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Abstract

Premature ovarian failure (POF) is a prevalent cause of female infertility.
POF features include estrogen hypofunction, amenorrhea, infertility, and
high gonadotropin levels. The etiology of POF is genetic diseases, autoim-
mune diseases, enzyme defects and environmental factors. The development
of Regenerative medicine has made stem cell and exosome (EXOs) therapy
effective for POF. This review discusses POF stem cell research and develop-
ment.
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1. Introduction

Premature ovarian failure (POF), also known as primary ovarian insufficiency, is
among the important causes of female infertility [1]. POF prevalence in women
is 0.01% at 20, 0.1% at 30, and 1% at the age of 40; however, it has been rising
recently [2]. Clinical study has demonstrated that POF is characterized by ame-
norrhea, low estrogen, elevated gonadotropin, premenopausal syndrome, and
infertility [3].

POF is a heterogeneous disease with diverse pathogenesis, including chromo-
somal, genetic, autoimmune, metabolic, infectious and iatrogenic factors [4].
Currently, conventional treatment methods mainly include hormone replace-
ment, immune regulation, and stem cell therapy [1]. However, existing treat-
ments for POF are less effective; POF has negative consequences like increased
risk of cardiovascular diseases and breast and ovarian cancer, osteoporosis and

sexual dysfunction [5]. POF is caused by numerous complex factors, including
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radiotherapy, chemotherapy, targeted therapies (bevacizumab and tyrosine ki-
nase inhibitors), and antiangiogenic drugs [4].

MSCs can be formed from bone marrow, adipose tissue, amniotic fluid, um-
bilical cord tissue, placental tissue, and menstrual blood and have minimal im-
munogenicity and multidirectional division [6]. Many researchers consider that
MSCs can restore ovarian function and treat infertility [7]. EXOs have been in-
creasingly studied in recent years. EXOs derived from different cells (bone mar-
row mesenchymal stem cells (BMSCs), endothelial cells of human aorta (HAEC),
amniotic fluid-derived stem cells (AFSCs) and human adipose mesenchymal
stem cells (HAMSCs)) are vital in treating POF [8]-[11]. Further data suggest
that MSCs and EXOs may treat POF, although more research is needed to un-

derstand the mechanisms.

2. Etiology of POF
2.1. Role of Genetics

POF may have numerous gene mutations. Only a few POF cases are reported for
each mutation [12]. X chromosome and autosomal disorder have been observed
to play an important role in POF cases [13]. Structural abnormalities and trans-
locations between X chromosomes and autosomal, including Turner syndrome,
trisomy X, fragile X syndrome, X-linked gene mutations and premutations, and
autosomal-related gene abnormalities [14]. The causes of POF are summarized
in Table 1.

Table 1. Etiology summary of POF.

Etiology Example References
Turner syndrome [15]
X chromosome Bone Morphogenetic Proteinl5 (BMP15) [18]
Fragile X Syndrome [20] [22]
Mutations in the LH and FSH receptors [24]
Autosomal Galactosemia, Inhibin mutations [25]

Mutations of FOXL2, NOBOX, INHA, SF1, GDF9  [26] [27]

Vitiligo, Myasthenia gravis, Addison’s disease,

Systemic lupus erythematosus, Celiac disease, [4] [32]
Autoimmunity Autoimmune polyglandular syndrome
CD4'T cells, CD4*/CD8" cells [35]
Chemoradiotherapy Cyclophosphamide, Docetaxel, Pirarubicin [17]
Environmental Smoking, Viral infections [40] [41]
Vaccination HPV-vaccination [42]
17,20-Delactase [46]
Enzyme deficiency
17a-hydroxylase [47]
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2.1.1. X Chromosome Abnormality

Genetically, ovarian failure is associated with X-chromosome abnormalities.
Ovarian dysplasia, characterized by primary amenorrhea, short stature, and spe-
cific phenotypic traits, can also be caused by minor chromosomal abnormalities
like deletions, homologs, X-autosomal translocation, and Turner syndrome [15].
Oocyte failure occurs in women with Turner syndrome due to partial X chromo-
somal deletion [16]. Ovarian function is affected by zinc finger X-chromosomal
protein (ZFX) and ubiquitin-specific peptidase 9 X-linked (USP9X) on the short
arm of the X chromosome [17]. Moreover, studies have also reported that mis-
sense mutation of BMP15, located on Xp11-2, leads to POF; this gene is only ex-
pressed in the ovary and involved in follicular development [18].

Fragile X chromosomes raise follicle-stimulating hormone (FSH) lebels in
women [19]. About 20% of women with Fragile X precursor mutations show
symptoms of Fragile X, associated primary ovarian insulinicity (FXPOI) [20].
Fragile X syndrome is a triple repeat disorder caused by mutations in the Fragile
X type mental retardation 1 (FMR1) [21]. Genes linked to premature births have
about 60 to 199 copies and are not considered deleterious [22]. Preliminary stu-
dies suggest that unimpaired heterozygotes may have premature menopause and

higher twin birth rates, symptoms of ovarian failure [23].

2.1.2. Autosomal Disease

Other genetic causes of POF are monogenic disorders, including galactosemia
and inhibin mutations [24]. POF occurs in 70% - 80% of people with galactose-
mia, a rare autosomal recessive condition. Because galactose is poisonous to fol-
licles, the initial number of oogonia declines and atresia follicles rise during the
fetal period [25]. Studies have shown that mutations in FOXL2, NOBOX, GDF?9,
SF1, and INH-a lead to POF during folliculogenesis [26] [27]. FOXL2 is a sin-
gle-exon gene expressed in undifferentiated granulosa cells that encodes a fork-
head transcription factor and is crucial in ovarian maintenance and development
[28]. NOBOX works in early folliculogenesis, and without NOBOX in mice, the
transition from primordial to growing follicles is blocked [29]. SF1 is expressed
in various cells in adults and fetuses and affects reproductive development [30].
Gene polymorphism of INH-a, which plays an important role in folliculogene-

sis, is related to POF and can reduce FSH secretion during folliculogenesis [31].

2.2. Autoimmune Diseases

15% - 20% of POF patients developed autoimmune diseases, like vitiligo, Addi-
son’s disease, systemic lupus erythematosus, myasthenia gravis, celiac disease,
and autoimmune polyglandular syndrome [4] [32]. After the first antibody
against oocytes was detected about 35 years ago, many other antibodies against
the adrenal cortex, testis and other organs were detected [33]. Numerous pieces
of evidence point to the autoimmune disease’s origin, mostly comprising the
following [34] [35]: 1) Lymphocytic oophoritis; 2) Displays ovarian autoantibo-

dies; 3) Associated autoimmune disease. CD4*T cells are increased in patients
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with autoimmune diseases, and the CD4"/CD8* ratio may be increased or de-

creased.

2.3. Chemotherapy

Radiotherapy and chemotherapy are the leading causes of POF. Radiotherapy
and chemotherapy can prolong survival in young cancer patients, but DNA
damage reduces oocyte shape and function. Because primordial follicle cells have
no regenerative capacity, the destruction of these cells leads to POF and infertil-
ity [36]. In 2016, Guerreiro et al. found that anticancer drugs (doxorubicin and
paclitaxel) could reduce the primordial preantral follicles and developing fol-
licles in goats [37]. To prevent chemotherapy induced POF, temporary ovarian
suppression with luteinizing hormone release hormones agonists (LHRHa) can
be used [38].

2.4. Environmental

Smoking and viral infection have been linked to infertility and POF. Smokers
had menopause earlier than non-smokers, and ovarian failure before 46 is more
common in smokers [39]. Cigarettes contain more than 4,000 chemicals that are
thought harmful to reproductive health. Smoking causes a drop in Estradiol (E2)
levels, increases the thickness of the oocyte zona pellucida, and causes follicle
loss and ovarian damage [40]. Aromatic hydrocarbon receptors in oocytes and
granulosa cells bind polycyclic hydrocarbons in cigarettes and activate the
pro-apoptotic gene BAX [41]. Infections with cytomegalovirus, mumps virus,

and varicella-zoster virus can also cause POF [42].

2.5. Vaccination

Some individuals developed secondary amenorrhea when their menstrual cycle
altered from normal to irregular and infrequent after HPV vaccines. This re-
sulted in decreased serum estradiol levels, elevated FSH and Luteinizing hor-
mone (LH), and immunological reaction leading to POF [43]. However, in 90%
of cases, the etiology is unknown, and studies suggest that POF may be a side ef-

fect of vaccines [44].

2.6. Enzyme Deficiency

Proteins and enzymes deficit in the steroidogenic pathway can diminish serum
androstenedione follicle fluid, testosterone, and E2 levels, causing POF [45]. De-
ficiencies of enzymes other than 21-hydroxylase are extremely uncommon, spe-
cifically 17, 20-de lactase, and unlike other enzyme deficiencies that affect adrenal
synthesis, glucocorticoids, and androgens, 17, 20-de lactase, activity influences
androgens and subsequent estrogen formation [46]. However, there are some
reports of specific defects in the activity of one enzyme, 17a-hydroxylase, a rare
enzyme that has been associated with puberty, primary amenorrhea, hypogona-

dotropin, hypertension and hypokalemia, which can also lead to ovarian failure
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due to follicle maturation and defects in ovarian steroid synthesis [47].

3. Treatment of POF

POF has multiple causes and treatments. No medicine treats POF entirely. POF
treatment includes hormone replacement therapy, psychosocial support, im-
munotherapy, donor oocytes and stem cell therapy [48]. Currently, stem cell
therapy is anticipated to represent the optimal treatment modality for addressing
POF.

3.1. Hormonotherapy

Hormone replacement therapy could increase growth hormone secretion, so this
treatment can prevent bone loss, menopausal symptoms and improve cardi-
ovascular health in POF patients [49]. Hormone therapy can cause heart disease,
stroke, venous thrombosis, endometrial, breast, and ovarian cancer [50]. Sex
hormone defenses with endothelial dysfunction may increase the risk of cardi-
ovascular disease and mortality in young women, which may be related to POF.

Hormone therapy improves endothelium function in six months [51].

3.2. Melatonin Supplement

As a potential drug for POF treatment, melatonin lessens cisplatin-induced fol-
licle loss by averting phosphorylation of members of the PTEN/AKT/FOXO3a
pathway, increases ovarian size, restores the number of primordial follicles, and
protects ovaries during chemotherapy in female cancer patients and maintain
fertility [52]. Although it is involved in folliculogenesis, its mechanism of regu-
lating ovarian function has not been elucidated. Melatonin is now found in
many tissues, including reproductive tissues like the ovary and placenta. Recent
research has demonstrated that reproductive organs like the ovary and placenta
produce melatonin [53]. Melatonin, derived from the blood, accumulates in
mature follicles to support ovulation and stimulates nonspecific humoral and
cell-mediated immunity, modulating the immune system in vitro and in vivo
[36]. Melatonin’s antioxidant effect on follicles improves survival in female cancer

patients and POF and prevents chemotherapy-induced reproductive loss [54].

3.3. Immunoregulation

Immunomodulatory therapies like corticosteroids and monoclonal antibodies
(etanercept) are effective in POF due to autoimmune ovarian damage [55]. Cel-
lular antibodies produced by steroids in POF can bind to the corpus luteum,
granulosa, and pleural cells [56]. Moreover, recovery of ovarian function has also

been observed in patients with myasthenia gravis treated with thymectomy.

3.4. Stem Cells Therapy

3.4.1. Application of Stem Cells in POF Therapy
Stem cells can self-renew and come from numerous sources. Stem cells used in
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POF therapy include umbilical cord mesenchymal stem cells (UC-MSCs), em-
bryonic stem cells (ESCs), spermatogonial stem cells (SSCs), ovarian mesen-
chymal stem cells (O-MSCs) and induced pluripotent stem cells (iPSCs) [57].
Based on contemporary research, the primary emphasis of stem cell therapy for
POF lies in clinical trials and has not been integrated into clinical practice, with
UC-MSCs emerging as the predominant modality for POF treatment. Biological
therapy and biological effects are illustrated in Table 2.

Table 2. Biological therapy and biological effects.

Treatment method Biological effect References
Bone marrow mesenchymal  Inhibits apoptosis of granulosa cells and (63]
stem cells (BMMSCs) increases the number of follicles
L Reduce follicular atresia and stimulate
Amniotic stem cells (ASCs) . . [67] [68]
the proliferation of Granule cells (GCs)
Amniotic fluid mesenchymal Reduce follicular atresia and inhibit (74]
stem cells (AFMSCs) ovarian cell apoptosis
Adipose mesenchymal Inhibits apoptosis of granulosa cells and 2]
stem cells (AMSCs) increases the number of follicles
Promote follicle development, inhibit
Placental mesenchymal .
granulosa cell apoptosis, reduce [80]
stem cells(PMSCs) . .
follicular atresia
Human menstrual blood Granular cell apoptosis and ovarian (81]
stem cells (hMenSCs) interstitial fibrosis
Ovarian germ line stem Regulate growth and development (5]
cells (GSCs) ability
Reduction in the number of atretic follicles,
UC-MSCs restoration of ovulation, suppression of [88]-[90]
inflammation and excessive fibrosis
Induced pluripotent stem Vimentin expression, reduced follicular
i ) [91]
cells (hiPS) atresia
Enhance follicle regeneration and inhibit
Exocomes (EXOs) [10] [11]

granulosa cell apoptosis

1) Bone marrow mesenchymal stem cells

In a chemotherapy-induced POF rat model, BMMSCs were the first stem cells
tested for therapeutic potential. BMMSCs can differentiate into various cell
types, including endometrial [58], endothelial cells [59], and granule cells [60]. It
has been reported that BMMSCs transplantation can restore ovarian function
and increase fertility in female mice [61] and rats [62] with ovarian damage
caused by chemotherapy. BMMSCs protect mice from chemotherapy-induced
germ cell death and DNA damage [63]. BMMSCs can differentiate into GCs to
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support oocytes and affect oocyte development [60]. Studies have shown that
miR-21 regulates apoptosis in GCs and follicular development. BMMSCs over-
expressing miR-21 for chemotherapy-induced POF can increase ovarian weight,
follicle number and E2 level, decrease FSH level and the number of GCs apopto-
sis, which is related to the inhibition of GCs apoptosis by targeting the phospha-
tase and tensionin homologs deleted on chromosome 10 and recombinant hu-
man programmed cell death (PDCD4). Heat shock preconditioning improves
BMMSC anti-apoptosis and POF treatment efficacy [64]. Other studies have re-
ported that BMMSCs can migrate to the uterus and induce recovery and rege-
neration of the damaged endometrium in human and animal models [65].

2) Amniotic mesenchymal stem cells

The amniotic membrane is the embryo-covering membrane from which hu-
man amniotic mesenchymal stem cells (hAMSCs) can be extracted. Multiple
differentiation capacities and anti-inflammatory properties comparable to those
of MSCs from other sources have been demonstrated for hAMSCs. Xiao et al
showed that transplantation of hAMSCs in POI mice resulted in sustained
healthy follicle growth, reduced follicular atresia rate, and restored fertility [66].
Liu et al used 10% hydrogen peroxide to burn the bilateral ovaries of mice to
establish a POF mouse model, and the results showed that the ovarian function,
FSH, estrogen levels, and mice fertility with hAMSCs transplantation were res-
tored, and the mice could produce normal offspring. With these discoveries, the
researchers noted that, at the protein level, FSH-R, VEGF, IGF-1, TNF-q, and
IL-15 were increased, and increased expression levels of genes like FOXL2,
OCT4, GDF-9, and LIF after ovarian tissue transplantation. hAMSCs exerted a
therapeutic effect on ovarian function in mice with naturally aging ovaries by
increasing the number of follicles [67]. Co-culture of hGCs with EGF and HGF
secreted by hAMSCs can stimulate the proliferation rate of GCs and can effec-
tively inhibit the apoptosis of GCs [68]. hAMSCs pretreated with low-intensity
pulsed ultrasound are more effective than normal hAMSCs [69]. These prelimi-
nary discoveries support the role of hAMSCs in POF infertility; however, their
efficacy and safety in clinical applications remain to be proven.

3) Amniotic fluid mesenchymal stem cells

When injected into POF mice ovaries, amniotic fluid mesenchymal stem cells
(AFMSCs) survive for at least three weeks and proliferate and self-renew. AFMSCs
show mesodermal trilineage differentiation potential and immunophenotype
like MSCs [70]. AFMSCs can express growth factors like EGF, TGF-a and g, and
BMP-4 in vivo [71]. miR-146a can potentially reduce cellular damage in various
injury models, while miR-10a has been implicated in regulating apoptosis in
human cumulus cell complexes (COCs) [72]. In POF patients, miR-146a or
miR-10a-knockde-out AFMSCs suppress ovarian cell death and follicular atresia
[73]. Although AFMSCs cannot differentiate into GCs and germ cells in vivo,
AFMSCs can restore POF ovarian function by preventing follicular atresia in

mice. Interactions between AFMSCs and GCs may be crucial in these roles.
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4) Adipose-derived mesenchymal stem cells

As a new source of MSCs, adipose-derived mesenchymal stem cells (ADMSCs)
have been successfully used in tissue regeneration. ADMSC transplantation in
chemotherapy-induced POF mice lowered GC apoptosis, enhanced ovarian an-
giogenesis, and improved ovarian function, follicle number, and ovulation [2].
Mashayekhi et al isolated ADMSCs from the abdominal adipose tissue of nine
women. Four patients restored their menstrual cycle, and four had lower FSH
levels after intravaginal injection, indicating that this POF treatment is safe,
practicable, and unique [74]. The addition of collagen scaffolds increased the
survival of ADMSCs in the ovaries of female POF rats compared to ADMSC
treatment alone [75]. Studies have shown that hADMSCs transplantation can
improve ovarian function in chemotherapy-induced POI models through a pa-
racrine mechanism and, combined with estrogen, can also increase Treg prolife-
ration, Foxp3 and TGF-f1 mRNA expression in POI, and decreased IFN-y
mRNA expression in POI patients [76]. ADMSCs are among the essential thera-
peutic cells for ovarian function recovery, despite scant investigations on their
mechanism in POF therapy [77].

5) Placental mesenchymal stem cells

Placental mesenchymal stem cells (PMSCs) are pluripotent non-hematopoietic
progenitor cells with high differentiation and proliferation potential. Compared
to MSCs from other sources, their phenotype and characteristics have greater
advantages [78]. Yin ef al found increased production of cytokines like TGF-j,
which controlled inflammation and restored ovarian function. Researchers also
noted that promoting follicular atresia and inhibiting ovulation by inhibiting
IFN- y secretion; after two weeks of hPMSCs treatment, the estrous cycle of POF
mice was significantly restored, and serum FSH, LH, E2, and Antimullerian
hormone (AMH) levels were reversed. PMSCs could promote follicle growth
and inhibit GCs apoptosis, improving ovarian reserve capacity [79]. Transplan-
tation of PMSCs is among the effective methods to restore ovarian function in
chemotherapy-induced POF mice.

6) Menstrual blood-derived endometrial stem cells

Menstrual blood-derived endometrial stem cells (MenSCs) are derived from
women’s menstrual blood and have the basic features of MSCs [80]. They have
attracted widespread attention since their discovery in 2007, and there is no re-
port on autoimmune rejection of MenSCs.

In POF mice, MenSCs can be encouraged to develop into ovarian tissue-like
cells, notably ovarian granulosa-like cells, which increases ovarian indicators,
weight, normal follicle number, serum inhibin, E2, AMH levels, reduced GCs
apoptosis, and ovarian interstitial fibrosis [81]. In Ashman syndrome, MenSCs
transplantation can improve endometrial structure in women [82] and induce
anti-inflammatory factors and angiogenesis in rats, thereby enhancing fertility
[83]. MenSCs transplantation has become an effective and novel method for
treating POF.
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7) Ovarian germline stem cells

Ovarian germline stem cells (GSCs), well-known in non-mammalian model
organisms, can grow and develop. However, the existence of ovarian GSCs has
been revealed in new studies in mice, rats and humans [84]. Ovarian mesen-
chymal stem cells (PO-MSCs) have also been reported, and gene expression
analysis showed that PO-MSCs, unlike fibroblasts, also express CD44, CD90,
and stromal cell precursor surface antigen (STRO-1) [85]. This will be a new ap-
proach to address POF barriers soon.

8) Umbilical cord mesenchymal stem cells

UC-MSCs are pluripotent stem cells that can develop into many cell lines.
UC-MSCs injected into the ovaries of chemotherapy-induced POF rats [86] and
mice [87] can significantly reduce serum FSH levels, increase P4, E2 and AMH
levels and the total number of normal follicles, reduce the number of atretic fol-
licles, restore the estrous cycle and ovulation period. After pregnancy, offspring
can be produced normally, indicating that ovarian function and reproductive
potential have been restored. UC-MSCs suppress inflammation and excessive fi-
brosis, promote cell proliferation, release VEGF, develop into oocyte-like struc-
tures and endometrial cells, and exhibit germ cell-specific mRNA and protein
markers [88]. Further studies found that UC-MSCs reduced the apoptosis of
mouse GCs by activating the JNK/Bcl-2 signaling pathway to regulate autopha-
gy, upregulate CD8'CD28 T cells, and affect GPCR, MAPK and insulin path-
ways, thereby improving ovarian function [89]. Ding et al. transplanted UC-MSCs
into mouse ovaries through collagen scaffolds and proved that collagen/hUC-
MSCs transplantation could activate primordial follicles during folliculogenesis,
promote ovarian angiogenesis, GCs proliferation, and increase AMH and E2 le-
vels. It can also enhance ovarian volume and antral follicles to maintain ovarian
function [90].

9) Human induced pluripotent stem cells

Human induced pluripotent stem cells (hiPS) can differentiate into hor-
mone-sensitive ovarian epithelial (OSE)-like cells E2 and ovarian weight in-
creased, while vimentin and fibronectin decreased in POF mice. Transplantation
of granulosa salivary cells (OGLCs) into POF mice promoted ovarian tissue
growth and ovarian granulosa cell marker expression, increased E2 level, and
decreased the number of atretic follicles [91]. Oocytes were produced after trans-
planting iPS-induced ectoderm-like cells and primordial germ cells (PGCs)-like
cells into mouse ovarian sacs [92].

10) Stem cells from other sources

Peritoneal mesothelial cells can complete the repair and reconstruction of
ovarian function by secreting growth factors (like bFGF and VEGEF), cytokines
and extracellular matrix [93]. Peritoneal mesenchymal stem cells (PeMSCs) can
be differentiated into ovarian cell-like cells with 10% human follicular fluid and
50% human cumulus-CM and express oocytes (Zp3 and Gdf9), germ cells
(Ddx4amdDazl), GCs (Amh) and mucosal cells (Lhr) markers [94]. Skin-derived
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stem cells (SMSCs) can express germ cell markers and form oocyte-like cells in
vitro and improve the ovarian follicle microenvironment in POF mice by reduc-
ing the levels of pro-inflammatory cytokines (TNF-a, TGF-g, and IFN-y), res-
toring the infertile mice fertility [95].

3.4.2. Application of Exosomes in POF

Exosomes (EXOs) are essential carriers of intercellular communication, and they
contain many cellular substances, like proteins, lipids, and noncoding RNAs
(like miRNAs). miRNAs can govern cell-to-cell signal transmission in various
disorders and affect molecular processes [96]. miRNAs carried by EXOs derived
from BMMSCs can promote ovarian recovery in POF animals [8]. Compared to
hBMMSCs, hAFMSCs secreted higher levels of EXOs, and hAFMSCs-EXOs en-
hanced follicle regeneration inhibited apoptosis of GCs recovered estrus cycle
and AMH levels through miRNA21/PTEN/caspase3 signaling pathway. Thus,
hAFMSCs appear to be a good source of exosomes for clinical applications [10].
By modulating SMAD (SMAD2, SMAD3, and SMAD5) signal transduction,
hAMSCs-EXOs increase the proliferation and decrease the apoptosis of hGCs in
POI [11].

4. Conclusion

POF is a crucial condition, particularly for young women who have not yet
completed childbearing, and infertility resulting from POF can leave many
couples feeling sad and discouraged. Due to the complexity of this disease, there
is no effective treatment. We must find better alternatives to treat this disease.
POF patients may benefit from stem cell therapy, which is low immunogenic,
accessible, and ethical. Stem cells from different sources and their produced
EXOs can raise the number of follicles and sex hormones, reduce GC apoptosis,
and recover female reproductive function. Therefore, stem cell therapy is a new
and effective alternative strategy for treating POF, which is beneficial for rege-
nerative medicine and clinical applications. Although there are existing reports
that stem cells can restore ovarian function in POF patients, the relevant me-
chanism is unclear. Clarifying POF’s physiological function and mechanism is
expected to provide further ideas for POF ovarian repair.
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