted to provide mechanical
stability and absorb trauma in the musculoskeletal system.
However, cartilage tissue has limited regenerative capability,
and an injury beyond its self-repair capacity may result in
permanent disability. Many studies have investigated the
potential of MSCs seeded on mechanically stable scaffolds to
renew damaged cartilage. HEDSCs have been shown to
differentiate into chondrocytes that can produce abundant
extracellular matrix in vitro [9, 80]. Recently, the chondrogenic
differentiation potential of HEDSCs derived from menstrual
blood has been investigated using electrospun nanofibers,
which are polymer-based biomaterials acting like extracellular
matrix to support chondrocyte differentiation and growth. After
seeding on poly-e-caprolactone (PCL) nanofibers and incuba-
tion in chondrogenic differentiation media, menstrual blood-
derived HEDSCs differentiated to chondrocyte-like cells that
produced abundant collagen II and stained positively with
alizarin red, which is characteristic for chondrocyte differen-
tiation [81]. However, the long-term integrity of PCL fibers
and HEDSC-derived chondrocytes should be tested in vivo to
demonstrate clinical utility.

More evidence for the feasibility of using HEDSCs on
synthetic biomaterials for tissue engineering applications has
been demonstrated in a rat skin injury model. Endometrial
MSCs expressing W5C5/SUSD2 were seeded on synthetic
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gelatin-coated polyamide (PA-G; a synthetic material that can
be used for tissue engineering [81–83]) knit meshes, and
transplanted subcutaneously after skin dissection [85]. Endo-
metrial MSCs were detectable around the PA-G mesh up to
Day 14 after implantation; 7 days after implantation, PA-G
meshes coated with W5C5

þ
eMSCs demonstrated increased

angiogenesis compared to the mesh alone. Transplantation of
both eMSC-coated and uncoated PA-G meshes caused an
inflammatory response, which was more abundant at Day 7 and
subsequently decreased until Day 90 after transplantation. At
Day 90, the inflammatory cells around the eMSC-coated PA-G
meshes were less than the noncoated meshes. Although eMSCs
were not detectable around the meshes after 14 days of
implantation, their immunomodulatory effects around the mesh
persisted. Endometrial MSC coating was associated with
increased proinflammatory M1 macrophages at Day 7
compared to the uncoated mesh; however, anti-inflammatory
M2 macrophages predominated proinflammatory M1 macro-
phages at Day 30. There was no difference in collagen
deposition between the groups. Endometrial MSC-coated PA-
G demonstrated reduced stiffness compared to the PA-G mesh
alone. These results indicate that W5C5

þ
eMSCs may

favorably modulate the tissue response to implanted foreign
materials, and that W5C5

þ
eMSC-coated meshes could be used

for regenerative purposes, such as pelvic organ prolapse repair
[84, 85].

The myogenic potential of menstrual blood-derived stem
cells has been tested in a mouse model of Duchenne muscular
dystrophy (DMD) [85]. DMD results from mutations in the
DMD gene, which causes impaired function or production of
the membrane-stabilizing glycoprotein dystrophin. The ab-
sence of dystrophin leads to destabilization of the skeletal
muscle fibers and progressive muscle degeneration. Like
DMD, mdx mice lack dystrophin expression on the skeletal
muscle fiber membrane, and exhibit phenotypic similarities
with DMD [85, 86]. Human menstrual blood-derived stem
cells, expressing high levels of MSC markers CD29, CD44,
CD59, and CD90, were injected into the right thigh muscle of
the immunodeficient mdx mice [85]. At 3 wk after injection,
immunofluorescence analysis showed that the menstrual blood-
derived stem cells fused with the host myocytes, and human
dystrophin was detectible in approximately 1.5% of the muscle
fibers. Similarly, coculture assays have shown that the
menstrual blood-derived stem cells fused with C2C12 murine
myoblasts and increased dystrophin expression. Upon induc-
tion with 5-azacytidine, menstrual blood-derived stem cells
were able to differentiate into myocytes that express myogenin
and dystrophin, which further demonstrates the differentiation
and therapeutic potential of menstrual blood-derived stem cells
in DMD [85].

STUDIES ON THE ANGIOGENIC ROLE OF EDSCS

The human endometrium is shed every month upon
reaching puberty under physiological conditions, and endome-
trial regeneration requires a high degree of angiogenesis to
support tissue growth. Given the high demand of regeneration,
it was speculated that the stem cells in endometrium have a
natural propensity to support vascular growth. In fact, it has
been demonstrated that ERCs express high levels of angiogenic
factors like PDGF, EGF, VEGF, and MMP, and can induce
human umbilical vein endothelial cell proliferation in vitro [29,
54, 87]. The clinical potential of ERCs to induce angiogenesis
was demonstrated in a mouse model of peripheral vascular
disease. After ligation of the femoral artery and nerve excision
to stimulate critical limb ischemia in mice, subcutaneously

transplanted ERCs were able to rescue the limb in the recipient
mice, whereas the control group suffered limb necrosis.
Although, the human-derived ERCs were transplanted to the
immune-competent BALB/c mice in this study, these results
suggest that the ERCs demonstrated significant levels of
immune privilege. The immunomodulatory effects of ERCs
were demonstrated in mixed lymphocyte reactions, where they
were able to reduce IFNgamma, TNF, and lymphocyte
proliferation, while simultaneously inducing the immunosup-
pressant cytokine IL4 [87].

HUMAN STUDIES USING ENDOMETRIAL STEM CELLS

The first anecdotal case report on using ERCs in human
subjects was published in 2009. Four patients suffering from
multiple sclerosis underwent either intrathecal or intravenous
administration of ERCs [88]. The follow-up period ranged
between 6 and 17 mo, and no major adverse events were
reported. However, baseline patient characteristics, the fate of
the transplanted ERCs, and follow-up characteristics for all
subjects were not reported in detail.

A case report of EDSC therapy used to treat DMD was
published in 2009, where a 22-yr-old male received a total of
116 3 106 intramuscular and 6 3 106 intravenous ERCs, along
with a total of 9 3 106 CD34

þ
cord blood cells and 3 3 106

placental matrix-derived MSCs [90]. At 3 mo after transplan-
tation, muscle strength in all muscle groups increased
significantly, and the frequency of respiratory infections
decreased. Muscle biopsy 5 mo after transplantation showed
an increased level of muscle dystrophin [89].

A 74-yr-old patient, suffering from heart failure with an
ejection fraction of 30%, received a total of 15 3 106 ERCs and
13 3 106 CD34

þ
cells by intravenous injection. A 2-yr follow

up with echocardiogram revealed that the patient’s ejection
fraction increased to 40%, and the blood concentrations of
heart failure marker brain natriuretic peptide decreased in
parallel with the improved cardiac function. No adverse events
were reported during the course of follow up [90]. A privately
funded trial on ERCs was launched in 2012, in which patients
with advanced congestive heart failure received ERCs via a
retrograde coronary artery delivery technique. Preliminary
safety results suggested that the retrograde delivery of ERCs
was not associated with major adverse events [29].

A search of the clinical trial database provided by the U.S.
National Institutes of Health lists two phase I/II trials using
ERCs for end-stage liver cirrhosis and critical limb ischemia.
To date, there are no interim results available from either trial
[91, 92].

CONCLUSION AND FUTURE DIRECTIONS

The endometrium has emerged as a novel source of stem
cells with remarkable differentiation capacity. New research
venues have been opened by the discovery of the differenti-
ation potential and wide variety of growth factors secreted by
EDSCs. SP cells in the endometrium as well as LRCs have
provided populations from which stem cells may be isolated.
ERCs, isolated from menstrual blood, have shown vast
potential for differentiation, as have MSCs isolated from the
endometrial stroma. While cells from the endometrial epithe-
lium have demonstrated clonogenic potential, the multipotent
or pluripotent potential of these cells has not yet been verified.
BMDCs have engrafted in endometrium after bone marrow
transplant, likely contributing to endometrial regeneration.
More research is needed to understand the biological regulation
and mechanism of action of EDSCs, as well as the alterations
in the microenvironment after transplantation. Elucidation of
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the role of EDSCs in the reproductive system may also shed
light on the mechanisms behind uterine diseases in which
uterine proliferation is abnormal, thereby potentially leading to
clinical treatments. The interplay between bone marrow-
derived stem cells and eMSCs in physiological and disease
states may provide new therapeutic opportunities in reproduc-
tive disorders, such as endometriosis. The initial preclinical and
clinical studies of the therapeutic applications of EDSCs are
promising. However, stem cell therapies are in their relative
infancy, and we still have limited understanding of the
therapeutic mechanisms or safety of these treatments. Future
research should also look toward optimizing the isolation of
EDSCs, and, if necessary, subsequent differentiation to a
desired phenotype for transplantation. Further understanding of
the molecular mechanisms of the effects of EDSCs in
preclinical studies will help in designing safe trials and making
these therapies a viable therapeutic option. This is an exciting
avenue for regenerative medicine, as EDSCs may provide an
autologous and easily attainable source of stem cells for
women suffering from a variety of conditions, as well as a
potential heterologous source of stem cells, given the
differentiation potential and the immunomodulatory nature of
MSCs.
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