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A B S T R A C T

Endometrial damage is an important factor leading to infertility and traditional conventional treatments have
limited efficacy. As an emerging technology in recent years, stem cell therapy has provided new hope for the
treatment of this disease. By comparing the advantages of stem cells from different sources, it is believed that
menstrual blood endometrial stem cells have a good application prospect as a new source of stem cells. However,
the clinical utility of stem cells is still limited by issues such as colonization rates, long-term efficacy, tumor
formation, and storage and transportation. This paper summarizes the mechanism by which stem cells repair
endometrial damage and clarifies the material basis of their effects from four aspects: replacement of damaged
sites, paracrine effects, interaction with growth factors, and other new targets. According to the pathological
characteristics and treatment requirements of intrauterine adhesion (IUA), the research work to solve the above
problems from the aspects of functional bioscaffold preparation and multi-functional platform construction is also
summarized. From the perspective of scaffold materials and component functions, this review will provide a
reference for comprehensively optimizing the clinical application of stem cells.
1. The significance and status of treatment of endometrial injury

Endometriums one of the important components of the uterus,
providing an essential internal environment for embryo implantation and
pregnancy maintenance. Uterine cavity manipulation, inflammation and
infection are risk factors for severe endometrial damage and intrauterine
adhesion (IUA), which can directly lead to amenorrhea, infertility,
abortion or other serious symptoms [1–3]. The mechanism by which IUA
occurs is that the viability of endometrial stromal cells decreases or even
undergoes apoptosis, which induces endometrial atrophy and the
destruction of endometrial homeostasis [4]. The apoptosis signaling
pathway activated by endometrial injury also inhibits endometrial
angiogenesis, thereby hindering endometrial regeneration. During this
process, damage to the basal lamina is usually irreversible and accom-
panied by fibrosis, manifested as Asherman syndrome, which means that
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only atrophic and inactive uterine glands and a small amount of stroma
exist [5,6]. Clinically, re-epithelialization and revascularization of the
exposed surface of the uterus are key factors for successful repair and
remodeling of endometrium [7–9]. Anti-infection and inflammatory
control are important environmental guarantees for optimizing endo-
metrial neogenesis. Therefore, it is an urgent problem for gynecology to
explore multifunctional therapies to repair endometrial injury, improve
its microenvironment and tolerance state, and thus improve the preg-
nancy rate of infertility patients [10]. Intrauterine adhesion dissection is
the preferred treatment method for IUA, but the re-adhesion rate after
severe IUA can be as high as 62.5%. In addition to surgical treatment,
solid barriers such as intrauterine devices often cause local inflammation,
and simple semi-solid barriers such as hyaluronic acid hydrogels have
limited repair effect. Metformin, nitroglycerin and other drugs may in-
crease blood flow, but their efficacy is far from ideal [11–14] (Fig. 1).
Zhengzhou University, Zhengzhou, Henan, 450003, China.
u), yuqiguo@zzu.edu.cn (Y. Guo).

022

ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:sduan@henu.edu.cn
mailto:duyanan@tsinghua.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100389&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100389
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2022.100389


Fig. 1. Mechanisms of endometrial injury and main treatment strategies.
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Stem cell therapy, as an emerging and promising therapy in many
fields, has been playing an irreplaceable role in treatment of various
diseases such as brain injury and leukemia [15]. In the treatment of IUA,
stem cells have also been widely used, and satisfactory results have been
achieved in reducing endometrial fibrosis, repairing damaged endome-
trium, and improving uterine receptivity [16]. In vitro and in vivo ex-
periments have shown that embryonic stem cells and mesenchymal stem
cells have a great therapeutic effect on the IUA model [2,3]. However,
these stem cells are difficult to obtain, which greatly limits their clinical
application. It is well known that the normal endometrium of women of
childbearing age usually undergoes approximately 400 cycles of prolif-
eration, differentiation, shedding, and regeneration without scarring due
to endometrial-intrinsic stem or progenitor cells that create new func-
tions for blastocyst implantation. This process is the only example of
scar-free repair in adult tissues, including inflammation, tissue remod-
eling, and proliferation and differentiation of endometrial stem cells [2].
In recent years, various stem cells present in the endometrium have been
identified and characterized [17–19]. Among them, endometrial stem
cells, especially non-traumatically available menstrual blood-derived
stem cells (MenSCs), as a new type of stem cell population, have great
potential in repairing endometrial injury caused by IUA due to their
advantages of abundant sources, high proliferation rate, low immuno-
genicity and no ethical issue [4,5,20]. In this review, we will systemat-
ically analyze the advantages, mechanisms, and application strategies of
stem cells in the treatment of IUA, so as to provide reference for pro-
moting the clinical application of stem cell therapy for endometrial
injury.

2. Comparison of the advantages of different sources of stem
cells in the treatment of IUA

Stem cells are a class of cells with strong self-renewal ability and
multi-directional proliferation and differentiation ability, so they can
directly induce differentiation and replace damaged tissues to play an
advantageous therapeutic role (Fig. 2). The comparison of stem cells from
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different sources and examples of application are shown in Table 1.
Generally, stem cells can be divided into embryonic stem cells (ESCs) and
adult stem cells (ASCs) according to their developmental sequence. At
present, mesenchymal stem cells (MSCs) are the most widely used, which
have been successfully isolated from bone marrow, adipose tissue, um-
bilical cord blood, menstrual blood, amniotic membrane and other tis-
sues, and have been initially used in clinical practice.

2.1. Endometrial stem cells

The human endometrium is a complex and dynamic tissue that ex-
periences a period of growth and shedding during each menstrual cycle,
suggesting the existence of stem cells [40]. The endometrium consists of
two regions: basal layer and functional layer. Endometrial stem cells are
located in the basal layer and are the source of progenitor cells that
differentiate to form the endometrium. These endogenous progenitor
stem cells can rapidly replace the functional layer of the endometrium
during each menstrual cycle and have the potential for high proliferation,
self-renewal, and multilineage differentiation [41]. Endometrial stem
cells have been shown to differentiate into various cell types such as
adipocytes, chondrocytes, muscle cells, cardiomyocytes and neurons
[42]. Exogenous endometrial stem cells can differentiate into endome-
trial cells in the uterus, thus a potential therapy for uterine injury
[42–47]. Endometrial stem cells have been shown to be ideal seed cells
for the treatment of infertility caused by endometrial damage [48].
However, obtaining endometrial stem cells directly from the endome-
trium may cause great damage. One study show that exfoliated endo-
metrial cells isolated from menstrual blood can be cultured into
endometrial mesenchymal stem cells in vitro [49]. The cells have higher
proliferative capacity and can be stably differentiated for more than 30
generations in vitro, which can be directly used to promote the repair of
endometrial damage in nude mice [50]. In addition, menstrual blood
stem cells (MenSCs) can improve the implantation rate of embryos,
which may be related to their promotion of the expression of vimentin,
keratin and vascular endothelial growth factor [51].



Fig. 2. Human derived stem cells. Stem cells which
have been reported to treat endometrial injury were
labeled with blue color. Neural stem cells (NSCs);
Bone marrow derived mesenchymal stem cells
(BMSCs); Adipose-derived stem cells (ADSCs); skeletal
Muscle mesenchymal stem cells (MDSCs); Gingival
mesenchymal stem cells (GMSCs); Tonsil mesen-
chymal stem cells (TMSCs); Synovium-derived
mesenchymal stem cells (SMSCs); human Umbilical
cord blood mesenchymal stem cells (UCB- MSCs);
Endometrial mesenchymal stem cells (EnSCs); Men-
strual blood derived mesenchymal stem cells
(MenSCs); human Placental mesenchymal stem cells
(P-MSCs); Umbilical cord mesenchymal stem cells
(UC-MSCs); embryonic stem cells (ESCs); Amniotic
fluid mesenchymal stem cells (AF-MSCs); human
amniotic mesenchymal stromal cells (AMSCs).
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2.2. Bone marrow stem cells

Bone marrow-derived cells (BMDCs) are the earliest and most widely
studied mesenchymal stem cells. BMDCs can transdifferentiate into a
variety of non-hematopoietic cell lines, including skin, muscle cells,
neurons, hepatocytes, cardiomyocytes, and gastrointestinal epithelial
cells [52–54]. In addition, BMDCs can also differentiate into cells related
to endoderm, mesoderm, and ectoderm, including various mature
endometrial cells [55–59]. Through bone marrow transplantation, bone
marrow mesenchymal stem cells can migrate to the injured area, and
then re-proliferate and differentiate into various organs in the host [15,
60–63], that is, participate in tissue regeneration. There are many reports
on the use of bone marrow mesenchymal stem cells in the treatment of
endometrial injury, and positive results have been obtained in rodents
and clinical patient experiments [30–32]. BMDCs can differentiate into
epithelial cells and stromal cells in the recipient's endometrium and
vascular endothelial cells [43,57], playing multiple roles in the repair of
endometrial damage such as promoting endometrial reconstruction [55,
64–67]. However, its application is still facing great challenges, mainly
due to the great pain and concomitant damage caused by cell collection
to the donors, as well as the detrimental effects on the psychology of both
the donor and the recipient [68]. In addition, there are huge individual
differences in the proliferation, survival, differentiation and paracrine
capacity of MSCs in vitro, which makes it difficult to unify and stan-
dardize the research results as guidelines for clinical treatment, limiting
their application in clinical treatment of IUA [69–71].
2.3. Cord blood stem cells

Human umbilical cord-derivedmesenchymal stem cells (hUMSCs) are
3

another rich source of mesenchymal stem cells. Due to its high safety, low
immunogenicity, high proliferative capacity and easy collection, it has
become another effective candidate for tissue regeneration after endo-
metrial injury [64,72]. Studies have shown that hUMSCs can promote
vascular remodeling, immune cell recruitment, and produce a large
number of beneficial active molecules, thus playing a key role in
repairing endometrial damage [73]. Other studies have shown that
exosomes of umbilical cord mesenchymal stem cells played an active role
in the repair of damaged endometrium through the PTEN/Akt signaling
pathway [74].

2.4. Adipose stem cells

Adipose tissue is relatively abundant in the human body, and adipose
stem cells (ASCs) can be easily isolated from subcutaneous adipose tissue
such as thighs, abdomen, and arms [75,76]. Studies have shown that the
number of stem cells obtained from adipose tissue is much larger than
that obtained from an equivalent amount of bone marrow [77]. ASCs
with pluripotent differentiation have also been shown to have great po-
tential in clinical application [78–80]. In fact, ASCs have higher prolif-
erative capacity and anti-aging ability than BMSCs. In addition, ADSCs
have greater secretion capacity than MSCs and secrete interleukin-6
(IL-6) and insulin-like growth factor-1 (IGF-1) which can further
enhance the therapeutic and regenerative effects of stem cells [81], thus
having great significance for cell therapy and tissue regeneration [82].
Currently, clinical therapies using ADSCs have achieved good results,
including wound healing, skin regeneration, and tissue regeneration [75,
76]. Therefore, ADSCs may also be used to treat IUA in the future.



Table 1
Advantages and disadvantages of stem cells from different sources and their applications.

Sources Disease/Model Applications Advantages Disadvantages Ref

Human EnMSCs Patients with thin
endometrium

Increased thickness of
endometrium and regenerative
capacity.

Non-invasive harvesting procedure, easy
expansion in vitro, and no ethical
considerations.

Unclear the fate and long-term
efficiency.

[21]

Human EnSCs A woman with IUA Increased endometrial thickness
and pregnancy potential.

[22]

Human EnSCs The female BALB/c
nude mice with the
ovarian cancer

Inhibit the epithelial ovarian
cancer.

[23]

Human MenSCs Infertile women with
severe AS

Increased thickness of
endometrium and pregnancies.

Non-invasive operation to the human
body, easy to collect, and not involved in
ethical issues.

Difficult preservation and high
contamination rate.

[24]

Human MenSCs Infertile women with
refractory IUA

No adverse reaction and
increased the endometrial
thickness, 41.7% pregnancy
rate.

[25]

Human MenSCs The ESCs were
wounded with
mifepristone

In the treatment of endometrial
injury: activated the AKT and
p38 MAPK signaling pathways.

[26]

Human
MenSCs

The ESCs were fibrosis
with TGFβ.

Inhibited myofibroblast
differentiation of ESCs:
activated Hippo/TAZ signal.

[27]

Human BMSCs Human Asherman's
syndrome (AS) and/or
endometrial atrophy
(EA)

Increased the volume and the
thickness of endometrium,
decreased intrauterine adhesion
scores.

Sufficient sources; easy to obtain; great
cell proliferation ability; no immune
rejection.

Affected the psychology of both the
donors and the recipients; Huge
individual differences in the
proliferation, survival, differentiation
and paracrine capacity;
Usually lead to infection after
implantation.

[28]

Human bone
marrow-derived
stem cells
(BMDSCs)

Human with refractory
AS or EA

Increased menstrual flow and
pregnancies.

[29]

Rat BMSCs Rat AS model 70% conceived rate. [30]
Human bone
marrow
mononuclear cells
(BMNCs)

Patients with AS Improved pregnancies and live
births: downregulated ΔNp63
expression.

[31]

Human BMNCs Women with AS Restored endometrium. [32]
Human UC-MSCs Patient with IUA Ten of the 26 patients had

become pregnant, and eight of
them had delivered live babies.

Lower immunogenicity, higher
proliferation and self-renewal ability;
extensive sources, no ethical disputes, no
harm to the donor when obtaining the
cells.

Lack of large animal data; few clinical
applications.

[33]

Human UC-MSCs Patients with IUA or
cesarean scar
diverticulum

Improved safety for poor
healing after uterine injury.

[34]

Human UC-MSCs Rat AS model Increased blood supply;
inhibited fibration; and restored
the fertility.

[35]

Human ADSCs Infertile women with
severe AS

Increased menstrual flow and
endometrial thickness, embryo
transferred successfully.

Higher proliferative capacity and anti-
aging ability; Greater secretion capacity;
many obtaining ways and easy operation
process; less limitation on ethics.

No standardized method for in vitro
extraction; Activity decreases with age

[36]

Rat ADSCs Rat AS model Decreased inflammation and
fibrosis and increased vascular
proliferation.

[37]

Human perivascular
stem cells
(HPVSCs)

Mouse AS model Ameliorated compromised
uterine environments:
facilitated HIF1α-dependent
angiogenesis.

Relative higher purity; stronger
osteogenic ability.

Harsh extraction conditions. [38]

Human amniotic
epithelial cells
(HAECs)

Mouse AS model Increased the endometrium and
the number of endometrial
glands, reduced fibrosis,
generated microvessels.

Rich sources; convenient obtaining
condition; no ethical issues; low
immunogenicity; no tumorigenicity

Little basic researches. [39]
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3. Mechanism of stem cells to repair endometrial damage

Stem cells repair endometrial injury mainly due to their differentia-
tion ability, paracrine activity, and immunomodulatory effects (Fig. 3).
3.1. Direct differentiation of stem cells into functional cells

It has been reported that transplantation of mesenchymal stem cells
(MSCs) or endometrial stem cells into the uterine cavity of IUA patients
or female rats can promote endometrial regeneration, which might be
due to the potential differentiation ability of stem cells [83]. In addition
to direct differentiation into endometrial cells, pluripotent stem cells
(PSCs) can also differentiate into other cells such as stromal cells and
4

vascular endothelial cells, which are involved in endometrial repair [84].
Moreover, in addition to differentiating into functional cells, PSCs can
also regulate the behavior of environmental B cells, NK cells, and mac-
rophages by secreting cytokines and chemokines, thus playing a role in
repairing the endometrium to Refs. [85,86].
3.2. Paracrine activity of stem cells

Discovered in the 1940s, exosomes are membrane vesicles with a
diameter of 30–150 nm, containing proteins, lipids, nucleic acids and
other key substances that regulate biological functions, and their bio-
logical functions vary according to the cells that secrete them [3]. Exo-
somes can act as messengers for intercellular communication and alter



Fig. 3. Mechanism of stem cells to repair endometrial damage.
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the fate of cells by regulating target genes [4–6,11]. Recent studies have
shown that exosomes derived from stem cells, as paracrine factors, can
regulate the expression of related genes in recipient cells to achieve cell
and tissue regeneration [10,13,14,20,87].

At present, a number of studies have proved the vital role of exosomes
derived from various stem cells, including bone marrow-derived
mesenchymal stem cells, umbilical cord blood mesenchymal stem cells,
menstrual blood-derived endometrial stem cells, and adipose-derived
mesenchymal stem cells, in the repair of endometrial injury. They act
by changing signaling pathways, delivering miRNAs, releasing cytokines,
or altering functional proteins [88–90]. For example, exosomes derived
from human umbilical cord mesenchymal stem cells can promote the
proliferation of human endometrial stromal cells, protect human endo-
metrial stromal cells from mifepristone-induced apoptosis, and repair
damaged endometrial stromal cells through PTEN/Akt signaling
pathway [2]. Through the identification of the differential expression
profile of miRNA in human umbilical cord mesenchymal stem cells and
endometrial epithelial cells using miRNA microarray, it was found that
exosomes from human umbilical cord mesenchymal stem cells contained
miR-7162–3p, which could reduce the mifepristone-induced apoptosis of
endometrial epithelial cells by regulating APOL6 [8]. Exosomes pro-
duced by BMSCs also regulate the repair of damaged endometrium by
effectively transferring miR-340 to endometrial stromal cells, or by the
TGF-β1/Smad signaling pathway [17]. Moreover, together with BMSCs,
they can significantly increase the expression of CK19 and reduce the
expression of VIM, TGF-β1, TGF-β1R and Smad2, thereby tremendously
increasing the number of glands in the damaged endometrial tissue and
reducing the area of fibrosis, leading to the recovery of the function of the
damaged endometrium in rats [18]. Studies have shown that
UC-MSCs-derived exosomes on collagen scaffolds could be used for
endometrial regeneration in a rat model of endometrial injury by
macrophage immunomodulation, and facilitate the polarization of
CD163þ M2 macrophages in vivo and in vitro through the immunomo-
dulation of miRNA, thereby reducing inflammation [91]. Moreover,
human umbilical cord mesenchymal stem cell-derived exosomes can
5

significantly inhibit the release of IL-6 and IL-1β and the expression of
TLR4 and RelA, and promote the release of TNFα in damaged endome-
trial epithelial cells, thereby significantly reducing the cell viability and
inhibiting the release of lactate dehydrogenation in a
concentration-dependent manner [12]. In addition, these exosomes are
also involved in the regulation of the immune system, thereby regulating
the inflammatory response of damaged tissues to repair the endometrium
[7,92–94]. Adipose mesenchymal stem cell-derived exosomes promote
endometrial regeneration and collagen remodeling by enhancing the
expression of integrin-β3, LIF and VEGF, thereby restoring fertility in a
rat model of IUA [9].

In addition to the above exosomes, a cell-free therapeutic strategy was
achieved by mesenchymal stem cell-derived apoptotic bodies (Abs) to
obtain endometrial regeneration and fertility restoration, in which Abs
can induce the immunomodulation of macrophages, cell proliferation,
and angiogenesis in vitro [95]. Another study reported that mesenchymal
stem cell-derived secretions (MSC-Sec) restored injured endometrial
morphology and fertility in a rat model [96]. The extracellular vesicles
(EVs) of MSCs contain microRNA let-7a-5p, which helps reduce apoptosis
and enhance autophagy in kidney repair [97]. Therefore, with the
in-depth study of such secretions with membrane structures, cell-based
therapeutic research has gradually shifted to non-cellular active sub-
stances [98]. Studies have shown that mesenchymal stem cell-derived
exosomes are safe and effective, and especially have significant advan-
tages in reducing the tumorigenicity of cell administration [60,61].
Mesenchymal stem cell-derived exosomes have emerged as a new
cell-free therapeutic strategy as a substitute for mesenchymal stem cells
in various disease models, including neurological, cardiovascular, im-
mune, renal, musculoskeletal, liver, respiratory, eye and skin diseases, as
well as cancers [15,62,63,99,100].

Moreover, growth factors produced by stem cells can also exert
paracrine activity, that may have synergistic and regulatory effects on the
behavior of stem cells. During the repair and regeneration of tissues,
colony-forming cell units (CFUs) need the regulation of growth factors,
including epidermal growth factor (EGF), transforming growth factor
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(TGF), and platelet growth factor BB (PDGF-BB). PDGF-BB has an
important role in endometrial tissue remodeling [46]; EGF determines
the survival, proliferation, differentiation and migration of cells through
interaction with EGF receptors, which is essential for organ repair and
wound healing [47]; whereas upregulation of TGF-β is closely associated
with the development of fibrotic diseases [101], e.g., endogenous TGF-β
is essential for hypertrophic remodeling and pathogenesis of cardiac fiber
remodeling [102]. Studies have found that the levels of EGF, PDGF-BB,
and TGF-β were significantly increased in IUA rats compared with the
control group [101], so it is speculated that the above growth factors may
be involved in the development of IUA [19]. Bone marrow-derived stem
cells can directly secrete a variety of cell growth factors such as hepa-
tocyte growth factor, platelet-derived growth factor, and transforming
growth factor-β, which in turn have effects on the cells and tissues of the
recipient [42]. Studies have also shown that bone marrow
derived-mesenchymal stem cells improved regeneration of fresh wounds
of the uterine wall by secreting fibroblast growth factor 2 (FGF2),
insulin-like growth factor 1 (IGF1) and vascular endothelial growth
factor (VEGF) [2]. Basic fibroblast growth factor (bFGF) can also promote
healing of refractory ulcer and contributes to angiogenesis of tissues [16].
Therefore, the damaged endometrium can be effectively repaired by
direct delivery of growth factors through scaffolds or the addition of
growth factors in addition to stem cells. For example, menstrual
blood-derived endometrial stem cells work together with
platelet-derived growth factor (PDFG) to synergistically increase the
expression of CD34 in damaged endometrial tissue and significantly
enhance the phosphorylation of Akt and Bad in endometrial tissue,
thereby promoting the repair of endometrial injury [1].

3.3. Other mechanisms of stem cells promoting tissue repair

Research on the mechanism by which stem cells promote tissue repair
is still ongoing. So far, some new mechanisms and targets have been
discovered, such as ΔNp63, MMP-9 and immune regulation. Loading
collagen scaffolds containing bone marrow mononuclear cells (BMNCs)
on the endometrium of AS patients can downregulate the expression of
ΔNp63, reverse ΔNp63-induced pathological changes, normalize the
stemness alterations, and restore endometrial regeneration [31]. Um-
bilical cord-derived mesenchymal stem cells loaded into scaffolds facil-
itate collagen degradation by upregulating MMP-9 in rat uterine scars,
which is positively correlated with the pregnancy rate [2]. More inter-
estingly, the ability of the recipient to generate apoptotic MSCs has been
proved to be the essential mechanism which explains the paradox that
MSCs still have therapeutic effects despite the lack of engraftment [103].
As research continues, the interconnections and signal networks between
these targets will become increasingly clear.

4. Clinical application of stem cells and improvement strategies

Various methods have emerged for stem cell transplantation. For
instance, intrauterine transplantation [31] and tail vein injection [104,
105] have been used in the preclinical studies of MSCs for the treatment
of IUA. In limited clinical studies using stem cells to treat IUA, the
methods used include local intrauterine injection [106], subendometrial
injection [32], intrauterine spiral artery injection [28], etc. The effect of
intravenous injection of stem cells on endometrial regeneration has been
reported to be limited [104]. Therefore, many scientific studies have
been conducted on how to improve the implantation effect and long-term
effectiveness of grafts in clinic, avoid tumor formation, and facilitate
storage and transportation. In terms of the pathological features and
treatment requirements of IUA, functional bioscaffolds or multifunc-
tional platforms are very important for the application of stem cells.

4.1. In situ uterine stents

Due to their unique 3D structures, in situ uterine stents can separate
6

the injured endometrium and avoid adhesion reforming. In addition,
they can be used as vehicles to deliver stem cells in various therapies,
providing a better solution for the treatment of IUA [107]. Among them,
estrogen hydrogel has been used clinically to prevent postoperative IUAs
[108]. Collagen scaffolds which carried umbilical cord MSCs have been
at phase I clinical trial for patients with recurrent uterine adhesion [33].
Essentially, smart polymeric nano-systems with appropriate composition
can be defined as artificial scaffolds to mimic the morphology, structure,
and function of the surrounding tissue. Meanwhile, scaffolds should also
be capable of enhancing the function of cells, such as cell adhesion,
differentiation, maintenance, and migration, and the autocrine of growth
factors, immunomodulators, and other bioactive factors. Therefore,
when selecting scaffold materials, their interactions widths stem cells
should be considered from the aspects of connectivity, pore size and
shape. The appropriate morphology of biomaterial scaffolds, especially
their microstructures, is important for cell differentiation and tissue
response [109].

Hydrogels have been widely used for anti-IUA barrier materials
because of their ability to formmechanical intrauterine cavities to reduce
the formation of fibrous tissue [103]. The uterine cavity is surrounded by
a muscular layer of interlacing smooth muscle fibers, which usually
causes the uterine cavity to collapse during the postoperative healing
process unless it is mechanically distended [110]. Therefore, the appli-
cation of hydrogels needs to meet the following requirements: First, the
size and shape of hydrogels can be adjusted to suit different uterine
cavities. Second, it is easily degraded or absorbed naturally and remains
in the uterine cavity long enough for treatment [111]. Moreover,
temperature-responsive hydrogels exhibited better performance,
responding rapidly to physical and chemical changes for the attachment
of stem cells and preventing their rapid outflow from uterine cavity.
According to the characteristics of the materials used, the major scaffold
systems are discussed in detail as follows.

4.1.1. Polymer-based hydrogels
Synthetic polymer scaffolds have shown great potential in tissue en-

gineering as they can be tailormade with controllable architectures to
present diverse functionalities and be standardized for mass production
[112]. Many kinds of polymer-based hydrogels have been studied and
even used for IUA treatment (Fig. 4) [111]. Pluronic F-127, a Food and
Drug Administration (FDA)-approved synthetic polymer with the ad-
vantages of low toxicity, biocompatibility, and thermal reversibility, can
form hydrogels at physiological temperatures [113]. A Pluronic F-127
hydrogel carrying bone marrow stromal cells (BMSCs) and vitamin C was
prepared to promote restoration of IUA-damaged endometrium in vivo
[114]. A thermosensitive aloe-poloxamer (AP) hydrogel was applied to
embed β-estradiol (E2)-encapsulated nanoparticulate decellularized
uterus (uECMNPs) E2. This multiple components of the prepared
E2@uECMNPs/AP system could collectively promote endometrial
regeneration and prevent re-adhesion [115]. A temperature-sensitive
heparin-modified poloxamer (HP) hydrogel was reported with affinity
to keratinocyte growth factor (KGF), a potent repair factor for epithelial
tissues. The resulting KGF-HP was used as a support matrix to prevent
IUA [116].

Poly (glycerol sebacate) (PGS), another representative of synthetic
bioelastomers, has been widely used in a variety of biomedical fields,
especially in soft tissue regeneration. PGS porous scaffolds have shown to
be good carriers for numerous types of cells such as human umbilical vein
endothelial cells, mesenchymal stem cells, and bone marrow stromal cells
[18,19]. A scaffold made of elastic poly PGS and poly (lactic-co-glycolic
acid) (PLGA) was utilized to load BMSCs in resumption of damaged rat
uteruses, the 3D architecture of which was beneficial to the adhesion and
growth of rat BMSCs [117]. Injectable poly (ethylene glycol)-b-poly
(L-phenylalanine) hydrogels showed the potential in the prevention of
uterine adhesion owing to its effect on preventing fibrosis after uterine
tissue injury and promoting pregnancy [118]. Moreover, an ABA-type
triblock copolymer, p (DEAEMA-co-MEO2MA-co-OEGMA)-b-PEG-b-p



Fig. 4. Major scaffold systems for IUA treatment in stem cell therapy. A: Polymer-based hydrogel, polymer could be Pluronic F-127, AP, HP, PLGA, PGS, PEG, GelMA
or ColMA. Polymer-based hydrogels can encapsulate multiple components like stem cells, drug molecules, growth factor, etc [18,19,114–121]. B: Polymer-based
hydrogel, polymer could be ABA-type triblock copolymers (A Block: DEAEMA-co-MEO2MA-co-OEGMA, B Block: PEG [119]); LCST, low critical solution tempera-
ture. C: Polysaccharide-based hydrogels, e.g. Fibrin/HA-Stem Cells [124]; D: Protein-based hydrogels, e.g. 3D-printed gelatin/alginate hydrogel [136]; E:
Protein-based hydrogel, e.g. Collagen hydrogel [134]; F: Cellular component materials: e.g. ECM scaffold [148]; G: Other materials, e.g. single walled carbon
nanotubes (SWCNTs) [149].
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(DEAEMA-co-MEO2MA-co-OEGMA), composed of a poly (ethylene glycol)
(PEG) middle block and temperature- and pH-sensitive outer blocks, was
synthesized by atom transfer radical polymerization (ATRP). The triblock
copolymer, which contains a small amount of a weak base group, (N,
N-diethylamino) ethyl methacrylate (DEAEMA), showed lower critical
solution temperature (LCST) and could be tuned precisely and reversibly
by changing the pHof the solution.When the copolymer concentrationwas
high enough, an increase in temperature transformed the free-flowing so-
lution into a micellar gel. The sol-to-gel transition temperature (Tsol–gel)
in aqueous solution decreased with increasing concentration [119].

Another new bioactive hydrogel scaffold, gelatin methacryloyl
(GelMA), can be used as a sustained-release drug delivery system to
effectively promote endometrial repair in IUA animal models. By
adjusting the concentration of GelMA, the hydrogel substrates with the
variation of stiffnesses influenced neuronal growth, including cell
viability, adhesion, spreading, and average neurite length [120]. Tissue
hydrogels with various proportions of GelMA and methacrylated
collagen (ColMA), loaded with amniotic mesenchymal stem cells
(AMSCs), were constructed using 3D biological printing technology to
prevent cavity adhesion in an IUA rat model. The carried cells could be
released continuously for more than 7 days with the function of normal
cells [121].

4.1.2. Polysaccharide-based hydrogels
Self-crosslinked hyaluronic acid gel (HA-GEL), a promising physical

barrier composed of a natural mixture of extracellular matrix and syno-
vial fluid, has been approved by China Food & Drug Administration
(CFDA) as a medical device for clinical practice. The effectiveness of HA-
GEL in preventing IUAs was reported by American Association of Gy-
necologic Laparoscopists in 2017 [122]. It was used in the treatment of
uterine cavity because of its advantages of prolonged absorption time
(7–14 days), good expansion, anti-inflammatory, and repairing effect. It
was shown that HA-GEL loaded with human umbilical cord–derived
7

mesenchymal stem cells facilitated intrauterine reconstruction and
endometrial regeneration in an IUAmodel [123]. In order to optimize the
short half-life of natural HA, endometrium-tailored HA/fibrin composite
hydrogel HA-fibrin-thrombin 50 mg (HA-F-T50) was designed [124].
Kim et al. found that in the mouse model of intrauterine infertility,
decidua endometrial stromal cells (dEMSC) and fibrin/HA hydrogel
could synergistically increase the intimal regeneration, and ultimately
promote pregnancy, because fibrin/HA hydrogel could maintain the
decidualisation characteristics of dEMSC, which was reflected in the high
expression of IGF-I in the fibrin/HA-dEMSC group, while the biocom-
patibility and adhesion of fibrin/HA hydrogels were also improved. In
addition, thrombin may be an auxiliary molecule that enhances the vis-
cosity and biocompatibility of therapeutic delivery systems [124].
Moreover, polyurethane (PU)/starch (St) HA (co-axial) was found to
increase cell adhesion and facilitate skin wound healing in male rats
[125], suggesting the widespread use of HA hydrogels.

Among 3D bioactive hydrogel scaffolds, chitosan is another
biopolymer with unique biological and physicochemical properties.
Derived from chitin, chitosan is a natural, biocompatible and biode-
gradable polysaccharide material with a structure similar to that of
glycosaminoglycan [126]. As a major component of extracellular matrix
(ECM), chitosan exhibited antibacterial activity, good cell adhesion and
proliferation properties [127]. It has been found that gel/chitosan/bio-
glass nanofiber scaffolds (BGNPs) played an important role in angio-
genesis and endothelial cell differentiation. Based on their large surface
area, composition, and ability to enhance cell viability, GEL/CS/BGNPs
nanofibers have been proved to be favorable scaffolds for angiogenesis
and tissue regeneration and healing. Therefore, GEL/CS/BGNPs nano-
fiber scaffolds can be used for the proliferation and differentiation of
endothelial stem cells, which is a promising scaffold for the treatment of
endometrial damage [128]. Zhang et al. prepared a thermo-responsive
hydrogel containing galactose-modified xyloglucan (mXG) and hydrox-
ybutyl chitosan (HBC) as an injectable anti-adhesion material with
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spontaneous gelling behavior at the body temperature for clinical treat-
ment of IUAs [129].

4.1.3. Protein-based hydrogels
Protein-based biomaterials offers unique opportunities to engineer

biofunctionality, biocompatibility, and biodegradability with the exqui-
site control of their composition, stereochemistry, and chain length.
Collagen, one of the basic structural elements of the extracellular matrix,
is widely used in wound repair and tissue regeneration due to its abun-
dance, biodegradability and biocompatibility [130–133]. Collagen is not
only a framework that supports tissue structure, but also a substance that
regulates cell behavior, including cell adhesion, migration, and differ-
entiation. Transplanting clinical-grade umbilical cord-derived mesen-
chymal stromal cells into a degradable collagen scaffold is a safe and
effective clinical therapy for the treatment of postoperative recurrence of
IUA after adhesiolysis surgery [33]. Ding et al. found that bone marrow
mesenchymal stem cell-encapsulated collagen scaffolds could improve
the repair of severely damaged endometrium in a rat model [134]. In
addition, gelatin is a biocompatible and biodegradable protein with a
chemical composition very similar to that of native collagen, and thus can
serve as a suitable candidate material in many scientific fields, such as
biomimetic scaffolds in tissue engineering, which has the potential to
achieve tissue manipulation, regeneration, and growth [135,136].
Currently, as a personalized and precise treatment strategy, “cellular 3D
printing” is more in line with the clinical requirements of tissue repair.
For example, 3D-printed gelatin/alginate hydrogel scaffold loaded with
human induced pluripotent stem cell-derived mesenchymal stem cell
(hiMSC) restored embryo implantation and pregnancy maintenance in
some patients with damaged endometrium [136]. In addition,
protein-based polymers such as elastin-like polypeptide (ELP) combined
with periodic cysteine residues (cELPs) were thermally responsive and
could form gels rapidly under mild oxidative conditions [137].

4.1.4. Cellular component complex materials
Biomaterials, which can properly simulate the physicochemical

properties of the intracellular or extracellular environment, are consid-
ered a key component of tissue engineering [138,139]. They can help
restore the structural and functional properties of damaged tissue by
providing a three-dimensional microenvironment [140]. In order to treat
endometrial injury, some researchers have attempted to construct a 3D
artificial endometrium rich in endometrial stem cells by simulating the
complex physiological and structural properties of the human endome-
trium [141]. A variety of biomaterials have been reported to mimic the
multicellular and multilayered structure of the human endometrium by
incorporating various endometrial cellular components (derived from
vascular endothelial cells, stromal cells, and endometrial stem cells)
[142]. Among them, collagen and hyaluronic acid, as the main compo-
nents of the ECM, have been successfully used in many fields of tissue
engineering and regenerative medicine applications due to their relative
abundance, inherent biodegradability, and excellent biocompatibility
[139,143–145]. An example is decellularized amniotic membrane (AM),
which is a promising material in human tissue repair and regeneration
due to its biocompatibility, biodegradability, and preservation of abun-
dant bioactive components [146]. A drug delivery system based on
human amniotic extracellular matrix (HAECM) was developed to facili-
tate endometrial regeneration [147]. Another example is that well
dispersed 17β-estradiol (E2)-loaded PLGA microspheres (E2-MS) in the
scaffolds, realizing the sustained release of E2 for 21 days [148]. In
addition, UC-MSCs/Matrigel microspheres with controllable particle size
and cell encapsulation capacity showed a great effect on the repair and
regeneration of the endometrium [14].

4.1.5. Other materials
The electrical properties of biomaterials can be modulated by intro-

ducing conductive nanomaterials such as carbon nanostructures (e.g.,
nanotubes, graphene, and nanofibers) and metal nanostructures (e.g.,
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gold, silver). Studies have shown that the integration of two different
nanostructures helps improve the performance of biofunctional porous
scaffolds, ranging from specific bioactivity, structural and mechanical
integrity, to electrical conductivity. One example is the combination of
single walled carbon nanotubes (SWCNTs) and silver nanoparticles (Ag)
with a biodegradable polymer matrix. Different amounts of SWCNT were
mixed with Ag nanoparticles and introduced into a poly (e-caprolactone)
(PCL) polymer matrix by solvent casting method to obtain PCL/Ag/
SWCNTs which showed good biocompatibility with human bone marrow
mesenchymal stem cells (hBM-MSCs), thereby providing a new
perspective for their biomedical applications [149]. Some biomaterials
such as polymer-based hydrogel, polysaccharide-based hydrogels,
protein-based hydrogels, and cellular component materials are summa-
rized in Fig. 4.

4.2. Multifunctional platforms for stem cell therapy

From the progress of the above scaffold materials, in addition to
realizing the functions of physical barrier and loading stem cells, the
development of scaffolds gradually shows the characteristics of multi-
function, multi-target and multi-mechanism, such as controlled release
of drugs, collaborative repair, and comprehensive treatment. The main
functional components of the scaffolds are as follows.

4.2.1. Multifunctional short peptides
There is considerable evidence that biomaterial scaffolds can mitigate

harmful injury and create a nurturing and protective environment,
thereby enhancing the therapeutic effect of implanted cells. Engineered
materials are ideal scaffolds to provide biomimetic 3D systems to support
the interaction of nanobiomaterials and stem cells, and guide the
behavior of stem cells. However, the clinical application of donor cells is
greatly limited due to their low survival rate, decreased proliferative
activity, weak homing targeting effect to damaged area, and low adhe-
sion ability after transplantation [88]. Co-transplantation of stem cells
with functional factors can improve cell engraftment, but this strategy
has been hampered by the short half-lives of the factors and the fact that
the scaffolds have not been chemically determined [150]. Thus, the
introduction of multi-functional short-lived peptides provides better
support for regulating the behavior of stem cells after transplantation
(Fig. 5). For example, a simple collagen-dendrimer biomaterial was
crosslinked with pro-survival peptide analogues attached to the extra-
cellular matrix to achieve slow release of the peptides, significantly
prolonging the survival of stem cells in a mouse model of ischemic injury
[151]. Moreover, laminin isoforms, laminin-511 and its E8 fragment
(LM511E8), which are the major components of basement membranes,
have been shown to strongly promote the adhesion and proliferation of
human pluripotent stem cells. A collagen scaffold with the adhesion ac-
tivity of laminin-511 cells was fabricated and showed a proliferative ef-
fect on human iPS cells [152]. After the synthetic IGF-1C peptide and
adipose-derived mesenchymal stem cells (ADSCs) were introduced into
chitosan hydrogels (CS-IGF-1C), it was found that the functional recovery
and structural integrity of injured organs were significantly improved
[153]. Moreover, a composite scaffold combining mesenchymal stem
cells (MSCs) E7 affinity peptide-modified demineralized bone matrix
(DBM) particles and chitosan (CS) hydrogel was constructed for cartilage
engineering. DBM-E7/CS scaffold significantly promoted the survival of
rat bone marrow-derived MSCs (BMMSCs) by increasing matrix pro-
duction and improving chondrogenic differentiation ability of BMMSCs
[154]. Another biofunctionalized scaffold relied on
arginine-glycine-aspartic acid (RGD), a self-assembling peptide with a
specific cell recognition motif that binds strongly to the integrin of stem
cells, triggering integrin-stimulated cell adhesion. RGD hydrogels were
developed to enhance the efficacy of MSC-extracellular vesicles (EV) in a
model of acute kidney injury [97]. In addition, the combination of
multi-segment functional peptides presents more advantages: A class of
functionalized self-assembling peptide nanofiber scaffolds were
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developed from self-assembling peptide RADA16-I (AcN-RADARADAR-
ADARADA-CONH2). Short peptide motifs SKPPGTSS (bone marrow
homing motif), FHRRIKA (heparin-binding motif) and PRGDSGYRGDS
(two-unit RGD cell adhesion motif) were used to extend the C-terminus of
RADA16-I to obtain functionalized peptides. Human adipose stem cell
(hASCs) cultured in this 3D peptide hydrogel exhibited enhanced be-
haviors including migration, proliferation, and the ability of secreting
growth factors [155].
Table 2
Multifunctional platforms loaded with active functional factors on endometrial disea

Factors Scaffold materials Disease mod

Stromal cell-derived
factor-1 (SDF-1)

Chitosan-heparin hydrogels Rat intraute
adhesion; ut
injury

bFGF A collagen membrane loaded with bFGF fused a
collagen-binding domain (CBD) to the N-terminal
which limits the diffusion of bFGF from collagen.

Rats under t
severe uteri
damage mod

bFGF Collagen bound to bFGF around fibrosis A pilot stud
human uter
injury

bFGF A microfluidic droplet template which combines the
characteristics of the artificial biocompatible material
GelMA and the natural polysaccharide material Na-
alginate

Rat model o

Keratinocyte growth
factor (KGF)

A temperature-sensitive heparin-modified poloxamer
(HP) hydrogel

Rat injured
model

KGF Using heparin-modified poloxamer (HP) as the
matrix material and ε-polylysine (EPL) as functional
excipient

Human end
injury

Vascular endothelial
growth factor
(VEGF)

a collagen-binding VEGF by fusing a collagen-binding
domain to the N-terminal of native VEGF

Rat scarred
model
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4.2.2. Controlled release of functional molecules
Some active substances that contribute to wound healing and

angiogenesis or prevent fibrosis or regulate stem cell behavior have also
been selected to be embedded in scaffolds for IUA treatment, mainly
including chemokines, growth factors and other active functional protein
molecules (see Table 2). Studies have shown that cytokines and chemo-
kines secreted by damaged tissues are the key to homing of MSCs to the
site of injury [99]. Stromal cell-derived factor 1, expressed on various
MSCs, is a ligand for the receptor, chemokine receptor 4, which has been
ses.

el Mechanism References

rine
erine

Controlled release of SDF-1α increased endogenous c-kit
positive stem cells (HSCs) recruited to the injury site with
enhanced endometrial regeneration and arteriogenesis of the
injured rat uterus, which led to improved pregnancy
outcomes.

[157,158]

he
ne
el

Promoting the proliferation and differentiation of stromal
cells, facilitating the formation of blood vessels; improving
regeneration abilities of uterine endometrium and muscular
cells, achieving better pregnancy outcomes in rats.

[159]

y of
ine

Promoting the proliferation and differentiation of stromal
cells and the formation of blood vessels

[16]

f IUAs Improving neovascularization, cellularizing the damaged
tissue, and repairing the endometrium.

[160]

uterus Increasing proliferation of endometrial glandular epithelial
cells and luminal epithelial cells; facilitating angiogenesis of
injured uterus.

[116]

ometrial Enhancing the proliferation of endometrial epithelial cell and
glands, as well as angiogenesis in the regenerated
endometrium.

[161]

uterus Promoting remodeling of the scarred uterus including the
regeneration of endometrium, muscular cells, and
vascularization and improved pregnancy outcomes.

[162]
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shown to play a key role in the homing process [100]. In addition, irra-
diation, chemotherapy, or hypoxia can promote the expression and
secretion of stromal cell-derived factor 1, resulting in the local recruit-
ment of MSCs to damaged tissues [156]. Encapsulation of these factors
into scaffolds is conducive to the synergistic effect of tissue repair and
stem cell therapy. For example, chitosan-heparin hydrogels were used for
the sustained release of SDF-1α to treat intrauterine adhesion. Endoge-
nous c-kit positive stem cells (HSCs) were recruited to the site of injury to
promote the healing of intrauterine adhesion [157]. Keratinocyte growth
factor (KGF), a potent repair factor for epithelial tissues, was loaded into
a temperature-sensitive heparin-modified poloxamer (HP) hydrogel to
form a therapy (KGF-HP) for the treatment of IUA [116].

4.2.3. Different functional drugs
For the treatment of endometrial injury, in addition to stem cell

therapy, it has been found that it has a good synergistic effect with drugs
with various functions such as antibacterial, anti-inflammatory, pro-
moting angiogenesis, promoting cell proliferation, promoting stem cell
homing, and promoting damage repair, so as to achieve better thera-
peutic effects.

Among them, estrogen is one of the most important female sex hor-
mones, which plays a key role in the regulation and development of the
female reproductive system and the formation of secondary sexual
characteristics. For example, postoperative estrogen therapy can be used
to prevent adhesion recurrence [163] and promote endometrial regen-
eration [52–54]. In addition, estrogen promotes the levels of ESR1,
MMP-9, EGF and IGF-1 by inhibiting the increase in the levels of serum
TGF-β1, epidermal growth factor, and PDGF-BB mediated by IUA- [64].
Therefore, these advantages provide a new option for the treatments of
IUA with drug-loaded bioactive scaffolds. Studies found that compared
with embryonic stem cell transplantation alone, its combination with
estrogen therapy can improve the therapeutic effect [164]. For instance,
17β-estradiol (E2) can be sustainably released for 21 days by a human
amniotic extracellular matrix (HAECM) scaffold integrated with
E2-loaded PLGA microspheres [148]. The sustained release of E2 was
achieved by encapsulating E2 in heparin-poloxamer (HP) micelles to
construct a temperature-sensitive hydrogel. Prolonged estrogen release
in the target area of IUA rats, accompanied by increased levels of VEGF,
PI3K/Akt, and ERK1/2, significantly inhibited the endoplasmic reticu-
lum stress [165]. Antibiotics, proliferative drugs, antidiabetic drugs,
drugs that can increase endometrial blood flow are listed in Table 3.

4.2.4. Other complex active ingredients
With the deepening of research, it has been found that active
Table 3
Multifunctional platforms loaded with chemical drugs.

Loaded drug Mechanism

17β-estradiol Estrogen. Significantly inhibits IUA-increased TGF-β1, epidermal growth
factor and PDGF-BB levels; promotes ESR1 levels; promotes PI3K/Akt
and ERK1/2 signaling activation, and inhibits endoplasmic reticulum
stress.

Sitagliptin Dipeptidyl peptidase IV (DPP4) inhibitor. Promotes stem cell homing
and enrichment to the site of tissue damage

Pentoxyphene Medications that increase endometrial blood flow
Tocopherol
Sildenafil
Vc Regulatory factor. Promotes stem cell survival, promotes endometrial

recovery, promotes keratin, vWF expression recovery, reduces IL-1β

Mitomycin C Antibiotics.

Metformin Anti-diabetic drugs.

Silver ions Fungicide. Exhibits anti-infective effect.
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components such as exosomes, microvesicles, secretome, and apoptotic
bodies are crucial to the function of stem cells. In addition, some other
biological components with synergistic repair activities such as platelet-
rich plasma have also been attempted for the construction of multi-
functional platforms. Relevant studies are summarized in the table below
(Table 4).

5. Outlook

Since their function was discovered, therapies for endometrial injury
have involved various types of stem cells, mechanisms of action, appli-
cation methods, and multifunctional platforms. This therapy can also be
combined with the specific pathological characteristics of endometrial
injury to individualize the treatment of other diseases (such as brain
injury, liver and kidney injury, spinal cord injury, etc.).

In addition, stem cell therapy may also have a synergistic effect in
combination with other treatments. Acupuncture, moxibustion, cupping,
acupoint sticking, meridian acupoint massage, and other methods
commonly used in traditional Chinese medicine have gradually achieved
good auxiliary effects in the treatment of different diseases. In recent
years, it has been reported that acupuncture can improve the receptivity
of endometrium and promote the formation of pinopodes, leading to
increased levels of integrin αvβ3, homeobox A10 (HOXA10), heparin-
binding EGF-like growth factor (HBEGF), estrogen receptor alpha
(ERα), and progesterone receptor (PR) [173]. Moreover, the effectiveness
of electroacupuncture (EA) in assisted reproduction has also been
confirmed [174–176]. For instance, It has been reported that EA can
regulate uterine microcirculation [177], upregulate the expression of
estrogen receptor (ER) and progesterone receptor (PR) on the surface of
the endometrium, increase the levels of serum estrogen, promote endo-
metrial regeneration [178], improve clinical pregnancy and live birth
rate [179], and alleviate pain and anxiety during embryo transfer [180].
Studies have also shown that EA can stimulate the proliferation and
activation of stem cells, thereby further promoting the migration of stem
cells to the damaged area after tissue injury [181]. In addition, EA has
been also reported to promote the migration of transplanted BMSCs and
enhance their paracrine effects, and the combination of these two func-
tions offers a promising therapeutic strategy for the treatment of endo-
metrial injury [182,183].

So far, stem cell therapy has become a new hope for the treatment of
many incurable diseases, but still faces problems such as low engraftment
rate, limited efficacy, tumor formation, storage, and transportation
[184–187]. Moreover, the sources of stem cells are very limited, and the
acquisition process often causes great damage or adverse effects on the
Diseases and Curative Effects References

Postoperative estrogen therapy can be used to prevent recurrent
adhesions; estrogen can increase the number of cells in endometrial
damage and promote endometrial regeneration; inhibit endoplasmic
reticulum stress-related apoptosis

[145]

Inhibits the expression of DIO2, a marker gene of senescent decidual cells,
increases endometrial-media embryonic stem cells, and reduces decidual
senescence

[166]

Treats endometrial damage [167]

Attenuates the cytotoxic effect of PF-127, promotes cell survival and
growth during encapsulation of rat bone marrow mesenchymal stem cells,
and promotes intimal regeneration.

[114]

Inhibits the cell viability of endometrial stromal cells, promotes G1 cell
cycle arrest and apoptosis, and inhibits the synthesis and secretion of type
I collagen.

[168]

Inhibits ER stress-induced apoptosis through PI3K/Akt and ERK1/2
pathways.

[169]

Works synergistically with other ingredients facilitating endometrial
regeneration, fertility restoration, and live birth of offspring

[170]



Table 4
Multifunctional platforms loaded with active bodies with membrane structures.

Active Ingredient Role Mechanism Loading Platform Reference

Adipose stem cell-
derived exosomes
(ADSC-exo)

Promote endometrial regeneration
and fertility recovery

Reduce infection risk, promote neovascularization and tissue
regeneration, while inhibiting local tissue fibrosis

PEG hydrogel [170]

Platelet-rich plasma
(PRP)

Promotes proliferation and migration
of chondrocytes and bone marrow
stem cells (BMSCs)

Controlled release of growth factors to enhance tissue adhesion,
facilitate cartilage defect regeneration. Our further in vitro experiment
showed that HNPRP hydrogel could promote the proliferation and
migration of chondrocytes and bone marrow stem cells (BMSCs)

photoresponsive
hyaluronic acid

[171]

Mesenchymal stem cell-
derived exosomes

Promote endometrial regeneration Promote CD163þ M2 macrophage polarization, reduce inflammation,
and increase anti-inflammatory responses in vivo and in vitro through
immunomodulatory functions of miRNAs

Collagen scaffold
(CS/Exos)

[91]

Mesenchymal stem cell-
derived apoptotic
bodies

Endometrial regeneration and fertility
restoration in rats with repair of
endometrial injury

Induce macrophage immune regulation, cell proliferation and
angiogenesis, effectively reduce fibrosis and promote endometrial
regeneration, thereby restoring fertility

hyaluronic acid (HA)
hydrogel

[95]

Mesenchymal stem cell-
secretome (MSC-Sec)

Promotes endometrial proliferation
and promotes angiogenesis

Improves the implantation environment, controls the release of various
cytokines and chemokines, and promotes tissue repair and regeneration

Hyaluronic acid gel [96,172]
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psychological and physiological conditions of recipients and donors
[188]. In addition, there are huge individual differences in the prolifer-
ation, survival, differentiation, and paracrine capacity of stem cells in
vitro [189,190], which makes it difficult to unify and standardize the
research results as a guideline for clinical treatment, thus limiting their
clinical application in the treatment of IUA. Therefore, some more
sources of stem cells, especially autologous MenSCs, UC-MSCs and
ADSCs, have been developed [191]. According to the pathological
characteristics and therapeutic requirements of IUA, functional bio-
scaffolds and multifunctional platforms have also begun to play an
important role in the application of stem cells. In conclusion, stem cell
therapy is expected to find more and more applications in the treatment
of various diseases in the future.
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