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Menstrual blood-derived endometrial 
stem cell, a unique and promising 
alternative in the stem cell-based therapy 
for chemotherapy-induced premature ovarian 
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Abstract 

Chemotherapy can cause ovarian dysfunction and infertility since the ovary is extremely sensitive to chemothera-
peutic drugs. Apart from the indispensable role of the ovary in the overall hormonal milieu, ovarian dysfunction 
also affects many other organ systems and functions including sexuality, bones, the cardiovascular system, and neu-
rocognitive function. Although conventional hormone replacement therapy can partly relieve the adverse symptoms 
of premature ovarian insufficiency (POI), the treatment cannot fundamentally prevent deterioration of POI. Therefore, 
effective treatments to improve chemotherapy-induced POI are urgently needed, especially for patients desiring fertil-
ity preservation. Recently, mesenchymal stem cell (MSC)-based therapies have resulted in promising improvements 
in chemotherapy-induced ovary dysfunction by enhancing the anti-apoptotic capacity of ovarian cells, preventing 
ovarian follicular atresia, promoting angiogenesis and improving injured ovarian structure and the pregnancy rate. 
These improvements are mainly attributed to MSC-derived biological factors, functional RNAs, and even mitochon-
dria, which are directly secreted or indirectly translocated with extracellular vesicles (microvesicles and exosomes) 
to repair ovarian dysfunction. Additionally, as a novel source of MSCs, menstrual blood-derived endometrial stem cells 
(MenSCs) have exhibited promising therapeutic effects in various diseases due to their comprehensive advantages, 
such as periodic and non-invasive sample collection, abundant sources, regular donation and autologous transplan-
tation. Therefore, this review summarizes the efficacy of MSCs transplantation in improving chemotherapy-induced 
POI and analyzes the underlying mechanism, and further discusses the benefit and existing challenges in promoting 
the clinical application of MenSCs in chemotherapy-induced POI.
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Introduction
Generally, the age at physiological menopause is approx-
imately 50  years, and ovarian function decline is a pro-
gressive process. When women experience menstrual 
abnormalities, FSH levels rise and estrogen volatility 
decreases before 40 years of age is defined as premature 
ovarian insufficiency (POI) [1]. The terminal stage is pre-
mature ovarian failure (POF), which is mainly character-
ized by amenorrhea, follicle-stimulating hormone (FSH) 
levels > 40  IU/L, reduced estrogen levels and varying 
degrees of perimenopausal symptoms and infertility [2]. 
However, with the current trend toward a younger onset 
of cancer and the widespread use of radiotherapy and 
chemotherapy, although the success rate of cancer treat-
ment in children, adolescents and women of childbearing 
age has increased, iatrogenic ovarian function damage 
caused by chemotherapy drugs is a growing concern, 
especially in patients with fertility needs [3]. The ovaries 
are very sensitive to chemotherapeutic drugs, especially 
alkylating agents, leading to severe gonadal dysfunc-
tion. Studies have shown that cyclophosphamide (CTX) 
causes the greatest damage to oocytes and granulosa cells 
(GCs) in a dose-dependent manner, while the combined 
use of abdominal ionizing radiation and alkylating agents 
induce POF, resulting in infertility in approximately 100% 
of patients [4–6]. Furthermore, pediatric cancer research 
shows that among survivors who received alkylating 
agents combined with abdominal ionizing radiation, the 
cumulative incidence of premature menopause was close 
to 20% [7, 8]. Therefore, although tumor treatment can 
extend the survival rate of patients, the sequelae of ovar-
ian dysfunction will also lead to early menopause and loss 
of fertility, which is closely related to the occurrence of 
hot flashes, osteoporosis and cardiovascular disease [9–
11]. Currently, the main treatment for POF is hormone 
replacement therapy (HRT) [12]. However, HRT can only 
relieve perimenopausal symptoms and cannot fundamen-
tally prevent POF [13]. In addition, long-term adminis-
tration of exogenous hormones can significantly increase 
the occurrence of thrombotic diseases and tumors [14, 
15]. Furthermore, for infertile patients, reproductive can 
be fulfilled only by methods such as oocyte cryopreser-
vation, embryo transplantation, and ovarian tissue cryo-
preservation, and delaying cancer treatment to maintain 
fertility and acquire oocytes is considered unacceptable 
[16, 17].

Fortunately, stem cell-based therapies result in prom-
ising improvements in diseases without effective treat-
ments. A variety of stem cells, including induced 
pluripotent stem cells (iPSCs), mesenchymal stem 
cells (MSCs) and endothelial progenitor cells (EPCs), 
especially MSCs, have been used to treat animal mod-
els with chemotherapy-induced POI, and promising 

improvements have been clearly observed after stem 
cell transplantation [18]. In addition, after decades of 
research, menstrual blood-derived endometrial stem 
cells (MenSCs) have exhibited promising therapeu-
tic effects in diseases lacking effective treatment due to 
their comprehensive advantages, such as periodic and 
non-invasive sample collection, abundant sources, stable 
donation, and autologous transplantation [19, 20]. This 
review is to summarize the efficacy of MSCs transplan-
tation in improving chemotherapy-induced POI, analyze 
the underlying mechanism, and further discuss the bene-
fit and existing challenges in promoting the clinical appli-
cation of MenSCs in chemotherapy-induced POI.

Therapeutic effects of MSCs transplantation 
on chemotherapy‑induced POI
Many preclinical and clinical studies have confirmed the 
therapeutic potential of MSCs transplantation for POI 
in the past decades. As shown in Table  1, MSCs trans-
plantation enhances the anti-apoptotic capacity of ovar-
ian-associated cells and promotes regeneration of these 
cells, especially GCs and primordial germ cells (PGCs). 
Moreover, angiogenesis and stromal injury restoration in 
impaired ovaries are significantly improved after MSCs 
transplantation, which is partly attributable to regulating 
reactive oxygen species (ROS) production. Consequently, 
MSCs transplantation likely restores impaired ovarian 
function at both the cellular and tissue levels.

Effects of MSCs transplantation on chemotherapy‑induced 
ovarian cell injury
Granulosa cells (GCs)
Follicles, which are the functional units of the ovary, 
mainly include oocytes, the surrounding GCs, and theca 
cells [49]. GCs play a key role in ovarian function during 
the maturation and release of oocytes by regulating hor-
mone production [50]. At the embryonic stage, the num-
ber of oocytes in embryonic ovaries peaks. After birth, 
the oocytes are still in the early stage of the first meiosis 
and are surrounded only by a layer of flat GCs. In ado-
lescence, the primordial follicles are recruited. They are 
closely related to bone growth and mineralization, sud-
den growth, secondary sexual characteristics (mammary 
development, pubic hair development), cardiovascular 
and nerve changes [51, 52]. Therefore, chemotherapeu-
tic drugs have a tremendous impact on ovarian function 
damage. The chemotherapeutic drugs with the highest 
gonadal toxicity are nitrogen mustard-derived alkylat-
ing agents (such as CTX), followed by platinum analogs, 
taxanes, plant alkaloids and anthracyclines [53–58]. 
These chemotherapy drugs mainly activate the apoptotic 
pathway by releasing cytochrome C from mitochondria 
to induce DNA damage, thereby killing cells with high 
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proliferative activity. Therefore, while killing tumor cells, 
chemotherapy drugs may also accidentally impair some 
cells with physiologically high proliferative activity, such 
as ovarian GCs, which are highly dependent on interac-
tion with oocytes during oocyte maturation [59–63]. 
Ovarian GCs are rich in mitochondria, and play a nutri-
tional and supportive role in developing oocytes; exces-
sive apoptosis of GCs can inhibit follicular development 
and induce follicular atresia, thereby affecting fertility in 
women [64].

Therefore, enhancing the antiapoptotic capacity of GCs 
or promoting GCs regeneration can restore the function 
of GCs, effectively improving chemotherapy-induced 
ovarian damage. A previous study found that intraovar-
ian injection of red fluorescent protein (RFP)-labeled 
human amniotic fluid cells (AFCs) resulted in RFP-posi-
tive  CD44+CD105+ HuAFCs in POF mice at the injection 
site in the ovary within 3 weeks, indicating that MSCs can 
remain in the damaged ovary for a long period and thus 
providing a theoretical basis for the use of MSCs in the 
treatment of POF [65]. In addition, as intercellular mes-
sengers, MSC-derived exosomes can participate in ovar-
ian function improvement by preventing GC apoptosis. 
In a cisplatin-induced POF model, umbilical cord mesen-
chymal stem cell (UcMSC)-derived exosomes (UcMSC-
Exos) have been reported to significantly upregulate the 
expression of the antiapoptotic protein Bcl-2 in GCs and 
downregulate the expression of the proapoptotic protein 
caspase-3, thereby protecting GCs from apoptosis [66]. 
Moreover, exosomes derived from bone marrow stro-
mal cells (BMSCs) also show similar beneficial effects, 
and overexpression of miR-664-5p in BMSC-derived 
exosomes has been reported to target the p53 signaling 
pathway to ameliorate cisplatin-induced damage to GCs. 
In contrast, of miR-664-5p in BMSCs can reduce the 
protective effect on GCs conferred by BMSCs-derived 
exosomes [30]. Subsequently, miR-144-5p in BMSC-
derived exosomes was reported to inhibit CTX-induced 
GC apoptosis by targeting phosphatase and tensin 
homolog deleted on chromosome 10 (PTEN) to activate 
the phosphatidylinositol-3-kinase (PI3K)/protein kinase 
B (Akt) signaling pathway [34]. Furthermore, research-
ers have found that heat shock-treated BMSCs were 
more tolerant to the microenvironment of chemotherapy 
and could significantly enhance the therapeutic effect of 
BMSCs on chemotherapy-induced POF [27]. In addi-
tion, hemeoxygenase-1 (HO-1)-overexpressing UcMSCs 
transplantation could inhibit GCs apoptosis and improve 
ovarian function by regulating autophagy through activa-
tion of the JNK/Bcl-2 signaling pathway, and increased 
levels of HO-1 may also improve ovarian metabolic dis-
orders by upregulating the circulation of  CD8+CD28− T 
cells to suppress inflammation [67].

Primordial germ cells (PGCs)
Chemotherapeutic drugs-induced DNA damage, such 
as double-strand breaks (DSBs), inter- and intra-strand 
crosslinks, intercalation, and monoalkylation, can sig-
nificantly induce apoptosis of follicular cells and cause 
follicular atresia, which leads to follicular depletion [68, 
69]. Resting germ cells are more sensitive to cell cycle 
non-specific drugs, such as alkylating agents and topoi-
somerase inhibitors, and the DNA damage caused by 
chemotherapeutic drugs can trigger apoptosis of PGCs 
mediated by TAp63 [70, 71]. In a CTX-induced POF 
mouse model, AFSCs transplantation significantly 
increased the number of primordial follicles, and the 
number of atretic follicles significantly decreased, sug-
gesting that AFSCs can differentiate into primitive 
oocytes and promote follicle formation in injured ova-
ries [72]. As further verification of the role of MSCs in 
the formation of primordial follicles, subsequent studies 
showed that after transplantation of iron oxide-labeled 
BMSCs, Prussian blue stain-positive cells could be 
observed in newly formed follicles, indicating that MSCs 
transplantation may be directly involved in the forma-
tion or regeneration of primordial ovarian follicles. After 
BMSCs transplantation, female mice can have a normal 
pregnancy and give birth to healthy mice, indicating that 
new follicles generated by BMSCs transplantation have 
normal functions [73]. Moreover, studies have shown that 
amniotic mesenchymal stem cell (AMSCs) transplanta-
tion can not only activate endogenous ovarian germ stem 
cells to promote their differentiation into primordial fol-
licles, but also improve the ovarian microenvironment 
to restore its function [32]. In addition, MSCs may also 
restore ovarian function by improving germ cell develop-
ment and reducing primordial germ stem cell depletion. 
However, the underlying mechanism remains unclear.

Improvement of chemotherapy‑induced vascular injury 
by MSCs transplantation
Vascularization is a prominent feature of tissue forma-
tion and is responsible for the supply and assurance of 
oxygen, nutrients and signal transduction in tissues and 
cells [74]. Ovarian stromal vessels start to proliferate in 
the secondary follicle stage and form a network of cap-
illaries around the follicles, providing nutrition and 
ensuring intercellular communication for normal ovar-
ian function, especially in the superficial ovarian cortex, 
because resident primordial follicles and early growing 
follicles do not have an independent vascular network; 
therefore, the superficial ovary cortex is highly depend-
ent on interactions with stromal vessels [75]. However, 
ovarian blood flow is dramatically reduced after doxo-
rubicin injection, and severe vascular wall disintegration 
occurs. Ultrasound biomicroscopy with microbubbles 
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has shown that doxorubicin has an acute toxic effect on 
ovarian blood vessels, and ovarian blood flow decreased 
by 33% after 3 min of injection. In addition, doxorubicin 
was further demonstrated to cause acute damage to ovar-
ian microvessels, resulting in an irregular vascular wall 
and a significant decrease in microvessels [76].

A study has shown that PDMSCs transplantation 
could significantly upregulate the expression of vascular 
endothelial growth factor (VEGF) and VEGF receptor 2 
in the ovaries of ovariectomised rat model through PI3K/
AKT/mTOR and GSK3β/β-catenin pathway activation 
[36]. The above results indicated that MSCs transplan-
tation likely promoted ovarian vascular regeneration 
through significant upregulation of VEGF expression, 
leading to ovarian dysfunction repair. In addition, fur-
ther studies showed that UcMSC-microvesicles (MVs) 
transplantation could upregulate the expression of angio-
genic factors such as VEGF through activation of PI3K-
Akt signaling pathway, thereby inhibiting endothelial cell 
apoptosis and promoting angiogenesis, which results in 
significantly increased vascular density and  CD34+ cells 
in the ovaries, ultimately improving ovarian function 
[31].

Improvement of chemotherapy‑induced ovarian stroma 
injury by MSCs transplantation
The superficial cortical stroma of the ovary constitutes 
the living microenvironment of most primordial folli-
cles. Activation of a primordial follicle and its entry into 
the growth phase as a primary follicle, and the transition 
from primary to secondary follicles, occur in the super-
ficial cortical stroma of the ovary. The cortical stroma 
is composed of fusiform and fibroblast-like cells, which 
are densely packed in the ovaries. Cortical stromal cells 
are the supportive cells of resting and early growing fol-
licle and the source of theca cells [77, 78]. The close geo-
graphical relationship between resting and early growing 
follicles and the superficial cortical stroma provides the 
material interaction basis between follicles and cortical 
stromal cells. Stromal cell injury is considered an inter-
mediate step leading to POF. In addition to the direct 
exposure of follicles and oocytes to chemotherapeutic 
drugs, stromal cell injury may directly disrupt endocrine 
homeostasis in patients [79]. In a clinical study on suc-
cessful treatment of pediatric leukemia, further ultra-
structure examination of ovarian tissue showed that 
after chemotherapy, children had obvious ovarian cortex 
fibrosis accompanied by conditions such as transparency, 
calcification and an absence of follicles, and the normal 
structure of the matrix was disrupted by a large number 
of collagen bundles [80].

In a busulfan-induced POF mouse model, GFP-labeled 
MenSCs were injected through the tail vein, and the 

results showed that most of the MenSCs migrated to 
the ovarian stromal area [81]. Similarly, PKH26-labeled 
human adipose-derived mesenchymal stem cells (ADSCs) 
were transplanted into injured ovaries, and the results 
indicated that the ADSCs mainly localized in ovarian 
stromal tissues seven days after transplantation, suggest-
ing that ADSCs most likely do not directly differentiate 
into follicular cells or GCs but improve impaired ovarian 
function by secreting various biological factors, such as 
tissue growth factor (TGF)-β, hepatocyte growth factor 
(HGF), insulin-like growth factor (IGF)-1, VEGF, epi-
dermal growth factor (EGF) and basic fibroblast growth 
factor (bFGF), and these factors may promote the repair 
and regeneration of stromal cells through anti-apoptosis 
and inhibition of scar formation [21, 25]. Simultaneously, 
after AMSCs transplantation into autografted ovaries, 
the total volume of the ovary, cortex and medulla in ani-
mal model were significantly increased [82]. Further-
more, the transplanted MenSCs could directly migrate 
to the ovarian stroma to exert repair function and reduce 
ovarian stromal fibrosis, demonstrating that MSCs can 
repair ovarian dysfunction by improving the local micro-
environment [26].

Improvement of chemotherapy‑induced ovarian oxidative 
damage by MSCs transplantation
Oxidative stress is caused by the production of exces-
sive intracellular ROS and reactive nitrogen species, 
which causes an imbalance between the oxidation system 
and antioxidant system [83]. Oxidative stress is closely 
related to tissue injury and aging and is also an impor-
tant cause of chemotherapy-induced ovarian injury [84]. 
Studies have shown that MSCs can activate relevant 
pathways, such as the forkhead box O (FOXO), NAD(P)
H quinone dehydrogenase 1 (NOQ1)/mitogen-activated 
protein kinase (MAPK), PI3K/Akt and nuclear factor 
E2–related factor 2 (Nrf2)-antioxidant response ele-
ment (ARE) pathways, by secreting various biological 
factors, including HGF, IL-6, IL-8, VEGF, brain-derived 
neurotrophic factor (BDNF), leukemia inhibitory factor 
(LIF),and exosomes, and then improving ovarian func-
tion by increasing the production of antioxidant enzymes 
and inhibiting ROS production [85–92]. human PDMSCs 
transplantation can also exert an antioxidant effect and 
repair ovarian injury by downregulating the expression 
of oxidative stress markers (HO-1, HO-2) and upregu-
lating the expression of antioxidant factors (superoxide 
dismutase and catalase) [37]. Furthermore, based on the 
sequencing results of UcMSCs exosomal miRNAs, Ding 
et al. [40] found that UcMSCs can inhibit SIRT7 expres-
sion by translocating miR-17-5p via exosomes to reduce 
ROS accumulation and restore ovarian function in a POI 
mouse model. In addition, a large number of studies have 
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demonstrated that melatonin can bind to the melatonin 
membrane receptor (MT) to exert an antioxidant func-
tion and mediate cytoprotection [93]. In explorations of 
whether the antioxidant effect of MSCs is related to the 
MT, Huang et al. [33] found that fetal liver-derived-MSCs 
can upregulate the expression of MT1, c-Jun N-terminal 
protein kinase 1 (JNK1), proliferating cell nuclear antigen 
(PCNA), and 5′ AMP-activated protein kinase (AMPK) 
in luzindole-treated human GCs, and enhance the anti-
oxidant effect of human GCs. However, in the same 
coculture condition with fetal liver-derived-MSCs, the 
expression of these proteins in MT1-knockdown human 
GCs treated with luzindole was downregulated, which 
inhibited the antioxidant effect indicating that the anti-
oxidant effect of MSCs is closely related to MT1. There-
fore, MSCs transplantation may target MT1 to repair the 
ovarian injury by restoring the balance of the oxidation-
antioxidation system through activation of downstream 
antioxidant-related signaling pathways and inhibition of 
ROS production.

MSCs improve chemotherapy‑induced POI 
through paracrine effects
Previous studies have confirmed that pluripotent stem 
cells (embryonic stem cells (ESCs) and iPSCs) can be 
successfully differentiated in  vivo and in  vitro to pro-
duce functional GCs and promote the recovery of ovar-
ian dysfunction [94–96]. MSCs also can differentiate 
into germ-like cells (such as GC-like cells and oocyte-
like cells) under in vitro induction [97]. However, subse-
quent studies have shown that MSCs do not differentiate 
directly into germ-like cells in vivo but improve ovarian 
function through paracrine effects. Numerous studies 
have demonstrated that MSC-induced paracrine effects 
play a vital role in the improvement of diseases; there-
fore, improving ovarian function by MSCs also mainly 
depends on their superior paracrine effects [98]. Briefly, 
MSCs can target cells by secreting relevant biological fac-
tors, functional RNAs, and even mitochondria by direct 
secretion or through extracellular vesicles (microvesicles 
and exosomes) to improve chemotherapy-induced ovar-
ian cell injury and restore ovarian function (Fig. 1).

Biological factors
The biological factors secreted by MSCs include numer-
ous soluble peptides and proteins, which can acceler-
ate cell self-renewal, stimulate angiogenesis, inhibit cell 
apoptosis and alleviate inflammation. Current studies 
have shown that MSCs secrete a variety of growth fac-
tors, such as VEGF. IGF-1, HGF, FGF2, IL-6, IL-8, granu-
locyte colony-stimulating factor (G-CSF), stem cell factor 
(SCF), IL-11, IL-15, IL-10, platelet-derived growth factor 
(PDGF)-BB, and bFGF [99–102]. VEGF and IGF-1 can 

prevent cumulus cell injury and reduce the apoptosis of 
rat cumulus cells after cryopreservation [103, 104]. HGF 
mainly plays an antiapoptotic role in cumulus cells and 
theca cells [105]. FGF2 is considered necessary for angio-
genesis, endometrial cell proliferation, and remodeling 
and plays an important role in repairing and regenerating 
damaged tissues [106].

Extracellular vesicles
Extracellular vesicles can directly communicate with tar-
get tissue receptors or fuse with the plasma membrane 
to mediate information exchange between cells, partici-
pate in cell proliferation, migration and transformation, 
regulate the body’s immune function, and affect angio-
genesis and multiple biological processes [107]. Co-cul-
ture of UcMSCs-EVs with cisplatin-treated GCs has been 
reported to significantly downregulate caspase-3 mRNA 
expression and upregulate the Bcl-2/Bax ratio, thereby 
enhancing the ability of GCs to resist cisplatin-induced 
apoptosis [66]. Subsequently, after transplantation, 
UcMSCs-microvesicles (MVs) significantly upregulates 
AKT, p-AKT expression levels and angiogenesis-related 
cytokines in the ovary. Furthermore, UcMSCs-MVs are 
speculated to enhance the sensitivity of ovarian cells 
to IGF-1 via transmission of IGF1R, thereby inducing 
angiogenesis and ultimately promoting the recovery of 
ovarian function [31]. In addition, miR-17-5p is highly 
expressed in UcMSC-Exos, and UcMSCs can inhibit ROS 
accumulation by transmitting miR-17-5p in exosomes 
to inhibit SIRT7 expression, thus repairing ovarian dys-
function [40]. Consistently, several studies have shown 
that AFSCs-Exos inhibit GCs apoptosis by transmitting 
miR-146a and miR-10a, and evidence indicates that miR-
644-5p inhibits cisplatin-induced apoptosis of ovarian 
GCs via targeted regulation of the p53 signaling pathway 
[30, 108].

Gene engineering
Genetic modification can significantly enhance the par-
acrine effect of MSCs and promote their ability to repair 
ovarian dysfunction. Overexpression of miR-21 (a micro-
RNA that regulates apoptosis) in BMSCs can inhibit the 
apoptosis of GCs by targeting programmed cell death 
protein 4  (PDCD4) and PTEN [24]. Similarly, overex-
pression of miR-144-5p in BMSCs resulted in significant 
improvement in a CTX-induced POF rat model, and this 
improvement was also associated with inhibition of GC 
apoptosis by targeting PTEN [34]. Additionally, trans-
plantation of UcMSCs overexpressing HO-1 into POF 
mice promotes ovarian function recovery as discussed 
above [67].
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Fig. 1 Autologous transplantation of MenSCs for improving chemotherapy-induced POI. Firstly, isolation of MenSCs from patients menstrual 
blood or endometrial tissue before receiving chemotherapy. After culture and amplification in vitro, MenSCs was cryopreserved in liquid 
nitrogen for further application. Subsequently, once the patient received chemotherapy, the chemotherapeutic drugs can cause ovarian 
toxicity mainly through impairing stromal tissue, oocytes, granulosa cells, and blood vessels, as well as aggravating oxidative stress which plays 
an important role in ovarian injury. Thirdly, after chemotherapy ends, the pre-cryopreserved autologous MenSCs can be transfused into the patient 
through intravenous injection, arterial intervention, and ovarian injection under laparoscopy. Finally, the transplanted MenSCs repair the ovarian 
dysfunction through enhancing the anti-apoptotic capacity of ovarian cells, preventing ovarian follicular atresia, promoting angiogenesis 
and improving injured ovarian structure. And these improvements are mainly attributed to MenSC-derived biological factors, functional RNAs, 
and even mitochondria, which are directly secreted or indirectly translocated with extracellular vesicles (microvesicles and exosomes) to repair 
ovarian dysfunction. The schematic diagram is created with BioRender.com
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Benefit of cancer patient receive MSCs 
transplantation
MSCs transplantation have been extensively confirmed 
in promoting the repair and regeneration of tissues 
through performing anti-inflammatory action, secret-
ing various nutritional cytokines and other distinguished 
mediators (extracellular vesicles, miRNA), which are 
beneficial to relieve the side effects of cancer patients 
received chemotherapy, and lay the foundation for taking 
MSCs-based therapy as an ideal auxiliary treatment to 
cancer patients [109–111]. Simultaneously, the safety of 
MSCs transplantation have also been testified and con-
firmed in various animal models and patients in clinic tri-
als, mainly including tumorigenesis and pro-tumorigenic 
potential, and almost no report indicates that MSCs 
transplantation eventually causes tumor and promotes 
tumor proliferation and metastasis [112–115]. Unfortu-
nately, no relatively clear interaction between MSCs and 
tumor cells are reported until now, especially whether 
exogenous MSCs transplantation potentially induce the 
cancer proliferation and recurrence, which play a crucial 
role in determining whether MSCs-based therapy could 
be used to improve the toxic and side effects caused by 
chemotherapy in cancer patients. Recently, although con-
tinuous studies attempt to reveal the role of exogenous 
MSCs in the occurrence, development and metastasis of 
tumors, the inconsistent conclusions were observed, and 
both MSCs-derived promotion and inhibition of tumor 
growth were reported [116].

Controversy in MSCs transplantation for cancer patient
As mentioned above, MSCs secrete a variety of angiogen-
esis promoting factors, such as VEGF, PDGF, IL-6, IL-8, 
angiopoietin-1, HGF and BDNF, to improve the regen-
eration of blood vessels, which is reasonably postulated 
to promote the tumor growth [117, 118]. Beckermann 
et al. [119] have shown that BMSCs transplantation can 
promote the formation of tumor blood vessels through 
integrating into tumor blood vessels in nude mice model 
of pancreatic cancer xenotransplantation. This view was 
supported by Huang et  al. [120] who pointed out that 
co-injection of human colorectal cancer cells and MSCs 
into nude mice could promote angiogenesis and tumor 
growth, resulting from MSCs-derived IL-6 induced the 
enrichment of proangiogenic factors secreted by can-
cer cells. Simultaneously, MSCs can also promote the 
metastasis of tumor cells by secreting cytokines and 
growth factors (HGF, PDGF, EGF, SDF-1 and TGF-β) 
[121–123]. An in  vitro experiment shows that BMSCs 
can participate in the migration of neuroblastoma cells 
through stromal cell-derived factor-1 (SDF-1) /CXCR4 
and CXCR7 signaling pathway [124]. Furthermore, a 

similar study confirms that BMSCs mixed with neuro-
blastoma cells significantly accelerated tumor growth and 
enhanced metastasis of neuroblastoma in vivo [125].

Oppositely, much more studies have demonstrated the 
role of MSCs in inhibiting the tumor growth and devel-
opment, and it has been well documented that MSCs 
could inhibit the proliferation of tumor cells and upregu-
late the expression of apoptotic cytokines in tumor cells 
[126]. After 24  h of culture in 50% hUC-MSC-derived 
conditioned medium, the inhibition rate of human chol-
angiocarcinoma cells (HCCC-9810) increased from 6.21 
to 49.86%, and the apoptosis rate increased from 9.3 to 
48.1% [127]. Further research indicated that MSCs from 
the rib perichondrium significantly inhibit the growth, 
migration and invasion of the rat breast cancer cells 
(SHZ-88) though downregulating Wnt/β-catenin signal-
ing pathway [128]. Consistently, Visweswaran et al. [129] 
also determined the downregulation of active β-catenin 
and Cyclin D1 (the major target proteins in the Wnt sign-
aling pathway), and further reduced the expression of 
anti-apoptotic protein Bcl-xL.

MSCs inhibit the tumor growth by impairing angiogenesis
The initiation, progression and development of tumor 
is closely associated with angiogenesis. Although it has 
been documented that MSCs possess superior pro-angi-
ogenic potential, emerging evidence have shown that 
MSCs could also inhibit the tumor vascularization [130]. 
In a study, 106 MSCs were directly injected into subcuta-
neous melanoma of mice that had been growing for one 
week, and the results found the MSCs-induced apoptosis 
of tumor vascular system, resulting in significant inhibi-
tion of the tumor growth [131]. Moreover, Ho et al. [132] 
showed that the expression of platelet-derived growth 
factor (PDGF) and IL-1β in the conditioned medium 
of MSC/glioma co-culture were significantly down-
regulated, which seriously impaired the recruitment 
of endothelial progenitor cells (EPCs) and their ability 
to form endothelial tubes, which suggested that MSCs 
could inhibit the tumor angiogenesis by releasing anti-
angiogenic factors.

MSCs inhibit the tumor growth by regulating microRNA
In view of the abundant microRNA in MSC-secreted 
exosomes, several studies have evaluated the interaction 
between MSCs and tumor cells from the perspective of 
microRNA. Xu et  al. [133] revealed that miR-133b in 
the exosomes of MSCs could inhibit the proliferation, 
invasion and migration of glioma cells by interfering 
Wnt/β-catenin signaling pathway though downregula-
tion of EZH2. Besides, it has been demonstrated that the 
exosomes of BMSCs overexpressing miR-16-5p can 
inhibit the development of chromatic cancer (CRC) by 
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downregulating ITGA2 [134]. Furthermore, it is reported 
that miR-205 in BMSCs exosomes inhibited the prolifera-
tion, invasion and migration of prostate cancer cells by 
targeting RHPN2, and promoted the apoptosis of cancer 
cells [135]. Similar study also found that overexpression 
of miR-15a in the exosomes derived from ADMSCs could 
impair the viability of CRC cells, and promote the apop-
tosis of CRC cells by downregulating KDM4B [136]; the 
subsequent study also suggested that UcMSCs-derived 
exosomal miR-15a-5p suppresses EMT and metastasis of 
cholangiocarcinoma through targeting downregulation 
of CHEK1 [137].

MSCs inhibit the tumor growth by enhancing immunity
Concerned the present findings, the intricate interaction 
between MSCs and tumor cells makes researchers remain 
cautious about applying MSCs in the anticancer thera-
pies. However, when we explore the relationship between 
MSCs and tumor, great attention should be paid to care-
fully and comprehensively analyzing the results obtained 
from the animal tumor model. Generally, the animal 
tumor models are established based on immunodeficient 
mice lacking normal immunologic function, then the 
MSCs-derived abundant nutritional cytokines seem to 
inevitably promote the growth of tumors [114, 125, 138]. 
However, the existence of normal immune system plays 
a key role in the outcomes of MSCs transplantation on 
tumor, and MSCs can inhibit tumor growth by activating 
immunocytes [139, 140]. Reportedly, under appropriate 
stimulation, MSC can secrete a large number of inflam-
matory factors, such as IL-1β, IFN-α, IFN-β, TNF-α and 
IFN-γ, which can effectively enhance the cytotoxicity of 
NK cells and the phagocytic function of macrophages 
[38, 138, 141]. Abumaree et  al. have demonstrated that 
human decidua parietalis mesenchymal stem/multipo-
tent stromal cells mediated activation and proliferation of 
resting NK cells was induced by IL-2 through activating 
NK cell receptors (NKG2D, CD69, NKp30 and NKp44) 
[142]. Moreover, in the model of colitis-associated colo-
rectal cancer (CAC), intravenous injection of UcMSCs 
enhances the induction of Treg cells from naïve T cells 
and promotes the accumulation of Treg cells in the focal 
area, thus inhibiting the deterioration of colitis and delay-
ing the progression of colon cancer [143].

MSCs relieve chemotherapy‑induced multiple organ 
damage
Notably, MSCs transplantation is still one of the most 
promising treatments for tissue regeneration and 
wound healing, and accumulating evidences suggest it 
as an ideal adjuvant for cancer treatment [144–146]. 
Studies have demonstrated that MSCs treatment can 
both improve chemotherapy-induced POF and relieve 

chemotherapy-induced multiple organ damage, such as 
cisplatin-induced kidney damage and hearing loss, doxo-
rubicin-induced myocardial damage [147].

Cisplatin can be converted to toxic metabolites, which 
leads to acute renal injury and ototoxic hearing loss 
through increasing oxidative stress, reactive nitrogen 
substances, and further inducing apoptosis and inflam-
mation [148]. Recently, Zhou et  al. [147] have demon-
strated that UcMSCs-derived exosomes can reverse 
cisplatin-induced acute renal injury by inhibiting 
p38MAPK signaling pathway through antioxidant stress. 
Besides, the interaction between 14 and 3-3ζ delivered 
by UcMSC-EVs and ATG16L could activate autophagy 
to prevent cisplatin-induced acute renal injury [149]. 
Furthermore, kang et  al. have shown that both human 
amniotic epithelial cells (hAECs)and their derived EVs 
can protect the renal function from reducing cisplatin-
induced mortality, serum creatinine and renal tubular 
injury score, which is contributed by inhibiting TNF-α/
MAPK and caspase signaling pathways. Especially, they 
further revealed that hAECs or EVs neither promoted 
tumor growth nor impaired the therapeutic effect of 
cisplatin on tumor in xenografted mice of lung cancer 
[150]. Moreover, UcMSC-EVs could significantly improve 
the cis platin-induced hearing loss of mice and rescued 
the injured cochlear hair cells through upregulating the 
expression of GDN, mmu-miR-125a-5p, mmu-miR-
125b-5p and mmu-miR127-5p in inner ear [151].

Additionally, Dox-induced cardiotoxicity including 
progressive cardiac remodeling cardiomyopathy and 
heart failure, seriously affect the life quality of patients 
and is life-threatening [152]. At present, various mecha-
nisms of Dox-induced cardiomyocyte injury have been 
recognized, mainly including the disorder of redox home-
ostasis, the overproduction of ROS and the blocking of 
topoisomerase II-β [153]. Therefore, MSCs transplanta-
tion is taken as an optional treatment to protect against 
Dox-induced cardiotoxicity, and several studies have 
confirmed that MSCs is capable of protecting the heart 
from DOX-induced cytotoxicity in multiple ways. Lee 
et al. [154] observed that injection of MSCs-EVs from tail 
vein significantly improved the cardiac ejection fraction 
of DOX-treated mice, and the subsequent in vitro studies 
determined that MSCs-EVs could upregulate the expres-
sion of survivin through miR-199a-3p-Akt-Sp1/p53 sig-
nal pathway, contributing to protect cardiomyocytes 
against DOX-induced cytotoxicity. Importantly, further 
evidences indicated that MSCs-EVs play different roles 
in tumor cells and non-tumor cells, and MSCs-EVs treat-
ment does not reduce the cytotoxicity of DOX on tumor 
cells [155]. In addition, hAFS/hMSC-CM also exhibited 
cardio-protective effects on mouse neonatal ventricu-
lar cardiomyocytes and their fibroblast counterpart, 
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meanwhile, hAFS/hMSC-CM could improve DOX-
induced the impairment of mitochondrial complex I 
activity, oxygen consumption and ATP synthesis [156].

Consequently, although only a few clinical studies have 
been performed to determine the therapeutic poten-
tial of MSCs and MSC-derived exosomes as anti-tumor 
treatment, the encouraging clinical outcomes have sug-
gested the safety and efficacy of MSCs-based therapies 
for cancer patients. Simultaneously, MSCs treatment can 
effectively relieve cardiotoxicity, nephrotoxicity, ototoxic-
ity and ovarian toxicity for the patients received chemo-
therapy, and finally improve their life quality and prolong 
their life span.

Advantages and challenges of MenSC‑based 
therapy
Although BMSCs, UcMSCs and adipose-derived stem 
cells (ADSCs) have been extensively studied and dem-
onstrated to be viable options in numerous phase I/II 
clinical studies, several limitations including invasive 
procedures required for MSCs collection (BMSCs and 
ADSCs), low accessibility (UcMSCs) and a limited pro-
liferative capacity (BMSCs) affect their clinical applica-
tion [157–159]. Therefore, since the first report in 2007, 
MenSCs have gradually become a promising therapeu-
tic option for various diseases without effective treat-
ment due to their comprehensive advantages, such as a 
non-invasive protocol for their collection, their abun-
dant source material, their stable donation, their supe-
rior proliferative capacity and their ability to be used for 
autologous transplantation [160]. A detailed introduction 
of MenSCs is beyond the scope of this review, and the 
reader can refer to existing publications for a compre-
hensive overview of their biological characteristics and 
therapeutic application.

General characteristics
Generally, MenSCs can be successfully isolated from 
deciduous endometrium in menstrual blood which has 
often been treated as physiological waste collected in a 
non-invasive manner (menstrual cup), and subcultured 
MenSCs completely fulfill the international standard 
of MSCs, including a typical MSC morphology (spindle 
fibroblast-like morphology), classical MSC surface mark-
ers (positive for CD29, CD44, CD73, CD90 and CD105; 
negative for CD34, CD45 and human leukocyte antigen-
DR isotype (HLA-DR), and multipotency (adipogenic, 
osteogenic, chondrogenic, neurogenic, and cardiogenic 
differentiation) [161, 162]. In addition to the above uni-
versal characteristics of other types of MSCs, MenSCs 
still have several unique characteristics, that increase 
their attractiveness and practicality: (1) The whole men-
strual blood collection process is easy to perform at 

home, and MenSCs can be successfully isolated from 
samples stored at 4  °C for 72  h, which not only guar-
antees the privacy of donors but also facilitates express 
menstrual blood sample transportation [163]. (2) Men-
strual blood samples can be collected monthly during 
the reproductive lives of healthy donors (20–30  years), 
and 40–80 ml of menstrual blood can be empirically col-
lected during menstruation. Furthermore, based on our 
practice, approximately 0.5 ×  105 primary MenSCs can be 
isolated from 5 ml of menstrual blood, and these seeded 
MenSCs can proliferate and reach approximately 1 ×  108 
cells after normal subculture to passage 3 [32]. There-
fore, a healthy donor can provide a substantial quantity of 
MenSCs with a stable genetic background and biological 
activity, which not only satisfies the quantity requirement 
for clinical application but also guarantees the cell quality 
of MenSCs-based therapy. Because of the superior bio-
logical characteristics of MenSCs, six clinical studies of 
MenSCs-based therapies have been officially approved by 
the National Health Commission of the People’s Republic 
of China.

Unique advantages
Beside the advantages mentioned above, MenSCs trans-
plantation is reasonably supposed to exhibit superior 
therapeutic effects for the female patients with reproduc-
tive dysfunction by virtue of the geographical relation-
ship in which MenSCs originate from the endometrium 
[163, 164]. Therefore, the homologous and specific recep-
tors expressed in MenSCs are likely to guide the stem 
cells reside in the reproductive organs (uterus and ovary) 
for a longer time, which provide superior opportunity for 
improving injured ovary from the perspective of time and 
space [165, 166]. Since 2014, Liu et  al. [167] found that 
the MenSCs intraovarian injection into POF mice could 
survive at least 14  days in  vivo and further differenti-
ate into ovarian tissue-like cells in an ovarian microen-
vironment. Similarly, Lai et  al. [168] also indicated that 
granulosa cells were capable of promoting MenSCs dif-
ferentiate into oocyte-like cells in  vitro. Moreover, the 
subsequent studies also confirmed that both MenSCs and 
MenSCs-derived exosomes have exhibited substantial 
improvement on ovarian function of POI/POF animal 
models, which likely result from improving the renewal 
of germline stem cells, promoting the proliferation of 
ovarian cells and follicle development, while inhibiting 
the follicle apoptosis and ovarian fibrosis [43, 81]. Prom-
isingly, a phase I/II Clinical Trial launched at 2018 (TRN: 
IRCT20180619040147N2) confirmed the improvement 
of pregnancy rate and live birth rate in poor ovarian 
responders by intraovarian administration of autologous 
MenSCs, and resulted in 5 live births in MenSCs-treated 
group and one birth in control group [169].
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As highlighted in the above-mentioned clinical trial, 
although autologous and allogeneic MSCs transplanta-
tion have their own merits and limitations, MenSCs-
derived autologous transplantation may be the safer 
choice in terms of avoiding unwanted immune response 
and tissue rejection and reducing the potential foreign 
infections, especially for the younger female cancer 
patients who have fertility requirement [170, 171]. As 
similar with the oocyte or ovarian tissue cryopreserva-
tion for maintaining fertility of cancer patients before 
receiving chemotherapy and radiotherapy, the patients-
derived MenSCs preparation and cryopreservation can 
be finished in advance through either collecting men-
strual blood samples noninvasively or obtaining endome-
trial samples with a minimally invasive way (curettage) 
[163, 172]. Thereafter, the autologous MenSCs transplan-
tation can be applied in cancer patients with chemother-
apy as early as possible aiming to ameliorate the ovarian 
toxicity and systemic side effects caused by chemothera-
peutic drugs. Currently, a retrospective study analyzed 
the outcomes of hospitalization for the patients pre-
senting to the emergency department after hematopoi-
etic stem cell transplantations (HSCT) which are taken 
as an effective treatment for hematological malignan-
cies, and suggested that the patients received autolo-
gous HSCT exhibited lower risk of complications than 
that received allogeneic HSCT [173]. Simultaneously, a 
randomized, single-center, placebo-controlled phase I/
II trial (NCT02513238) was performed to evaluate long-
term safety of treatment with autologous MSCs in cancer 
patients with radiation-induced xerostomia, and the pri-
mary results not only confirmed the safety of autologous 
MSC therapy but also demonstrated that it significantly 
reduced xerostomia-related symptoms by improving 
unstimulated whole saliva flow rate. These clinical evi-
dences provide solid support for the safety and efficacy 
of autologous MenSCs transplantation in diseases treat-
ment [174].

Challenges
To promote the clinical application of MenSCs and 
ensure a therapeutic effect after MenSCs transplanta-
tion, the whole process of MenSC-based therapy, includ-
ing upstream (MenSC production), midstream (clinical 
parameters, such as the cell dosage, delivery route, and 
delivery time), and downstream (efficacy evaluation and 
mechanism analysis) factors, warrants greater considera-
tion. First, standard MenSC production is the decisive 
factor for cell therapies; high-quality MenSCs are used 
in both preclinical and clinical studies and ensure thera-
peutic effects and reproducible results. Recently, “Expert 
consensus on the establishment of a standard MenSC 
bank” launched by our research group was published 

[175], which provides constructive and normative sug-
gestions for MenSC isolation, culture, and cryopreserva-
tion. Second, both the cell dosage and delivery route play 
crucial roles in the therapeutic effect of MenSC trans-
plantation, which might partly explain the unstable and 
even paradoxical results obtained in reported preclinical 
and clinical studies because of the different cell dosages 
and delivery routes used. Although the quantity of trans-
planted MSCs can be reasonably speculated to be posi-
tively correlated with the therapeutic effect on a disease, 
this positive correlation does not always exist, and several 
articles have reported opposite dose–response effects 
[176, 177]. Furthermore, in addition to conventional 
intravenous injection of MSCs, both ovarian injection 
under laparoscopy and arterial interventional injection 
are likely to effectively transplant MSCs into the injured 
ovary. However, the optimal quantity and delivery route 
for MenSCs transplantation still require further inves-
tigation in large animals before clinical application for 
chemotherapy-induced POI. Finally, MenSC-induced 
paracrine effects have been demonstrated to play a main 
role in improvements of injured tissue, and whether and 
how MenSC-induced paracrine effects restore the ovar-
ian dysfunction caused by chemotherapy still require 
in-depth verification, which will provide support for the 
clinical application of MenSC-based therapy for chemo-
therapy-induced POI.

Moreover, in order to guarantee the therapeutic effects 
of MenSCs transplantation for the patients with POI, the 
source and quality of MenSCs is top priority and closely 
related with donors’ age and the physical condition. 
Firstly, the published data have indicated that the Men-
SCs isolated from middle-aged donors exhibit weaker 
potential for long-term subculture than that from young 
donors, and the genes involved in cell growth and devel-
opment were significantly down-regulated with increase 
in donor age [178]. Importantly, it is reasonable to sup-
pose that the characteristics and function of MenSCs 
isolated from patients are likely to be affected by their 
pathological state. Nikoo et  al. [179] demonstrated that 
the stromal stem cells from patients with endometriosis 
(E-MenSCs) are distinct from that from non-endometri-
osis (NE-MenSCs) in terms of morphology, expression of 
surface markers, proliferation capacity. Consistently, Sah-
raei et al. [180] further determined that the differentially 
expressed genes between E-MenSCs and NE-MenSCs 
were mainly enriched in the signaling pathways of prolif-
eration, migration and invasion (Cyclin D1, MMP-2 and 
MMP-9).

Additionally, besides the endometriosis, the autolo-
gous transplantation of MenSCs for patients with 
autoimmune diseases should also be carefully consid-
ered. Starc et  al. [181] have determined the decreased 
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immunomodulatory ability of MSCs isolated from pri-
mary immune-deficiencies patients. Similarly, another 
report also demonstrated that the MSCs isolated from 
lupus-like mice and systemic lupus erythematosus 
patients exhibited significant impairment in suppress-
ing normal B cell proliferation and differentiation [182]. 
Although there is no published report directly demon-
strate the abnormality of MenSCs isolated from patients 
with autoimmune diseases, the characteristics and func-
tion of MenSCs isolated from patients with autoimmune 
diseases is likely to exhibit abnormalities comparing with 
that from healthy donors. Because autoimmune diseases 
themselves are potential risk factor of resulting in POF, 
and it has been reported that 20% of POF patients suf-
fering from concomitant autoimmune diseases (includ-
ing adrenal disease, thyroid complications, and diabetes 
mellitus) [183], suggesting that it is not appropriate for 
patients with autoimmune diseases to perform autolo-
gous MSCs transplantation for immune intervention. 
Consequently, ensuring the MSCs quality plays an essen-
tial role for MenSCs derived therapeutic effects for POI 
patients, and it maybe optimal to cryopreserve the Men-
SCs at younger age with healthy physical state for donors, 
especially for the females with high risk of disease poten-
tial, but MenSCs cryopreservation related experimental 
studies and clinical trials are still needed.

Conclusion
With the trend toward a younger onset of cancers, chem-
otherapy-induced POI has far-reaching effects on female 
patients. Especially for patients with fertility needs, the 
physiological and psychological changes that patients 
experience can cause many complications that place a 
serious burden on patients, their families, and society. 
However, when conventional treatments fail to effectively 
improve POI, MSC-based therapy has been preliminar-
ily proven to be effective for treating ovarian injury. Due 
to their multifaceted advantages, MenSCs have exhib-
ited promising therapeutic effects in various diseases 
and have yielded satisfactory results in basic research 
on ovarian function improvement. Therefore, under the 
premise of standardized production of MenSCs, optimiz-
ing clinical parameters such as the cell dose, cell delivery 
route, and timing of stem cell treatment will accelerate 
the clinical application of MenSCs and ensure their ther-
apeutic effects.
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Akt  Protein kinase B
HO-1  Hemeoxygenase-1
DSBs  Double-strand breaks
AMSCs  Amniotic mesenchymal stem cells
VEGF  Vascular endothelial growth factor
MVs  Microvesicles
ADSCs  Adipose-derived mesenchymal stem cells
TGF-β  Tissue growth factor-β
HGF  Hepatocyte growth factor
IGF-1  Insulin-like growth factor-1
EGF  Epidermal growth factor
bFGF  Basic fibroblast growth factor
FOXO  Forkhead box O
Nrf-2  Nuclear factor E2–related factor 2
ARE  Antioxidant response element
BDNF  Brain-derived neurotrophic factor
LIF  Leukemia inhibitory factor
MT  Membrane receptor
JNK1  C-Jun N-terminal protein kinase 1
PCNA  Proliferating cell nuclear antigen
AMPK  5′ AMP-activated protein kinase
ESCs  Embryonic stem cells
G-CSF  Granulocyte colony-stimulating factor
SCF  Stem cell factor
PDGF  Platelet-derived growth factor
PDCD4  Programmed cell death protein 4
HCCC   Human cholangiocarcinoma cells
CRC   Chromatic cancer
hAECs  Human amniotic epithelial cells
HSCT  Hematopoietic stem cell transplantations
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