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Article history: Endometrium is vital to the establishment of pregnancy through its cyclical regeneration, which, when
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infertility, pelvic pain, menstrual irregularities, and placental complications. Currently, treatments such
as hysteroscopic adhesiolysis and hormone replacement therapy have demonstrated variable efficacy
with limited clinical evidence. Recent developments in cell therapy have introduced menstrual blood-
derived mesenchymal stem cells (MenSCs) as a promising alternative therapeutic strategy. Menstrual
blood offers a noninvasive, periodically available source of mesenchymal stem cells, MenSCs for endo-
metrial regeneration. This review comprehensively examines the endometrial regenerative process,
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1. Introduction

Endometrium is vital in the establishment of pregnancy [1]. This
highly regenerative tissue undergoes cyclical processes of prolif-
eration, differentiation, shedding, and regeneration throughout the
menstrual cycle. This regenerative cycle occurs more than 400
times during a woman's reproductive lifespan [2—4]. Disruptions in
this regenerative process result in endometrial thinning, which is
associated with implantation defects and recurrent miscarriage [4].
Endometrial thinning is influenced by factors such as physical
disruption caused by intrauterine manipulation [5], blood flow
obstruction from uterine artery embolization, or endometrial
chronic infection which can lead to endometrial thinning with in-
trauterine adhesions known as Asherman's syndrome (AS) [6].

Intrauterine adhesions can lead to infertility, pelvic pain, men-
strual abnormalities, and placental abnormalities after conception,
such as placental abnormalities, namely, placenta accreta, increta,
and percreta [7]. In general clinical practice, hysteroscopic adhe-
siolysis is recommended for restoring uterine cavity and improving
fertility in patients with symptomatic intrauterine adhesions;
however, this surgical approach has low level of evidence in the
clinical guideline [8], and no randomized controlled trial has pre-
cluded definitive conclusions regarding its efficacy. In some cases,
the surgical intervention causes complications such as uterine
perforation and recurrence of intrauterine adhesions, particularly in
severe cases of AS [9]. Other treatments include hormone replace-
ment therapy using estrogen [ 10] and intrauterine administration of
platelet-rich plasma (PRP) or granulocyte colony-stimulating factor
(G-CSF) for endometrial regeneration and tissue repair [11—13].
However, the consistency of the effects of these treatments is poor
[14,15]. The lack of progress in the development of these treatments
is thought to be partly due to the poorly understood physiological
pathogenesis of the disease. Therefore, the underlying pathophysi-
ology of AS should be elucidated, and more effective and appropriate
treatments based on the pathophysiology are needed.

Recently, to address the limitations of existing therapies for AS,
cell therapy has emerged as a novel therapeutic strategy. Mesen-
chymal stem cells (MSCs) are renowned for their self-renewal ca-
pabilities and multilineage differentiation potential and have been
featured in the treatment for AS [15]. MSCs can be harvested from
various tissues, including the bone marrow, adipose tissue, um-
bilical cord, placenta, and dental pulp [16]. Recently, menstrual
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blood has offered a periodic and less invasive source of MSCs
[16,17]. MenSCs are gaining attention as an alternative to traditional
MSCs because they can be harvested noninvasively and exhibit
higher proliferative and differentiation potential [18]. Some early-
stage clinical trials have used autologous MenSCs for the treat-
ment of AS [19,20].

Therefore, this review aimed to describe the physiological
regenerative functions of the endometrium and the detail patho-
genesis of AS including consideration of the endometrial stem cell
niche and referring to the latest findings. This review further
focused on the therapeutic potential of MenSCs for this disease and
the recent trend and prospects of therapeutic strategy.

2. Physiology of endometrium regeneration
2.1. Menstruation cycle

Endometrium is histologically divided into the basal and func-
tional layers (Fig. 1). Functional layer, which is shed during
menstruation, includes stromal and endothelial cells in vessels,
such as spiral arteries, and the glandular epithelium, which extends
from the basal layer, as well as the luminal epithelium that covers
the surface layer [21]. The luminal epithelium is the first cell pop-
ulation that comes into contact with the fertilized egg during im-
plantation. During the menstrual cycle, the endometrial structure,
function, and biochemical environment are modulated by steroid
hormones secreted by the ovaries.

Decidualization is the transformation of endometrial stromal
cells (ESCs) into the secretory decidual cells and results from the
activation of progesterone secreted by the ovary after ovulation and
intracellular cyclic adenosine monophosphate signaling [22]. This
process induces morphological changes in ESCs, transforming them
from spindle-shaped to cobble stone-like cells, which secrete pro-
lactin and insulin-like growth factor binding protein 1. If pregnancy
is not established, estrogen and progesterone withdrawal lead to
menstruation, during which the functional layer of the endome-
trium is shed as menstrual blood. Endometrial destruction is
accompanied by repair and reepithelialization. Remarkably, this
monthly regeneration of the endometrium does not result in
scarring during repair, indicating the unique tissue repair mecha-
nism within the basal and functional layers [23].
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Fig. 1. Schematic diagram of the normal endometrium. Endometrium has two layers: basal and functional layers. The functional layer includes stromal cells, glandular
epithelium, and luminal epithelium. Epithelial progenitor/stem cells exist in the basal layer, forming longitudinal and horizontal network. CD146, CD140b, and SUSD2-positive
perivascular cells are present in both layers. Endometrium contains immune cells such as uNK cells, macrophages (M2>M1) for immunomodulation and homeostasis.

2.2. Epithelial stem/progenitor cells

Histologically, the endometrial epithelium lines the uterine
cavity and includes tubular glands that radiate toward the myo-
metrium through the endometrial stroma, displaying coiled and
branched morphogenesis [24,25]. After shedding the functional
layer during menstruation, the endometrial epithelium in the
functional layer is generated depending on endometrial epithelial
progenitor/stem cells present in the basal layer [21,26,27]. Despite
knowledge on endometrial regeneration, the detailed mechanisms
of endometrial regeneration during the menstrual cycle and the
precise location of endometrial progenitor/stem cells remain un-
clear. Studies have tried to identify markers specific to the basal
endometrial epithelium, where endometrial epithelial stem/pro-
genitor cells are presumed to exist. These markers reported include
stage-specific embryonic antigen-1 (SSEA-1) positive cells, identi-
fied in the endometrial epithelium of postmenopausal women
[28,29], and N-cadherin (NCAD), a cell adhesion molecule.

Nguyen et al. proposed that human endometrial columnar
epithelial cells possess a potential differentiation hierarchy, with
the most primitive cells being NCAD-positive and SSEA-1-negative
cells, existing at the base of the glands in the basal layer, close to the
myometrium. During the migration of these primitive NCAD-
positive and SSEA-1-negative cells from the basal portion of the
gland through the basement membrane to the lumen, they grad-
ually lose their NCAD activity and differentiate into NCAD-negative

330

and SSEA-1-positive cells. Upon entering the functional layer, these
cells are further downregulated and became fully differentiated
NCAD- and SSEA-1 double-negative cells [30].

Arecent study revealed that epithelial progenitor/stem cellsin the
basal layer form an extensive network in the longitudinal direction
but horizontally, which may contribute to dynamic tissue repair [23]
(Fig. 1). This intricate network is believed to maintain the integrity
and function of the endometrium and thus ensure successful cyclical
regeneration and preparation for potential implantation. This
network of horizontal epithelial cells in the basal layer is maintained
during menstruation [31]. In addition, these basal glands are
branching, and most share branches with other glands in the basal
layer. The number of glands sharing branches gradually increase with
age. If iatrogenic damage causes the loss of the basal layer, the repair
of the horizontal basal layer is assumed to occur from the remaining
skipping lesion. This disruption of repair mechanisms in the hori-
zontal network of the basal layer may contribute to AS onset. Thus,
further basic studies are needed to determine which epithelial stem
cell populations in this unique basal layer structure are responsible
for the endometrial repair mechanism.

2.3. Stromal stem cells
In the functional layers, stromal stem cells can also contribute

to endometrial regeneration [17,32]. Remarkably, concurrent
with endometrial tissue shedding during menstruation,
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inflammatory factors, growth factors, proteolytic enzymes, and
recruited leukocytes are mobilized to repair and reepithelialize
the endometrium [33]. High expression levels of proteases and
gene products involved in extracellular matrix synthesis are
observed in the stromal cells of the shedding endometrial region
[34,35]. These findings demonstrate that stromal cells in the
functional layer are involved in the regeneration of the
endometrium.

Previous researches using samples from endometrial biopsies
have demonstrated that cell populations, including endometrial
MSCs (eMSCs) exhibiting clonogenic, self-renewal, and differenti-
ation capacities, are present in both the basal and functional layers
[36,37]. Notably, eMSCs are predominantly located near the spiral
arteries; in particular, CD146 and platelet-derived growth factor
receptor-f§ (CD140b)-positive cells are perivascular cells present in
both the basal and functional layers of the endometrium and fulfill
the International Society for Cellular Therapy (ISCT) criteria for
surface marker expression and differentiation potential. These cells
represent 1.5 % of eMSCs and highly express genes involved in
angiogenesis, steroid hormone/hypoxia responses, immunomodu-
lation, inflammation, cell communication, and proteolysis/inhibi-
tion [38].

Masuda et al. also reported the sushi domain containing 2
(SUSD2) as a specific marker for eMSCs. SUSD2-positive cells were
also found in perivascular locations in both endometrial basal and
functional layers [39]. SUSD2-positive cells had substantially higher
clonogenicity than SUSD2-negative cells, and SUSD2-positive cells
met the ISCT criteria. Moreover, studies indicating that SUSD2-
positive cells transplanted under the kidney capsule of immuno-
deficient mice could form stromal-like and vascular structures
demonstrate that the two primary components of human endo-
metrial stroma, stromal fibroblasts and blood vessels, may originate
from SUSD2-positive cells [39]. Accordingly, CD140b+, CD146+,
and SUSD2+ cells may be eMSC-specific stem cells, and eMSCs are
essential in a remarkable regenerative mechanism without scarring
[17,21,32].

The immunomodulatory properties of perivascular eMSCs have
been studied. Transcriptional analyses of CD140b + CD146+ eMSCs
have unveiled that perivascular eMSCs specifically express several
immunomodulatory genes, distinguishing them from ESCs. These
cells exhibit immunosuppressive functions, including the produc-
tion of the anti-inflammatory cytokine interleukin (IL)-10, and ex-
press various immune-regulatory genes such as ILs (IL15, IL33, and
IL6ST), tumor necrosis factor (TNF) and interferon (IFN)y-related
genes, prostaglandin E2 synthesis genes (PLA2G4A, PTGS2/COX-2,
and PTGES), and Toll-like receptors (TLR2 and TLR3) [38,40].
Furthermore, eMSCs seeded on gelatin-coated polyamide meshes
in a nude rat wound-healing model initially increased the abun-
dance of inflammatory M1 macrophages at the mesh—tissue
interface. Subsequently, these eMSCs suppressed inflammation
around the mesh filaments by promoting the switching of macro-
phages from the M1 phenotype to the wound-healing M2 pheno-
type [41]. These findings propose that eMSCs interact with the
immune system and exert immunosuppressive effects through
paracrine mechanisms and direct contact with target cells [42].
These eMSCs are also present in the functional layer, and shed with
menstrual blood [43].

3. AS
3.1. Definition of AS
AS was first introduced by the Israeli gynecologist Joseph

Asherman in 1948 to describe symptoms and diagnostic criteria for
menstrual abnormalities resulting from intrauterine adhesions
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[12,44]. The terminology related to this condition varies, in which
experts used terms such as AS, intrauterine adhesions (IUAs), and
endometrial scarring are often used interchangeably to denote in-
trauterine adhesions associated with infertility. Some experts use
the term AS to refer to endometrial scarring after pregnancy. In
contrast, others consider all cases of IUAs, regardless of their cause,
to fall under AS [45]. In addition, there is also a condition where the
endometrium gets thin without adhesions in the uterine cavity. We
defined this condition as thin endometrium in this review.

In this review, AS will collectively refer to intrauterine adhesions
and associated conditions, irrespective of their relationship to
pregnancy. In the American Fertility Society (AFS) Classification, the
severity of intrauterine adhesions, primary pathology of AS, is
classified as grade I (mild), Il (moderate), or Il (severe) based on a
combined score of menstrual patterns and findings on hysteros-
copy or hysterosalpingography (Fig. 2). Because adhesions directly
affect reproductive outcomes, the quality of the adhesions (filmy or
dense) and adhesions’ location inside the uterus also need to be
described [46].

3.2. Epidemiology of AS

The exact prevalence of AS is unclear owing to the lack of a
standardized definition for intrauterine adhesions associated
infertility. However, a study estimated that the prevalence of
repeated implantation failure due to thin endometrium, including

Fig. 2. Hysteroscopic images of AS (American Fertility Society classification grade
I). a. Right side of the uterine fundus (Arrow). Adhesions are observed near the right
fallopian tube opening (*). b. There is adhesion covering the entire left side of the
uterine fundus (**), obstructing the left fallopian tube opening.
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AS, is 1 %—5% in patients requiring infertility treatments [15,47].
According to a report published by the World Health Organization
(WHO), approximately 17.5 % of the adult population is affected by
infertility [48]. For example, In Japan, the annual number of mar-
riages over the past few years has been approximately 500,000, and
22.7 % of couples married were undergoing testing/treatment for
infertility [49] Thus, annually, 1000—2000 women in Japan may
present with repeated implantation failure due to thin endome-
trium. Considering the incidence of AS after intrauterine proced-
ures, intrauterine adhesions developed in approximately 20 % of
women after undergoing surgery for abortion or miscarriage
[15,50,51]. In addition, intrauterine adhesions were found in
approximately 40 % of women who received intrauterine treatment
for placental remnants after childbirth or repeated curettage for
incomplete abortion during subsequent outpatient hysteroscopy
[52]. Moreover, the incidence of intrauterine adhesions from uter-
ine compression sutures for major postpartum hemorrhage at 2—4
weeks postpartum is 19—27 % [53,54].

In a study of complications after hysteroscopic surgery for
intracavitary lesions, the incidence rate of intrauterine adhesions is
1.34 % [55]. Taskin et al. [56] examined the prevalence of AS after
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surgical interventions and revealed varying rates depending on the
procedure type: 6.7 % in patients with a septum, 31.3 % in those
with a single myoma, and 45.5 % in patients with multiple myomas.
These findings underscore that a significant proportion of patients,
including potential patients, are at risk of AS development.

3.3. Pathology of AS

AS is considered caused by the partial or complete loss of the
functional endometrium due to endometrial basal layer damage
and endometrial fibrosis (Fig. 3). This condition can be caused by
intrauterine manipulation, childbirth, infection, or blood flow
obstruction, such as uterine artery embolization [51,57], and uter-
ine tuberculosis [47]. The adhesion of the uterine cavity and sub-
sequent loss of functional endometrium lead to infertility, pelvic
pain, menstrual abnormalities, intrauterine growth retardation,
premature delivery, and placental abnormalities, such as abnormal
placental positioning and adhesions [7].

Gargett et al. and Santamaria et al. demonstrated that in patients
with AS, different factors can cause the destruction of the endo-
metrium through to its basal compartment and loss of endometrial
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Fig. 3. Schematic diagram of AS endometrium. This is the imaginable schematic of the endometrium in patients with AS, based on pathological and scRNA-seq findings from
previous studies. Disruption of the horizontal network within the basal layer impairs the endometrium'’s repair mechanisms, leading to the formation of avascular endometrial
lesions and endometrial thinning. In areas of adhesion, basal layer destruction and the loss of endometrial stem cells result in the depletion of functional endometrial epithelial and
stromal cells that normally respond to hormonal stimulation, thereby inhibiting endometrial regeneration. The loss of epithelial cells, along with the presence of fibroblasts and
myofibroblasts, promotes adhesion formation between opposing surfaces of the uterine lumen. Additionally, the endometrium exhibits an increased presence of activated cytotoxic
natural killer (NK) cells and proinflammatory M1 macrophages, which may suppress the function and proliferation of uNK cells and anti-inflammatory M2 macrophages.
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stem cells, and the damaged endometrium then cannot be properly
repaired, leading to an increase in avascular endometrial lesions
and endometrial thinning, leading to the loss of functional endo-
metrial epithelial and stromal cells responsive to hormonal stim-
ulation and fibrous synechiae forms across the cavity [21,58]. Yu
et al. [9] demonstrated that the endometrial stroma is replaced by
fibrous tissue; the distinction between the functional and basal
layer of the endometrium is lost, which is nonresponsive to hor-
mone stimulation (Fig. 3).

Despite the remarkable regenerative capacity of the endome-
trium, the precise molecular pathways that result in irreversible
endometrial fibrosis in AS remain elusive. Endometrial fibrosis is a
common pathological feature in intrauterine adhesions, with fibrin
playing a crucial role in the development of fibrotic tissue across
the uterine cavity [58]. The ischemia and inflammation induced by
endometrial damage are believed to contribute to fibrosis devel-
opment, and factors such as TGF-1 and C-X-C chemokine receptor
type 4 (CXCR4) are implicated in the activation of fibrosis [59,60]. In
addition, the presence of M2 macrophages, which possess anti-
inflammatory and antifibrotic properties, was reduced in the
endometrium of patients with intrauterine adhesions [61].

3.4. Pathology of AS and thin endometrium based on single-cell
RNA sequencing (ScCRNA-seq)

A study of scRNA-seq of the endometrium of AS revealed a
loss of endometrial epithelial cells and an increase in stress-
related signaling markers in epithelial cells [62]. Additionally,
the stromal cells were found to overexpress anti-angiogenic
factors such as A Disintegrin And Metalloproteinase with Throm-
bospondin motifs 8 (ADAMTS8) and Decorinand (DCN). Further-
more, it is reported that the intrauterine fibrosis that
characterizes AS is a reactive process that develops in response
to epithelial damage and inflammation, in which fibroblasts
synthesize large amounts of collagen, thereby increasing tissue
stiffness [62]. Moreover, an increase in the presence of macro-
phages and cytotoxic natural killer (NK) cells was observed in
comparison with the levels found in a normal endometrium. This
finding suggests the occurrence of an inflammatory state within
the AS [62]. According to this report, the pathogenesis of AS can
be considered as the loss of epithelial cells and the proliferation
of collagen, the inhibition of angiogenesis in the extracellular
matrix, and the exacerbation of inflammatory conditions (Fig. 3).
Based on this result and the pathology of AS described by Gargett
et al. [21] and Santamaria et al. [58], the pathogenesis of AS may
be considered to involve the exacerbation of inflammatory con-
ditions and the suppression of cell proliferation, as well as the
inhibition of angiogenesis due to endometrial basal layer
damage.

Whereas Lv et al. [63] reported the result of scRNA-seq con-
cerning thin endometrium without intrauterine adhesions. This
report demonstrated that although the cell types present in the thin
endometrium are similar to those in the normal endometrium, the
overall cell number is significantly reduced, owing to the abnormal
activation of the Semaphorins 3 pathway [63]. This reduction was
reportedly accompanied by attenuating the epidermal growth factor
(EGF), pleiotrophin, and TNF-like weak inducer of apoptosis
signaling pathways [63]. Stromal and epithelial cell senescence was
also observed, accompanied by excessive perivascular collagen
deposition [63]. The deposition of type IV collagen around the blood
vessels contributes to impaired angiogenesis, which causes a thin
endometrium [64,65]. Furthermore, perivascular cells in the stroma
of thin endometrium exhibited the highest levels of senescence-
associated genes, and their colony-forming ability was signifi-
cantly reduced compared with that of the normal endometrium
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[63]. Considering that perivascular cells in the endometrium,
marked by CD146+, CD140b+, and SUSD2+, represent a population
of eMSCs with clonogenic, self-renewal, and differentiation capa-
bilities [17,21], a shortage of cellular resources due to the senescence
of perivascular cells, or the endometrial stem cells, contributes to
the inadequate growth of the endometrium. Furthermore, Lv et al.
reported a reduction in macrophages and natural killer (NK) cells in
thin endometrium [63]. This decrease in immune cell population
may contribute to insufficient endometrial proliferation based on
findings that the proliferation of ESCs was significantly promoted by
the culture supernatant of human uterine NK (uNK) cells and mac-
rophages [63]. This observation appears to contradict the findings,
which reported increasing in the presence of macrophages and
cytotoxic natural killer in AS by Santamaria et al. [62], however, the
association between the endometrium and immune cells in the
pathophysiology of AS need to be elucidated. The quantity of im-
mune cells varies throughout the menstrual cycle, and the functions
of macrophages and NK cells are altered or induced in response to
cytokine stimulation [66], necessitating further investigations.

A study revealed that uNK cells, as opposed to peripheral blood
NK (pNK) cells, are pivotal in establishing pregnancy [67] (Fig. 1).
Furthermore, the abundance of M2 macrophages was reduced in
the endometrium of patients with AS [61]. These reports hypoth-
esize that in AS, specific inflammatory responses may activate
cytotoxic NK cells and proinflammatory M1 macrophages (Fig. 3).
This activation could inhibit the function and proliferation of uNK
cells and anti-inflammatory M2 macrophages, crucial for main-
taining endometrial homeostasis.

Considering these two studies [62,63], the anti-angiogenic ef-
fects associated with strong inflammation and the inhibition of cell
proliferation, as well as the deposition of collagen fibers and the
excessive appearance of inflammatory immune cells suggest that
similar treatments could be effective for both conditions. However,
since the main pathological feature of AS is intrauterine adhesions,
its treatment requires a different approach based on the severity of
the condition and its pathological etiology.

3.5. Current treatments of AS

3.5.1. Hysteroscopic adhesiolysis

Surgical treatment of AS is indicated in women with infertility
and those with painful hypo- or amenorrhea, surgical. For fertility,
the initial goal of treatment is the restoration of a normal calibrated
uterine cavity covered with endometrial lining [47]. Hysteroscopic
adhesiolysis is a standard surgical treatment for AS, in which ad-
hesions are removed bluntly or with scissors with magnification
[68]. Careful dissection with energy instruments is mandatory
because the energy may destroy the otherwise healthy endome-
trium [69] (Additional file 1: Supplemental video). Hysteroscopic
dissection was reported to improve uterine cavity adhesions and
increase pregnancy rates [70]. However, the incidence of compli-
cations, such as uterine perforation, rises with advancing adhesions
and the procedure becomes more difficult [9]. The pregnancy rates
after this treatment also vary with the severity of adhesions; in
severe AS, the pregnancy rate reportedly improves by 60 %,
although 75 % of these pregnancies result in miscarriages [51]. In
addition, postoperative recurrence of adhesions is a significant
concern and may occur in 30 %—66 % of women with AS treated
with hysteroscopic adhesiolysis [71]. Other treatments, including
hormone replacement therapy, have been explored [9,10]; how-
ever, their efficacy remains inconsistent across reports, and the
experimental results often lack objective validity [14,15]. Although
hysteroscopic dissection is commonly used for the treatment for
AS, its limitations highlight the need for continued research into
more effective and reliable treatment strategies.
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Supplementary video related to this article can be found at
https://doi.org/10.1016/j.reth.2025.03.019

3.5.2. PRP

Recent reports on endometrial regeneration and tissue repair
using intrauterine administration of PRP [14,72]. PRP, collected from
peripheral veins, contains growth factors such as vascular endo-
thelial growth factor (VEGF), EGF, platelet-derived growth factor
(PDGF), transforming growth factor (TGF), and regulatory cytokines
including IL-1B, IL-6, IL-8, IFN-y, and chemokine ligands (CCL)3,
CCL4, and CCL5, which modulate immune responses [14,72,73]. PRP
has been used for various medical conditions, including ophthalmic,
orthopedic, surgical, and wound-healing applications [74—76]. Pilot
studies and case reports on the efficacy of PRP in treating thin
endometrium have reported that intrauterine PRP administration
increased endometrial thickness and improved pregnancy rates
[14,77]. However, in 2023, a randomized clinical trial published
reported that intrauterine PRP administration for AS after surgical
treatment did not significantly affect intrauterine adhesions, men-
strual symptoms, or severity compared with the untreated group
[78]. In addition, a meta-analysis of data from 10 clinical studies
involving 730 patients reported that PRP administration signifi-
cantly increased endometrial thickness, menstrual volume and days
of menstruation. Additionally, the clinical pregnancy rate also
improved [79]. However, there was insufficient evidence to reach a
conclusion regarding the effects of PRP on the recurrence rate of
moderate to severe IUA, miscarriage rate, and live birth rate.
Furthermore, the bias should be noted that this meta-analysis has a
limited sample size. Additionally, generally, the method of prepar-
ing PRP is also not standardized, which could affect the quality of
PRP and treatment outcomes. Therefore, further investigation into
the therapeutic effect of PRP on AS is also required.

3.5.3. G-CSF

G-CSF is a cytokine that stimulates neutrophil proliferation and
differentiation, commonly used in general clinical practice for
treating neutropenia during cancer chemotherapy [80]. Several
studies demonstrated the effectiveness of G-CSF in improving
endometrial thinning [81—83]. A prospective pilot study without a
control group by Gleicher et al. in 2013 reported a notable
improvement in endometrial thinning in patients with refractory
thinning endometrium [81]. However, a subsequent prospective,
double-blind, randomized controlled trial did not find significant
differences in endometrial thickness, pregnancy rate, or implan-
tation rate [82]. Zhang et al. [83] reported that G-CSF administra-
tion after adhesion resection for AS did not significantly affect
adhesion remodeling rates or AFS scores, but significantly increased
endometrial thickness in the treatment group. Thus, the results of
the intrauterine administrations of G-CSF vary among reports, with
no consistent data available. The inconsistency may be derived
from the pathophysiology of intrauterine damage; thus, the evi-
dence regarding their efficacy is further investigated.

3.5.4. Cell transplantation

Considering the pathophysiology of AS, in which there is a
shortage of endometrial stem cells due to endometrial basal layer
damage, cell therapy is considered necessary to develop curative
treatment. Oral mucosal epithelial cell sheet transplantation has
been demonstrated to effectively prevent intrauterine adhesions
following endometrial injury in rat models [84]. Moreover, the
transplantation of mouse endometrial epithelial cells into a mouse
model of endometrial adhesions has demonstrated successful
restoration of the damaged endometrium [85]. Given these find-
ings, it is plausible to consider increasing the number of deficient
endometrial epithelial cells in vitro to prevent adhesion and
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subsequently transplanting them back into the uterus as a thera-
peutic approach. Previous research has explored the long-term
culture of endometrial epithelial cells [86,87]. However, it re-
mains challenging to proliferate endometrial epithelial cells suffi-
ciently for use in cell therapy.

The recent focus is on developing novel cell therapies for endo-
metrial regeneration through the paracrine effect of MSCs [88].
Preclinical studies have demonstrated that MSCs derived from bone
marrow, adipose tissue, and umbilical cord can increase endometrial
thickness and improve fertility through their regenerative proper-
ties [89—92]. A pilot study and a prospective case series involving
the intrauterine administration of autologous bone marrow-derived
MSCs (BMSCs) in patients with AS reported improvements in
endometrial thinning without apparent adverse events [93,94]. In
addition, a phase I clinical trial that investigated the intrauterine
transplantation of allogeneic cells using umbilical cord MSCs
following endometrial ablation showed increased endometrial
thickness and no significant adverse events over a 30-month follow-
up period, and 10 of 26 patients achieved live births without
congenital anomalies or placental complications [95]. These studies
proposed that intrauterine MSC transplantation may offer a prom-
ising treatment for AS. However, further larger-scale clinical trials
are needed. Moreover, current MSC sources raise concerns about the
invasiveness of collection, complex acquisition, cost-effectiveness,
and ethical issues [16]. Therefore, novel MSC resources need to be
explored; MenSCs are gathering attention [16,89].

4. Novel therapeutic strategies using MenSCs
4.1. MenSCs

In 2007, Cui et al. demonstrated that menstrual blood contains
stromal/MSCs. They identified a cell population in menstrual blood
with high proliferative potential, displaying a population doubling
to senescence of 25—40 [96]. These cells exhibited typical MSC
surface markers, adhesive capacity to plastic, and multipotent dif-
ferentiation potential [96]. Given that the functional endometrial
layer is shed during menstruation, eMSCs expressing CD140b+,
CD146+, and SUSD2+ are deemed present in the menstrual blood.
Menstrual blood is a readily available source of stem cells and do
not require invasive and surgical procedures when harvesting stem
cells from the bone marrow, adipose tissue, or other sources.
MenSCs are also ethically advantageous because they originate
from wusually discarded samples. Consequently, MenSCs are
garnering attention as a viable alternative to conventional adult
stem cells (Fig. 4).

4.2. Cell markers of MenSCs

MenSCs fulfill the ISCT criteria, such as adherence to plastic
dishes, trilineage differentiation of cultured cells into adipocytes,
osteocytes, and chondrocytes, and expression of MSC markers
CD73, CD90, and CD105 but not hematopoietic stem cell markers
[96—99]. In our previous study, MSCs obtained from the menstrual
blood of patients with infertility were positive for CD73, CD90, and
CD105. Cells from a patient with AS also fulfilled the ISCT criteria
[16]. Regarding other phenotypic markers, Meng et al. [97], Darzi
et al. [98], and Khanjani et al. [95] reported positive expression of
the pluripotency marker OCT4, whereas Cui et al. reported negative
results [96]. To date, ISCT markers have been used as validation
markers for MenSCs. However, considering their endometrial
origin, evaluation of eMSC markers such as SUSD2, CD146, and
CD140b may be essential. Wyatt et al. reported that 4.7 % of the
MenSC population was positive for SUSD2 [100], consistent with
Masuda's finding that 4.2 % of eMSCs were positive for SUSD2.
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‘ Intrauterine
‘ transplantation

MenSCs cultured
in vitro

Fig. 4. Schematic diagram of the treatment of AS using autologous MenSCs.
Menstrual blood contains cells detached from the functional layer. Menstrual blood
from patients with AS is collected. Endometrial mesenchymal stem cells characterized
by markers such as CD140b+, CD146+, and SUSD2+ and fulfill the International So-
ciety for Cellular Therapy criteria, and have high proliferative potential. These cells
cultured in vitro are autografted into the uterus of patients with AS.

Influence of menstrual cycle phase, collection methods, and culture
conditions on cell surface markers and cell population character-
istics have not yet been investigated and should be considered in
future research to optimize quality control. Comprehensive in-
vestigations of these factors would offer deeper insights into the
therapeutic potential of MenSCs.

4.3. Treatment of AS using MenSCs

4.3.1. Angiogenesis and tissue repair effects of MenSCs

Given the loss of endometrial stem cells in AS, augmenting the
endometrial stem cell population through intrauterine trans-
plantation of in vitro expanded MenSCs may serve to compensate
for the loss or reduction of these cells, possibly leading to the re-
covery of angiogenesis and anti-inflammatory potency. A recent
study demonstrated that the regenerative effects of MSCs are pri-
marily due to paracrine mechanisms rather than their differentia-
tion ability [17]. MenSCs, similar to MSCs from other sources,
possess regenerative therapeutic effects through angiogenesis and
tissue repair [16]. When cocultured with ESCs, MenSCs contribute
to tissue repair by attenuating the effect of TGF-$, downregulating
the expression of myofibroblast markers alpha-smooth muscle
actin (2-SMA) and collagen I, and promoting rapid cell proliferation
in ESCs [101].

MenSCs also exhibited superior paracrine response to hypoxic
conditions to BMSCs [102]. Alcayaga-Miranda et al. [102] reported
that MenSCs demonstrated complete wound closure after 24 h,
whereas BMSCs only showed partial wound closure in scratch
assay. This finding suggests that the MenSCs may have the higher
migratory ability to injured sites after transplantation, where the
MenSCs contribute to the surrounding cells in a paracrine manner.
In addition, while the conditioned medium from BMSCs did not
show a significant difference in tube formation between hypoxic
and normoxic conditions, that from MenSCs exhibited significantly
enhanced tube formation under hypoxic conditions.

A comparative study with umbilical cord-derived MSCs (UC-
MSCs) also revealed that MenSCs exhibited superior clonogenic and
migratory abilities to UC-MSCs [103]. This report also revealed that
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analysis of proliferative rate over time was higher in MenSCs than
UC-MSCs. In addition, evaluating the colony-forming unit-fibro-
blast (CFU—F) assay, MenSCs exhibited a notably higher CFU-F
potential compared to UC-MSCs.

Our study demonstrated that MenSCs from patients with AS
maintained angiogenic and tissue repair capacities in vitro and
in vivo, mediated by the paracrine effect [16]. This indicates the
potential use of MenSCs from patients with AS as cellular thera-
peutic agents.

4.3.2. Immunomodulatory effect in MenSCs

MenSCs exhibited a higher inhibition rate of T-cell proliferation
than UC-MSCs in a T-cell proliferation assay by coculturing at high
concentration ratios with PBMCs [103]. However, the suppressive
effect was lower at lower concentration ratios [104]. These findings
indicate the dose-dependent inhibitory effect of MenSCs on T-cell
proliferation. The immunosuppressive effect was maintained when
evaluating MSCs pre-stimulated with IL-1B and TNF-a for 24 h
under proinflammatory conditions [103]. Nonetheless, the assess-
ment of the activation of the immunosuppressive effect by IFN-y
pretreatment revealed significantly lower suppression of T-cell
proliferation in MenSCs than in MSCs [104]. This indicates the need
for caution when evaluating the immunosuppressive effect of
MenSCs after cytokine pre-stimulation.

Furthermore, MenSCs influence the innate immune system. uNK
cells are pivotal in establishing pregnancy [67]. For instance, uNK
cells function to prevent rejection reactions and regulate vascular
remodeling, thus successfully maintaining pregnancy [105]. The
dysregulation of uNK cell function may be implicated in recurrent
miscarriages [106]. Compared with BMSCs, unstimulated MenSCs
can induce NK cell proliferation; however, in an inflammatory-
induced environment, MenSCs significantly inhibit NK cell prolif-
eration and cytotoxicity [107]. These results suggest that MenSCs
play a crucial role in maintaining endometrial tissue homeostasis
and inducing a pregnancy-compatible phenotype in NK cells.
Furthermore, the intravenous injection of MenSCs in a mouse
model of colitis promoted M2 macrophage migration and reduced
immunoglobulin G deposition in the damaged colon [108]. These
results indicate that MenSCs supplementation may improve
immunomodulatory effects in AS, with impaired endometrial
immunomodulatory mechanisms. However, given the interexper-
imental variability in the evaluation of immunosuppressive effects
in vitro, further validations are necessary to assess the immuno-
modulatory properties of MenSCs comprehensively.

Because MenSCs have potency of angiogenesis, tissue repair and
immunomodulation, we considered that MenSCs have therapeutic
effect on the AS and thin endometrium, which have conditions such
as reduced angiogenic capacity associated with strong inflamma-
tion and inhibition of cell proliferation, as well as the excessive
appearance of inflammatory immune cells reported by scRNA-seq
studies.

4.3.3. Therapeutic effect of MenSCs on infertility animal models
Previous studies have reported that MSC administration in an-
imal models with damage endometrium established by intrauter-
ine ethanol injection [91,92,109] and electric coagulation [110]
leads to increased endometrial thickness, reduced fibrosis, and
improved fertility through angiogenesis and tissue repair
[91,92,109,110]. Our research team employed a mechanical injury
model clinically relevant to the pathophysiology of AS-associated
infertility to create a thin endometrium model [16]. We also suc-
cessfully isolated and cultured MenSCs derived from patients with
infertility, including AS. The intrauterine transplantation of MenSCs
from a patient with AS into the injury models demonstrated
increased endometrial thickness, reduced fibrosis, and improved
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fertility through angiogenesis and tissue repair [16]. The results of
establishing a method to collect cells from patients undergoing
fertility treatment and the therapeutic effect of MenSCs derived
from patients with AS in the injury models further underscore their
potential as a robust cell source for autologous use in regenerative
therapy for damaged endometrium.

4.3.4. Safety of the MenSCs administration

For safety, Chang et al. [111] confirmed the disappearance of
MenSCs 4 weeks after administrating into a subserosal layer of the
uterus in IUA model mice. As observed, mice maintained average
body weight with no mortality, abnormal behavior, transplant-
related diseases, or endometriosis up to 6 months after trans-
plantation. In our study, no apparent concerns were noted for local
tumorigenicity and distribution to other major organs of intra-
uterine transplanted MenSCs until 1 month after transplantation
[16]. Furthermore, no abnormal findings in blood sample tests were
observed in these reports. Despite the need for further preclinical
evidence for long-term safety, these preliminary results support
the idea that MenSCs transplantation is safe and not toxic or
tumorigenic in mid-term evaluations [111]. These findings high-
light the potential of intrauterine MenSCs transplantation to offer a
proactive therapeutic effect on endometrial damage and impaired
reproductive capability.

4.3.5. Clinical trials using MSCs for IUA and thin endometrium
Several clinical studies have used autologous MSCs for treating
implantation failure associated with IUA or thin endometrium. In-
trauterine transplantation of MenSCs for IUA has been reported by
Tan et al. [19] and Ma et al. [20]. Subendometrial administration
using in the case of BMSCs for IUA has been performed by both
Santamaria et al. [93] and Singh et al. [94]. Adipose-derived MSCs
(ADCs) have been administered subendometrially for thin endo-
metrium by Sudoma et al. [112]. Yotsumoto et al. [113] performed
intrauterine transplantation of adipose tissue-derived regenerative
cells (ADRCs) involving ADCs for suspected implantation failure
(Table 1). All these studies observed an improvement in endome-
trial thickness compared with the pre-transplantation status.
MenSCs including IUA grades III-IV [19,20] have reported im-
provements to an endometrial thickness of >7 mm. Clinical
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evidence indicates that pregnancy and live birth rates decrease
in vitro fertilization rates when endometrial thickness falls <8 mm
for fresh blastocyst transfer and <7 mm for freeze—thaw embryo
transfer cycles [5]. Thus, the endometrium thickness >7 mm is
considered one of the surrogate markers of effectiveness.

Several clinical studies have investigated the use of allogeneic
transplantation of UC-MSCs. Huang et al. [114] conducted intra-
uterine transplantation for patients with AS, while Cao et al. [115]
performed intrauterine transplantation of UCMSCs loaded onto a
collagen scaffold following an adhesion separation procedure for
International IUA grade III-IV. Notably, no adverse events were
observed in any patients during the study periods [114,115].
Although these studies did not report an improvement in endo-
metrial thickness >7 mm, Cao et al. [115] demonstrated a reduction
in intrauterine adhesion scores during second-look hysteroscopic
evaluations compared to baseline. These reports suggest that allo-
geneic cell transplantation can be performed safely and may offer
therapeutic efficacy.

Five studies that evaluated pregnancy outcomes
[19,20,93,112,115] have demonstrated favorable results regarding
pregnancy establishment; however, many cases were still ongoing
at the time of reporting, necessitating further follow-up to assess
live birth rates. Moreover, all studies did not report significant
adverse events. Therefore, clinical trials using autologous and
allogeneic MSC transplantation may offer effective and safe treat-
ment for thin endometrium, and late-phase clinical trials are
expected.

4.3.6. Challenges in the clinical applications of MenSCs for AS
treatment

Several concerns need to be addressed when developing novel
cell therapies for AS using MenSCs, particularly in cases utilizing
autologous cells. First, whether MenSCs can be isolated from the
menstrual blood of patients with AS need to be determined, given
that the severity of AS often correlates with reduced menstrual
blood volume. In addition, the eMSCs in patients with AS exhibit
senescence in vivo. Despite these concerns, two clinical studies
[19,20] have used autologous MenSCs in severe AS (IUA grades
III-1V) cases where conventional treatments failed to achieve
pregnancy. These studies (n = 19) successfully isolated MenSCs

Table 1
Clinical trials using MSCs for IUA and thin endometrium.

Number Diagnosis Cell types Implanting location Source Number Outcomes

of of cells . b

patients Major outcomes Pregnancy

rate
Tan ] [19] 7 IUA grades IlI-1V MenSCs  Intrauterine Autologous 1.0 x 10° ET > 7 mm in 5 out of 7 participants 42 % (3]7)
Ma H [20] 12 IUA grades IlI-IV MenSCs  Intrauterine Autologous 1.0 x 107 ET: 3.9 + 0.9 mm to 7.5 + 0.6 mm*® 42 % (5/12)
Santamaria X 11 IUA grades I-III BMSCs Spiral arterioles Autologous 4.2 x 107 ET: 4.3 mm to 6.7 mm" 38 % (6/16)
[93] +EA to 2.0 x 10%*
Singh N [94] 6 IUA grades [I-1V BMSCs Subendometrial zone  Autologous 1.0 x 10% ET: 1.38 + 0.39 mm to 5.48 + 1.14 mm“ NA
Sudomal[112] 25 Thin endometrium ADCs Subendometrial zone  Autologous 1.0 x 106 ET increased in 20 out of 25 patients 52 % (13/25)
Yotsumoto F 5 Suspected embryo  ADRCs Intrauterine Autologous 3.8 x 107 ET: 3.8 + 1.3 mm to 8.8 + 2.8 mm* 40 % (2/5)
[113] implantation failure to 1.0 x 10%°
Huang ] [114] 6 AS UC-MSCs  Intrauterine Allogeneic 2.0 x 107 ET: 3.28 + 1.20 mm to 3.75 + 1.08 mm‘ NA
Cao Y [115] 25 IUA grade IlI-1V UC-MSCs Intrauterine Allogeneic 1.0 x 107 ET: 4.46 + 0.85 mm to 5.74 + 1.20 mm“ 40 % (10/25)
Following an adhesion (loaded
separation procedure onto a
collagen
scaffold)

Abbreviations: ADCs, Adipose-derived mesenchymal stem cells: ADRCs, Adipose tissue-derived regenerative cells: BMSCs, Bone marrow-derived mesenchymal stem cells, UC-
MSCs, Umbilical cord-derived mesenchymal stem cells: EA, Endometrial atrophy: ET, Endometrial thickness: IUA, intrauterine adhesion: MenSCs, Menstrual blood-derived

mesenchymal stem cells: NA, Not Available.

2 Administered cells were those available for collection, with no predetermined cell count.

b Qutcomes as reported in each manuscript.
¢ Change in ET from pre-administration to post-administration.

336



S. Awano-Kim, S. Hosoya, R. Yokomizo et al.

from patients and cultured and transplanted them into the uterus
[19,20]. In addition, we also confirmed the feasibility of the primary
culture of MenSCs from a patient with AS [16]. These results indi-
cate that primary cultures of MenSCs are clinically feasible even in
severe AS.

Second, whether MenSCs of patients with AS possess thera-
peutic efficacy need to be established. Previous studies demon-
strated the effectiveness of MenSCs derived from volunteers in
infertility treatments; however, no studies have used MenSCs iso-
lated from patients with AS. Consequently, we revealed that the
angiogenesis and tissue repair capabilities of MenSCs derived from
a patient with AS are comparable with those of MenSCs from a
volunteer [16]. In addition, we also demonstrated the potential
effects of infertility treatment using a thin endometrium animal
model. These findings indicate that MenSCs from a patient with AS
can be used as a viable cellular therapeutic agent. Although this is
speculative, it is possible that even in a patient with AS, a portion of
the endometrium with standard functionality remains. MSCs that
detach from this functional endometrium may be collected during
menstruation, allowing for the primary culture of MenSCs with
therapeutic efficacy. However, given that only a single participant
with AS participated in our previous research, further investigation
is warranted to determine whether MenSCs derived from multiple
AS patients exhibit enough therapeutic potency. Furthermore, it is
essential to investigate whether MenSCs can be isolated from
menstrual blood even in cases where inflammation has extensively
affected the endometrium, and normal endometrial tissue does not
remain, such as in chronic endometritis.

Third, the risk of contamination during culture is a concern, as
menstrual blood contains bacteria and fungi primarily derived from
the vaginal flora, which differs from other primary sources of MSCs
such as the bone marrow, adipose tissue, and placenta. This poses a
significant challenge for the clinical application of MenSCs. For
example, Takagi et al. [116] reported that in their study on oral
mucosal sheets, which also faced contamination risks from the oral
microbiota, infection was controlled by implementing specific
measures. Previous studies have not extensively focused on con-
trolling infections during the primary culture of MenSCs. In our
preliminary studies, the culture medium was supplemented with
penicillin, streptomycin, and amphotericin B to prevent contami-
nation and ensure the success of primary cultures [16]. However,
for future clinical applications, antibiotic allergies should be
considered, and further investigations into suitable antibiotics are
warranted.

Furthermore, the detail protocols of MSC therapy, including the
administration timing during the menstrual cycle, dosage, and
frequency of MSC administration, need to be considered to achieve
the desired therapeutic effect. Specifically, considering intrauterine
transplantation of MSCs, the expulsion of transplanted cells during
menstruation is concerned. However, several clinical studies
[93,94,112] reported that the therapeutic effect had persisted even
after repeated menstrual cycles following MSC administration.
Interestingly, these three studies adopted the administration to the
subendometrial lesion or spiral arterioles. These results may sug-
gest that transplanted MSCs can persist after menstruation and the
administration method may be important for the therapeutic per-
manency. Moreover, intrauterine administration following an
adhesion separation procedure, with cells loaded onto a collagen
scaffold, as demonstrated by Cao et al. [115] showed a reduction in
intrauterine adhesion scores during second-look hysteroscopic
evaluations compared to baseline. Therefore, further studies are
warranted to identify the most effective therapeutic strategies
based on these findings.

In the two preliminary clinical studies, Tan et al. [19] adminis-
tered 1.0 x 108 cells 2 weeks after menstruation, whereas Ma et al.
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[20] administered 1.0 x 107 cells on the second day of menstrua-
tion. Both studies have reported that the endometrial thickness
exceeded 7 mm during the ovulation phase in patients with severe
AS, with some cases resulting in successful pregnancies. Never-
theless, the most optimal treatment protocol remains uncertain.
This is pertinent for the endometrium, which undergoes dynamic
histological changes such as shedding, proliferation, and secretion
every month, necessitating careful consideration of the timing of
MSC administration. Based on these findings, an optimal treatment
protocol that balances safety and efficacy needs to be developed.

Moreover, a common issue with MSC-derived products is the
variability in “quality” due to the heterogeneity of MSC, which
needs to be thoroughly investigated in future studies. MSCs exhibit
biological characteristics and function differences depending on
the source tissue and microenvironment. This means variations in
MSC cell properties between different tissues and donors within
the same tissue source. Miura et al. [117] identified a biomarker
using scRNA-seq that enables the identification of cell sub-
populations contributing to the angiogenic properties of BMSCs.
Similarly, for MenSCs, it is crucial to identify the active components
and related cell subpopulations that are effective against intra-
uterine adhesions in AS, and to determine the biomarkers specific
to these cell populations.

Finally, the potential cost of cell culture needs to be addressed
for clinical applications of MenSCs. In our recent research using a
nationwide database in Japan, the price using MSCs for infertility
treatment is approximately eight times more expensive that of
those involving PRP [118]. From a cost perspective, allogeneic
transplantation of MenSCs may present a viable alternative. Men-
strual blood can be non-invasively collected multiple times, which
presents a significant advantage compared to other cell sources,
even though MenSCs can only be harvested from women. Notably,
MenSCs exhibit low expression levels of histocompatibility anti-
gens HLA-B and HLA-C and do not express HLA-DR [104]. This
characteristic suggests that clinical application of the allogeneic
MenSCs transplantation would be expected for other fibrotic or
inflammatory diseases than AS, even in male patients. Thus, further
clinical investigations of allogeneic MenSCs would be warranted.

5. Future perspectives

Given MenSCs have the angiogenesis, tissue regeneration, and
immunomodulatory properties, MenSCs may also prevent fibrosis
formation after surgery. For instance, intrauterine administration
after adhesion removal surgery could enhance the therapeutic
outcomes of the surgery. From a similar perspective, preventive
treatments to avert adhesions after hysteroscopic surgeries—such
as those performed for submucosal fibroids or endometrial
polyps—could be a viable strategy to prevent the progression to AS.

MenSCs are widely utilized in preclinical research, demonstrating
practical therapeutic functions not only for AS but also for other
diseases, including liver diseases, diabetes, stroke, Duchenne
muscular dystrophy, ovarian-related disorders, myocardial infarction,
Alzheimer's disease, acute lung injury, skin wounds, and endome-
triosis [17]. A search for MenSCs on ClinicalTrials.gov revealed clinical
trials for ARDS and type 1 diabetes conducted in various countries
(https://clinicaltrials.gov/, accessed on Sep 23rd, 2024).

For clinical application, exploring the precise signaling path-
ways of MenSCs and improving the microenvironment to maintain
stem cell functions are essential. Because MenSCs are derived from
donors with varying age and environmental conditions (e.g.,
epidemiological background, age, and hormonal status), estab-
lishing standard criteria for MenSCs collection, identifying optimal
molecular markers, and further verifying active components are
essential. These investigations are expected to significantly
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contribute to the development and clinical application of treat-
ments using MenSCs in regenerative medicine.

6. Conclusions

The current treatment approaches for AS and their limitations
are discussed, focusing on the therapeutic strategies in employing
MSCs, particularly MenSCs. MSCs, which can be isolated from
various tissues, have attracted significant attention as a cell source
for regenerative medicine. However, the clinical application of
MSCs is often hampered by the invasiveness of tissue-harvesting
procedures and the scarcity of tissues such as the placenta and
umbilical cord. Conversely, products such as PRP and G-CSF have
emerged. Although they are being studied extensively, they are
used mainly in private practice in Japan and have yet to become
standard treatments [118]. MenSCs address these limitations
related to MSC tissue harvesting. With a focus on the high regen-
erative capacity of the endometrium, MenSCs offer a noninvasive,
monthly renewable, and attractive source of MSCs. Future research
should standardize the collection and isolation methods for
MenSCs and deepen the understanding of their biological and
functional characteristics, including proliferative capacity, angio-
genic potential, differentiation ability, and immunomodulatory ef-
fects. Further investigations are desired to maintain or enhance
these functions by optimizing the microenvironment. In addition,
functional differences due to donor backgrounds and environ-
mental conditions should be explored, and practical components
should be identified. This will help identify critical cellular sub-
populations involved in the various functions of MSCs and establish
indicators for functional assessment.
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