
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

171,000 190M

TOP 1%154

6,300



1

Chapter

Female Germline Stem Cells: 
A Source for Applications in 
Reproductive and Regenerative 
Medicine
Hong-Thuy Bui, Nhat-Thinh Nguyen, Truc Phuong Lam Do, 

Anh My Le Ba and Nguyen Van Thuan

Abstract

One of the most significant findings in stem cell biology is the establishment of 
female germline stem cells (FGSCs) in the early 21st century. Besides the massive 
contribution of FGSCs to support ovarian function and fertility of females, the ability 
to create transgenic animals from FGSCs have high efficiency. Whether FGSCs can 
differentiate into mature oocytes for fertilization and complete embryonic develop-
ment is a significant question for scientists. FGSCs were shown to produce oocytes, 
and the fertilized oocytes could generate offspring in mice and rats. This discovery 
has opened a new direction in human FGSCs research. Recently, cryopreservation of 
ovarian cortical tissue was already developed for women with cancer. Thus, isola-
tion and expansion of FGSCs from this tissue before or after cryopreservation may 
be helpful for clinical fertility therapies. Scientists have suggested that the ability to 
produce transgenic animals using FGSCs would be a great tool for biological repro-
duction. Research on FGSCs opened a new direction in reproductive biotechnology to 
treat infertility and produce biological drugs supported in pre-menopausal syndrome 
in women. The applicability of FGSCs is enormous in the basic science of stem cell 
models for studying the development and maturation of oocytes, especially applica-
tions in treating human disease.

Keywords: ovarian stem cell, primordial germ cell, female germline stem cell,  
oocyte-like cell, regenerative medicine

1. Introduction

It is widely known that mammals begin their lives with a fixed number of 
oocyte-containing follicles, which do not increase but only degenerate after birth. 
This explains why fertility decreases with age, and the phenomenon of menopause 
in women is an indication that reserve resources of oocytes have been depleted 
over age. This differs from the male that can produce sperm throughout their life 
due to the presence of spermatogonia stem cells (SSCs), which could allow them to 
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constantly proliferate and differentiate to maintain their persistent spermatogenesis, 
allowing male mammals to have a long-lasting reproductive age [1]. Since the 1950s, 
the dogma in reproductive biology has been widely accepted that primordial germ 
cells (PGCs)-derived oogonia in mammals cease proliferation and differentiate into 
primary oocytes shortly after birth, which will arrest in prophase of meiosis I until 
fertilization triggers the completion of meiosis [2]. In other words, shortly after birth, 
mammalian ovaries can differentiate to produce new oocytes to compensate for the 
consumption of ovulation. This explanation was well accepted due to the shorter 
gestational age of females compared to that of males. This theory of a fixed ovarian 
reserve had been the central principle in the field of reproduction.

The evolutionary and molecular processes of female reproductive aging have been 
highly debated. In the early 21st century, scientists at Harvard Medical University 
ignited the debate about the unexpected ability of mouse ovaries to regenerate 
immature oocytes after destruction [3]. Then, the report raised numerous questions 
by showing that these proliferative ovarian cells, termed female germline stem cells 
(FGSCs), could produce immature oocytes. Transplantation of these FGSCs into the 
ovaries of adult mice, was able to differentiate them into mature eggs that are able to 
ovulate, fertilize, and produce viable offspring [4]. This study opens a new direction 
in the study of stem cells in human ovaries. If we succeed in establishing the human 
FGSCs (hFGSCs), they will play a very significant role in reproductive medicine and 
the treatment of menopause symptoms in women. This would not only recover fertility 
in infertile women but also delay early menopause in women and treat pre-menopausal 
syndrome for women without hormone replacement therapy. Notably, the preserva-
tion of hFGSC can restore fertility and endocrine function for patients after cancer 
treatment. This is a huge challenge for scientists “Do hFGSCs exist in humans as they 
do in mice or not?”. Recent studies from researchers supporting the existence of oogen-
esis in postnatal mammalian ovaries raised some questions, and opened a new avenue 
for the investigation of stem cells in human ovarian tissue. Stem cells are thought to 
have numerous uses in cell therapy. Chemotherapy, radiation, genetic induction, or 
hormonal stress can all result in ovarian failure [5]. Additionally, premature ovarian 
failure (POF), which affects 1% of young women, is a common cause of ovarian dys-
function before the age of 40 [6]. Furthermore, young women are also rendered sterile 
by some diseases causing oocyte loss, such as polycystic ovary syndrome [7]. However, 
very little progress has been made in solving this problem. With assisted reproductive 
technologies, the findings that FGSCs play a role in fertility provide the future applica-
tion for clinical therapies [8]. Cryopreservation of ovarian cortical tissue has already 
been developed for female patients with cancer. Isolation and expansion of FGSCs 
from this tissue before or after cryopreservation may be helpful for new fertility 
applications [9]. Some progress has been made in addressing this issue through assisted 
reproductive technologies. It has been discovered that FGSCs play a role in fertility, 
offering the potential for future clinical applications. However, the question arises 
whether the egg cells are produced from hFGSCs or not. If hFGSCs exist in ovaries, 
why do women still have the phenomenon of menopause? The remaining challenge 
is to clearly elucidate the origin, roles, and capabilities of these cells, and to be able to 
use them for therapeutic applications. To this end, studies in mammalian models other 
than the mouse need to be done because several mechanisms of biological processes 
for oocytes in mice are different from those in humans. This review will present recent 
studies on the existence of germline stem cells (GSCs) in the mammalian ovary and 
summarize the current understanding of ovarian germline stem cells (OSCs) and 
FGSCs (Figure 1).
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2. The existence of germline stem cells in adult ovary

For several decades, it has been believed that females are born with a limited pool 
of oocytes and lose their capacity for oocyte renewal under perturbed conditions. The 
presence of mammalian FGSCshas been a highly debated area of reproductive technol-
ogy since 2004, the Harvard University group suggested a source of cells for oogenesis 
during the reproductive period [3]. In this study, they discovered that the atresia 
follicle formation rate in mice was lower than the consumption rate of non-atretic 
follicles. Hence, they believed that there is a renewal of follicles in mice. Moreover, 
immunostaining showed the presence of proliferating germ cells by expression of germ 
cell markers. In their final set of experiments, wild-type mouse ovaries were grafted to 
transgenic GFP-positive mouse ovarian bursa to provide additional evidence for ongo-
ing folliculogenesis in postnatal life. They found that GFP was positive after 3–4 weeks 
in the grafted ovarian tissue, leading to the conclusion that oogenesis continues in the 
postnatal ovary. This has sparked much debate about whether germline stem cells do 
exist in the postnatal ovary. In addition, it was reported that both immature and follicles 
were detected after transplanting the bone marrow-derived cells from the adult mice 
into the ovary of infertility mice [10]. Both reports opened many arguments on whether 
FGSCs existed in the postnatal ovary. Kerr’s study in 2006, in which the number of 
ovarian follicles in mice were counted at different ages, revealed that the average num-
ber of follicles did not significantly decrease between 7 and 100 days after birth. Since 
postnatal mice mature sexually in around 8 weeks (56 days) and ovulation consumes a 
portion of the follicular pool, it is suggested that postnatal mice have an oocyte replace-
ment mechanism [11]. The culture of cells attained from scrapings of the human ovar-
ian surface epithelium (OSE) resulted in the formation of large oocyte-like cells (OLCs) 
expressing zona pellucida proteins [12], leading the authors to suggest that putative 
germ cells within the OSE of the postnatal ovary differentiate from mesenchymal 
progenitors in the ovarian tunica albuginea. In line with this possibility, small round 
(2–4 μm diameter) c-kit/stage-specific embryonic antigen (SSEA)-positive cells were 
isolated from human OSE cells. These cells expressed early PGC markers, including 

Figure 1. 
The timeline of major discoveries in the history of female germline stem cells research.



Possibilities and Limitations in Current Translational Stem Cell Research

4

OCT4 (POU5F1), NANOG, and SOX2 [13]. In 2009, the first successful result in isolat-
ing and purifying the FGSCs from the ovary of neonatal and adult mice was reported, 
by using a magnetic bead sorting technique against Vasa protein, a germline-specific 
marker [4]. In order to dissipate the doubts about the existence of putative FGSCs in 
postnatal mammalian ovaries, this group utilized another germline cell-specific protein, 
Fragilis, to isolate and purify putative FGSCs in postnatal mice. They successfully puri-
fied the cells using magnetic sorting techniques, which showed the same characteristics 
as FGSCs isolated by Vasa protein. Then, FGSCs were transplanted with different genes 
and subsequently implanted into the ovaries of infertile female mice to create transgenic 
animals after mating with normal male mice [14]. This research provided significant 
evidence to support the existence of germline stem cells in postnatal female mammals 
and opened a new direction in the study of stem cells in the human ovary. Suppose 
the FGSCs can be successfully isolated from humans, the benefit of this type of cells 
will play a key role in reproductive studying, medicine, and treatment for menopausal 
syndrome in women, and other relevant clinical applications. Infertile women can have 
the ability to give birth again. Besides, further investigation on FGSCs can open a new 
method for delaying early menopause in women and treating pre-menopause syndrome 
for women without using hormone replacement therapy.

In 2012, remarkably, FGSCs were able to be isolated from the cortex of adult human 
ovaries and differentiated into oocyte-like structure cells in vitro. Moreover, xeno-
transplantation of hFGSCs modified to express GFP into immunodeficient female mice 
resulted in the development of follicles harboring GFP-positive oocytes in the human 
ovarian cortex after 1–2 weeks [15]. Further, these isolated FGSCs formed into follicles 
containing oocytes when transplanted into the immunodeficiency mice and could be 
expanded for months and spontaneously generate 35–50 μm oocytes [16]. This discov-
ery has opened a new direction in research on human FGSCs. Therefore, FGSCs can 
have an important role in the treatment of diseases caused by infertility females or in 
extending the period of menopause, as well as the application of stem cell therapy.

We have successfully established pig FGSC from ovarian tissue in vitro culture, and 
porcine PGCs-like Putative Stem Cells (PSCs) continue to maintain their germ stem cell 
identity in vitro and can differentiate into OLCs under appropriate culture conditions. 
Moreover, experimental evidence showed that PGCs-like PSCs are probably generated 
from Vasa-positive stem cells in vitro. Finally, we demonstrated the critical role of ovar-
ian cell-derived regulatory factors and the proximal stem cell niche in the establishment 
of porcine PSCs [17]. In addition, many studies provided evidence available to support 
the existence and potential of putative germline stem cells in the adult mammalian 
ovary, such as bovine, monkey, and human [18–21]. A finding demonstrated the pres-
ence of stem-like cells with ovarian germline properties within the otherwise exhausted 
oocyte reserve of menopausal human ovaries. Using immunomagnetic enrichment 
based on membrane DDX4 expression followed by single-cell sorting under a dielectric 
field, large culture-derived OLCs expressing markers of mature and haploid oocytes 
were obtained from fertile women as well as menopausal women [22].

Besides, other groups failed to observe replenishment of the follicle pool by donor 
bone marrow-derived cells [23] or after chemical depletion [24]. They also failed to 
observe the generation of new follicles even after depletion with busulphan toxin, thus 
putting into question a need to explain the regeneration of follicle numbers, a find-
ing further supported by mathematical modeling [25]. Lei and Spradling traced the 
numbers of follicles over time using tamoxifen-induced random labeling of cells. They 
argued that the follicle pool is highly stable with a half-life of 10–11 months, which would 
make the follicle pool at birth large enough to support ~500 ovulations required during 
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the life of a mouse [26]. In a study to confirm the existence of FGSCs in postnatal mouse 
ovaries, transplantation of premeiotic female PGCs and companion pre-follicular cells 
into the ovaries of adult mice has been shown to be capable of supporting the formation 
of new follicles. However, the transplanted PGCs could only form follicles with their pre-
follicular cells and vice versa [27]. Although the authors concluded that neo-oogenesis 
does not normally occur in the ovaries of adult mice, the results nonetheless provide an 
answer to the important question of whether adult ovaries can support neo-oogenesis 
from transplanted PGCs. Taken together, we suggest that germline stem cells themselves 
may not persist in postnatal and adult mammalian ovaries but that progenitor cells/small 
PSCs in the ovary may instead differentiate into germline stem cells under appropriate 
conditions [17]. Therefore, although experimental evidence supports the existence of 
cells with germline progenitor/stem cell characteristics in ovaries of various species, 
including humans, the existence of GSCs in postnatal ovaries remains ambiguous.

3. Location of female germline stem cells (FGSCs) in the ovary

In female mammalian species, during the embryonic stage, a subset of blastula 
cells can form PGCs by germ cell determination under some signal induction. Millions 
of germ cells are formed during embryogenesis. However, most of the germ cells 
degenerate after embryonic development. Most oogonia die in this period, while the 
remaining enter the first meiotic division. These latter cells, called primary oocytes, 
proceed to the first meiotic prophase after replicating their genomes. These primary 
oocytes are then arrested at this stage of development until the first menstrual cycle. 
Only a few numbers of oocytes periodically resume meiosis after puberty. Millions of 
germ cells are produced during embryonic development, but only hundreds of oocytes 
mature during a female’s lifetime [28]. In a menstrual cycle, when the primary oocyte 
enters metaphase I, its nucleus (germinal vesicle) breaks down, and the metaphase 
spindle migrates to the periphery of the cells. In telophase, the chromosomes are 
evenly divided, but one of the two daughter cells retains almost all of its cytoplasmic 
components, while the other cell has almost no cytoplasm. The smaller and larger cells 
are called the first polar body and the secondary oocyte, respectively. Moreover, the 
same phenomenon takes place during the second division of meiosis. Nearly all the 
cytoplasm is retained by the mature egg (the ovum), and a second polar body receives 
little more than a haploid nucleus. Thus, the purpose of oogenic meiosis is to conserve 
the volume of cytoplasm in a single oocyte. Ovulation begins shortly thereafter, in 
which the follicle ruptures and the secondary oocyte is released into the uterine tube, 
yet the second meiotic division has not occurred yet. Meiosis of a secondary oocyte is 
completed only if a sperm succeeds in penetrating its barriers. Meiosis II then resumes, 
producing one haploid ovum that, at the instant of fertilization by a (haploid) sperm, 
becomes the first diploid cell of the new offspring (a zygote)[29, 30].

The general idea in reproductive biology is that FGSCsdifferentiate into primor-
dial oocytes through fetal development and that oogenesis begins with a pool of 
primordial follicles, which is the case in the majority of animals. Several studies have 
reported the presence of FGSCs in the ovary. Parte and colleagues in 2011 reported 
the discovery of very small pluripotent stem-like cells deposited in the OSE of adult 
rabbits, sheep, monkeys, and menopausal humans [18]. Two different populations 
of putative stem cells (PSCs) of varying sizes were found in scraped OSE. While 
the larger 4–7 μm cells with cytoplasmic localization of Oct-4 and little expres-
sion of SSEA-4 were likely the tissue-committed progenitor stem cells, the smaller 
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1–3 μm very small embryonic-like PSCs were pluripotent in nature. To demonstrate 
characteristics of these cells derived from OSE, the PSCs underwent spontaneous 
differentiation, c-Kit, DAZL, GDF-9, VASA, and ZP4 germ cell markers were used to 
immunolocalize in oocyte-like structures. Mammalian ovaries include a unique popu-
lation of extremely small embryonic-like PSCs and tissue-committed progenitor stem 
cells that have the ability to develop into oocyte-like structures in vitro, contradicting 
the conventional belief that OSE is a bipotent source of oocytes and granulosa cells.

In 2014, we indicated that the ovary contains a considerable number of undifferenti-
ated cells with stem cell characteristics. These might remain in the adult ovary and can-
not proliferate normally, but they can undergo proliferation and differentiate into OLCs 
under appropriate conditions. PSCs were found to comprise a heterogeneous population 
based on c-kit expression, cell size, and expressed stem and germ cell markers. Analysis 
of PSCs molecular progression during establishment showed that these cells undergo 
cytoplasmic-to-nuclear translocation of Oct4 in a manner reminiscent of gonadal PGCs. 
Flow cytometry analysis revealed abundant PSCs proliferation after isolation and cul-
ture for 1 week. Of these, 4.65% of the cells were positive for the germ cell marker Vasa, 
and some were also positive for additional germ and stem cell markers, such as Fragilis, 
Thy-1, SSEA4, and c-kit. At this time, two populations of PSCs were observed: one with 
a cell diameter of 5–7 μm and one with a cell diameter of 10–12 μm. The cells became 
identical in size after 2 weeks in culture, at 10–12 μm, with an increasing percentage 
of cells positive for germ and stem cell markers [17]. About 2.8% of all mouse testicular 
cells were c-kit positive [31] and had the capacity to become multipotent germline stem 
cells, whereas c-kit-negative cells go on to become SSCs [32]. We similarly observed two 
distinct subsets of cells (c-kit positive versus c-kit negative) within the PSCs population. 
This finding was strengthened by immunofluorescence analysis showing that, after 
1 month in culture, most of the PSCs expressed high levels of the reprogramming factor 
Oct4. In contrast, only 22% of the PSCs expressed high levels of c-kit [17].

4. FGSCs aging and stem cell niche in the ovary

While much evidence support the existence of OSCs, it raises the question that 
ovarian have follicle reserve. Why do they not appear to contribute to postnatal fol-
licle formation, and why does the phenomenon of menopause occur only in females? 
The researchers believe that the FGSCs aging directly determines ovarian aging.

The stem cell niche is the key to elucidating the entire mechanism of stem cell 
senescence; Schofield proposed the hypothesis in 1978 that the components surround-
ing stem cells act as a microenvironment that promotes their growth and protects them 
from external damage [33]. Other than FGSCs, stem cell niche can be found in almost 
any stem cell, such as intestinal, myocardial, neural, and hematopoietic stem cells. Stem 
cell niche can support the growth of stem cell, and disturbance of these niches can 
cause stem cell damage and eventually leads to certain diseases. Ovarian stem cell niche 
aid FGSCs to continually proliferate to differentiate into postnatal follicles and oocytes, 
by regulating to divide into new stem cells and differentiate into germ cells. FGSCs 
niche is extensively studied in Drosophila Melanogaster. Although the structure and the 
function of FGSCs niche in mammals have not been fully understood, the component 
of the niche is believed to be similar to that of drosophila, thus predicting that it may at 
least be composed of follicular membrane-stromal cells, granulosa cells, extracellular 
matrix, blood vessels, immune system-related cells, and cytokines. It was suggested 
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that damage to the stem cell niche is a major cause of the ovarian recession and is more 
closely related to aging in the ovary than the stem cells themselves. Thus, factors that 
damage the stem cell niche may have a critical impact on ovarian regression.

Factors that lead to stem cell decay are nutritional and energy deficiencies in the 
stem cell niche. Insufficiency of energy is caused by mitochondrial depletion associ-
ated with aging women, thus only supplies limited amounts of ATP. As a result, the 
risk of birth defects and infertility is increased due to the reduced energy of FGSCs 
provided by stem cell niche. The immune system has a critical role in the maintenance 
of OSC niche to support FGSCs. The perivascular compartment of the stem cell 
niche forms a bridge to connect the niche and both cellular and humoral aspects of 
immunity. Cellular immunity that provides support in stem cell niche are monocytes, 
macrophages, and T cells. Cytokines and immunoglobulins are the humoral aspects of 
immunity that help stem cell niche maintenance. These are essential for the derivation 
of OSCs into new germline cells. Weakened immunity due to aging is causing diffi-
culty in the maintenance of the stem cell niche and resulting in ovarian recession.

Dysfunctional gonads can be regenerated by transplanting niche cells of germline 
stem cells (mostly Sertoli cells or mesenchymal cells). Thus, it could be helpful as first-line 
therapy to permanently restore gonadal function in POF and cancer patients. Thus, it is 
clinically more important to reestablish the niche of the FGCSs than to inhibit the aging 
of the FGCSs themselves in order to delay ovarian aging. The study of the FGSC niche is 
relatively new, and there are still several issues that we still need to know about. To be able 
to use for the application of the FGSC niche in clinical practice, these should be addressed 
and clarified. Understanding the mechanism and application of stem cell niche in FGCS 
can be crucial in regenerative medicine. Although the result of transplanting FGSCs into 
infertile female ovaries remains controversial, this has the potential to regenerate.

Researchers have put out solutions to answer this question. One of the most widely 
accepted theories is that stem cell functions would decline with age, which would result 
in a loss of renewal capacity [34]. They explained that the aging of FGSC is related 
to the aging of the stem cell niche. The niche is a specialized microenvironment that 
gives stem cells specialized cues in the form of adhesion molecules, differentiation and 
self-renewal-regulating signals, spatial organization, and metabolic support to stem 
cells. As a result, the niche is crucial for controlling stem cells’ fundamental processes 
and protecting them from cell damage and toxins. Changes in the niche may result in to 
decline in stem cell function. To demonstrate this hypothesis, Bukovsky observed that 
the niche of FGSCs formed during early embryonic development consists of nonspe-
cific ovarian monocyte-derived cells (MDCs), T cells, and vascular endothelial cells, In 
contrast to the nests of adult ovarian germinal stem cells, which are made up of primary 
CD14 + MDCs, activated HLA-DR + MDCs, and T cells [12]. Furthermore, when the 
ovarian tissues of older mice were transplanted into young mice, the young mice’s ovar-
ian tissues were found to have fewer follicles and no mature follicles [35]. 

Another hypothesis proposed by researchers suggests that ovarian function may 
decline by systemic aging-related signals despite the presence of oogonial stem cells [36]. 
For example, progressive loss of ovarian estrogen (E2) production drives reproduc-
tive aging and menopause [37]. To demonstrate the hypothesis, they have shown that 
mouse OSCs express E2 receptor-α (Erα) by RT-PCR and western blot analysis. To 
test for potential interactions of E2-activated Erα with meiotic regulatory pathways 
in OSCs, chromatin immunoprecipitation (ChIP)-PCR assays were applied to assess 
the Stra8 promoter. Results showed that Erα occupied a consensus ER response 
element (ERE) in the Stra8 promoter. Moreover, E2 treatment increased the number 
of GFP-positive cells. Thus, OSCs have differentiated in response to E2. In reverse, 
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Era-deficient shows a loss of Stra8 expression and oocyte numbers. This study will 
provide more information on how changes in ovarian estradiol production with aging 
in women are related to age-related ovarian dysfunction and reproductive aging.

Moreover, oxidative stress also has an essential role in the aging of FGSCs. ROS is a 
chemically reactive oxygen atom or group of atoms produced during cellular metabo-
lism. The development of ovarian granulosa cells was inhibited by ROS, which also 
damaged mitochondria and lowered the production of the anti-oxidative enzyme. 
Additionally, it might diminish ovarian function and trigger an inflammatory 
response, impairing fertility [38]. Resveratrol (RES) is a naturally occurring sub-
stance with many pharmacological roles, including antioxidant, anti-inflammatory, 
immune-regulating, cell-protective, anti-tumor, and anti-apoptotic effects. RES 
therapy can be employed to enhance ovarian follicle function by lowering TNF-levels, 
which was validated by lowering LH levels and the ratio of LH/FSH, two markers of 
ovarian function. The scientists discovered that RES significantly increased body 
weight, ovarian index, follicle quantity, and decreased follicular atresia in POF mice.

5. Isolation, maintenance, and characterization of FGSCs

After debating the existence of germline stem cells in ovaries, proponents of their 
existence continue to question what types of FGSCs exist in ovaries and their charac-
teristics. FGSCs’ sizes vary considerably, ranging from 2 to 8 μm. Tilly’s group focused 
on bigger-sized (5–8 μm) OSCs [16], whereas smaller (2–4 μm) pluripotent stem cells, 
very small embryonic-like stem cells (VSELs) were found in ovary surface epithelium 
(OSE) [39]. However, OSCs of both sizes express germ-line markers and differentiate 
into OLCs. Thus, they concluded that there are two different populations of stem cells, 
the small-sized, pluripotent VSELs, and the bigger OSCs. VSELs are pluripotent stem 
cells produced from epiblast that are identical to PGCs and persist in small numbers 
in adult gonads [39]. In contrast, OSCs are tissue-specific progenitors that are bigger 
and have different gene expressions from pluripotent VSELs. It has been reported 
that VSELs are the most primitive population of quiescent SCs found in adult tissues 
compared to OSCs, which quickly divide and produce germ cell nests before differen-
tiating into oocytes. FSH receptor (FSHR) expression was observed on both very small 
embryonic-like stem cells (VSELs) and ovarian stem cells (OSCs) by immune-local-
ization and immunophenotyping studies. FSH treatment increases germ cell clusters 
and stimulates stem cells to undergo proliferation and clonal expansion to form germ 
cell nests. This was further confirmed by the differential expression of OCT-4 in 
VSELs and NUMB in OSCs. Immunohistochemical expression of OCT-4, proliferation, 
and FSHR were noted on stem cells located in the OSE of ovarian sections of sheep. 
Therefore, the establishment of FGSCs is significant for many applications.

Using adult porcine ovaries to isolate, identify, and characterize FGSCs to elucidate 
their origin and then examine the capability of these cells to proliferate, grow, and 
differentiate. These cells were heterogeneous, depending on both c-kit expression and 
cell size, and also expressed stem cell and germline markers. Importantly, we clearly 
demonstrated that cells with characteristics of early PGCs are present in the adult por-
cine ovaries. Once FGSCs were established, they could be expanded in vitro for months 
without the loss of identifying markers and proliferative potential. Under appropriate 
conditions, FGSCs can be differentiated into OLCs. These have the potential to make 
new oocytes, support ovarian function and fertility, and may support therapeutic 
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strategies in humans [17]. The methods used to isolate, maintain, and characterize 
FGSCs from each of the research teams studied to date are summarized in Figure 2.

The formation of germ cell nests has provided evidence in support of neo-oogenesis 
from the stem cells [40]. VSELs may endure radiotherapy and chemotherapy and 
preserve lifelong homeostasis. Due to the loss of function brought on by disturbing 
ecology, its impairment results in host aging, and the existence of overlapping pluri-
potency markers raises the possibility that it may also be linked to epithelial ovarian 
cancer. Many methods for isolation and culture of FGSC have been studied in recent 
years. Briefly, FGSCs can be isolated by enzymatic digestions (collagenase and trypsin) 
and purified with either MVH/Fragilis-magnetic bead sorting or/with Flow Cytometer-
based SSEA-4, FRAGILIS, DDX4 (VASA) or long-term passage methods to eliminate 
ovarian somatic cells. Isolated FGSCs are able to be cultured in both absence or presence 
of feeder cell layers, MEF, STO, or granulose cells. The gelatin-coated surface is typi-
cally used in the culture of non-sorting cells. The concentration of FBS varies from 5 
to 15% and is used in maintenance and differentiation medium. Besides that, growth 
factors GDNF, EGF, and bFGF are important for the expansion of FGSCs; LIF is used 
for FGSCs maintenance, while bone morphogenetic protein and retinoic acid can signif-
icantly induce germ cell differentiation [41, 42]. In addition, SCF was also suggested to 
increase the number of Fragilis- and MVH-positive cells and enhance colony formation 
efficiency [17, 43]. Other supplements such as antibiotic and antimycotic, pyruvate, 
non-essential amino acids, antioxidants, insulin, transferrin, and selenium are added to 
increase the viability and proliferation of ovarian cells. Cultured cells normally express 

Figure 2. 
The female germline stem cells (FGSCs) were successfully isolated from porcine ovarian tissue by enzymatic 
digestion and different adhesive selection, then cultured in vitro, in DMEM/F-12 and N21 free-serum 
supplemented. Two populations of FGSCs, one with a cell diameter of 5-7μm and the other with a cell diameter of 
10-12μm, were observed with spherical morphology and expressed specific germline characteristics (Vasa, Stella, 
Oct4, c-kit). The cells became identical at 10-12 μm after ten days in culture, Oct4 expression was reduced in the 
cytoplasm and augmented in the nucleus, forming groups of cells clustered around theca cell colonies. The large 
clumps of ovarian cells will be removed during cell passages by the filter of 40μm, and FGSCs were maintained 
for one month. After one month, following the gradual death of the ovarian cells, the FGSCs were transferred onto 
mitomycin C-treated MEF feeder layers for long-term culture with the addition of stem cell factor.
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Species Isolation Condition Result References

Mouse MACS- based MVH MEM α, 10% FBS, bFGF, EGF, GDNF, LIF Co-culture: STO FGSCs/ Offspring. [4]

FACS-based DDX4 MEM α, 10% FBS, N2 supplement, bFGF, EGF, GDNF, LIF 

Co-culture: MEF

Oogonial stem cells [15]

FACS- and MACS-based DDX4 MEM α, 10% FBS, N2 supplement, bFGF, EGF, GDNF, LIF 

Co-culture: MEF

Oogonial stem cells [16]

Preplate culture DMEM, 15% FBS, LIF, Co-culture: MEF Oogonial stem cells [45]

FACS-based DDX4 MEM α, 10% FBS, bFGF, EGF, GDNF, LIF Co-culture: STO FGSCs/ Offspring [14]

MACS-based Fragilis and MVH MEM α, 10% FBS, LIF, SCF Co-culture: MEF Putative stem cells [43]

MACS- based MVH MEM α, 15% FBS, N2 supplement, LIF, GDNF, bFGF Co-culture: 

STO

FGSCs [46]

Whole ovarian cells culture DMEM/F12, 5% FBS, LIF Ovarian stem cells [47]

Repetitive different adhesion selection MEM α, 10% FBS, N2 supplement, LIF, GDNF, bFGF, EGF FGSCs [37]

Rat MACS-based Fragilis MEM α, 10% FBS, bFGF, LIF, EGF, GDNF Co-culture: STO FGSCs/Transgenic 

offspring

[48]

Sheep OSE cells scraping DMEM/F12, 10% FBS, FSH Ovarian stem cells [40]

Porcine OSE cells scraping DMEM/F12, 20% knock-out serum, LIF, EGF FGSCs [49]

Differential adhesion selection DMEM/F12, B27, bFGF, EGF, GDNF, LIF, SCF Co-culture: MEF FGSCs [17]

Differential adhesive selection DMEM/F12, N21 supplement, bFGF, EGF, GDNF, LIF FGSCs [50]

Bovine Ovarian tissue culture MEM α, bFGF, FSH Ovarian stem cells [20]

Monkey Colony pickup DMEM/F12, 10% FBS, LIF Co-culture: MEF FGSCs [19]

Human FACS-based DDX4 MEM α, 10% FBS, N2 supplement, bFGF, EGF, GDNF, LIF Oogonial stem cells [15]

FACS- and MACS-based DDX4 MEM α, 10% FBS, N2 supplement, bFGF, EGF, GDNF, LIF Oogonial stem cells [16]

bFGF: basic fibroblast growth factor; EGF: epidermal growth factor; FBS: fetal bovine serum; FGSCs: female germline stem cells; GDNF: glial cell line-derived neurotrophic factor; LIF: leukemia 
inhibitory factor; MEF: mouse embryonic fibroblast; OSE: Ovarian surface epithelium; SCF: stem cell factor; STO: SIM embryonic fibroblasts.

Table 1. 
Summary of isolation and culture of FGSCs in mammalian.
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general pluripotent, germ cell, and oocyte markers. While Oct4 is always strongly 
expressed in cultured OSCs, others, such as SOX2 and Nanog, are still in conflict. VASA, 
PRDM1, FRAGILIS, and DAZL are considered germline-associated genes. Oocyte-
specific markers, including ZP1–3, GDF9, NOBOX, and SCP3, are rarely detected or 
weakly expressed [15, 44]. A summary of these methods is shown in Table 1.

6. FGSCs share characteristics with epiblast-derived PGCs

We have successfully established FGSCs from porcine ovaries and demonstrated 
that these FGSCs derived from PGCs have been retained and become inactivated. 
These PGCs were thought to exist only during the fetal period, and all transformed 
into oocytes before the individual was born [17]. In addition, a study has also shown 
similar patterns of gene expression profiles between FGSCs and PGCs [51].

In the current model, PGCs are derived from a small number of epiblast cells and are 
identified before differentiation into different germ layers begins. PGCs then undergo 
a complex migration process, passing through the abdominal cavity, along the develop-
ing hindgut, and finally into the dorsal mesentery, where gonads develop. Despite the 
apparent importance of these early developmental processes for future fertility, little 
is understood. It was suggested that PGCs temporarily reside in an “Allantoic Core 
Domain” (ACD), which they propose has similar functions to the Spemann organizer, 
consisting of a stem cell pool that extends the body axis in a posterior direction—con-
tributing not only to the germ cell lineage but also the three germ layers. This creates a 
solid interface between the future umbilical cord and the developing embryo [52]. The 
stem cells in the ACD express Oct4, Blimp1, Stella, and Fragilis—markers thought to be 
specific for PGCs but appear to contribute also to other tissues [53]. These observations 
and the fact that hematopoietic stem cells also migrate from the proximal epiblast to the 
embryonic aorta-gonad-mesonephros during the same development period. Implies 
that it is theoretically possible that there may be “intermixing” or that there is a com-
mon precursor pool for PGCs and a subpopulation of bone marrow stem cells. Cell lin-
eage tree analysis based on somatic mutations accumulated in microsatellites has shown 
that oocytes form a completely distinct cluster from other cell populations, suggesting 
no mixing of germline progenitor pools with other cell types but the bone marrow stem 
cells [54]. It is conceivable that very rare subpopulations of these cells would be missed 
in this type of analysis. Their result also shows that aging and unilateral ovariectomy 
increase the number of mitotic divisions of oocytes. This may be explained by the 
recruitment of oocytes in the order in which they first differentiate during develop-
ment. However, it is also consistent with the idea that oocytes are continuously pro-
duced from circulating stem cells. Many researchers have suggested that if GSCs exist, 
they are most likely derived from normal developmental precursors of oocytes, that 
is, PGCs or oogonia (which have not yet differentiated into oocytes and can undergo 
mitosis) [55, 56]. The close relationship of PGCs to pluripotent cells is evidenced by the 
fact that they can be returned to a pluripotent phenotype called embryonic germ cells in 
vitro without genetic manipulation after isolation from the embryo [57, 58].

In 2014, we investigated the developmental origin of porcine PSCs. In normal 
development, c-kit, SSEA1, and SSEA4 are expressed by the majority of pre-gonadal 
PGCs and are progressively downregulated when PGCs enter meiosis in the embryonic 
ovary [59]. In contrast, Vasa protein is detectable only when PGCs enter the gonadal 
ridges and remains elevated in human fetal and postnatal oocytes [60]. VASA (DDX4)-
negative VSEL stem cells (2–4 μm) isolated from the human OSE express genes typical 
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of ESCs, such as NANOG and SOX2, thereby indicating their undifferentiated status. 
After culture for 3 weeks under differentiation conditions, VASA-negative cells are 
transformed into OLCs expressing VASA and ZP2, a marker for oocytes. In the present 
study, small Vasa-positive porcine PSCs (5–7 μm in diameter) began to reduce their 
expression of Nanog, Sox2, and Rex1 after 1 week in culture, indicating their transfor-
mation to a differentiating status. Previous investigations showed that Vasa-positive 
VSEL stem cells isolated from adult organs express several characteristic markers of 
early PGCs, including fetal-type alkaline phosphatase, Oct4, SSEA-1, CXCR4, Stella, 
Fragilis, Nobox, and Hdac6. Since the porcine PSCs described herein similarly express 
a number of typical, early PGC markers, these findings might indicate a close associa-
tion of PSCs with Vasa-positive VSELs and epiblast-derived PGCs [17].

7. Self-renewal capacity of FGSC

The studies have focused on the development of FGSCs into oocytes both in 
vivo and in vitro. Transplantation of the GFP-FGSCs back into ovaries leads to the 
generation of fertilization-competent eggs that produce embryos and offspring 
[4]. Furthermore, GFP_FGSCs have generated GFP-positive OLCs enclosed in host 
somatic cells, as characterized by morphology and expression of oocyte-specific 
markers after injection into adult human ovarian cortical tissue and transplantation 
into an immune-deficient mouse [61].

Maintaining and extending FGSCs in vitro is a crucial step to obtaining fully active 
germ cells. The effects of various supplements on FGSCs proliferation have been evalu-
ated to optimize conditions for in vitro culture of FGSCs. Ovarian tissue plays an essential 
role in maintaining the properties of FGSCs in vitro culture [62]. Follicle-stimulating 
hormone (FSH) and basic fibroblast growth factor (bFGF) were considered to induce 
the proliferation of FGSCs and retain their potential for spontaneous differentiation into 
oocyte-like structures in extended cultures [39]. Preliminary studies by our group have 
successfully established porcine FGSCs and maintained them for more than 6 months 
without loss of proliferative potential. Expression of identified germline markers was also 
maintained. The estimated cell doubling time was 48–72 hours. Subsequently, long-term 
culture increased the number of differentiated cells among FGSCs, but many FGSCs that 
were positive for both BrdU and Oct4 or Vasa retained high proliferative potential [17].

GSK3 inhibitors are involved in this process by promoting the proliferation of 
FGSCs by activating both β-CATENIN and E-CADHERIN [63]. FGSCs that exhibit 
pluripotency are highly capable of self-renewal, which involves a number of genes 
and signaling pathways. CADHERIN-22 (CDH22), a member of the cadherin super-
family, functions in FGSC maintenance and self-renewal through its interaction 
with JAK–STAT and β-CATENIN. The knockdown of CDH22 strongly affected FGSC 
proliferation by its inhibition and triggering apoptosis, decreased phosphorylation 
levels of p-JAK2 and p-STAT3, and led to the downregulation of β-catenin [64, 65]. 
CDH22 also interacts with PI3K to phosphorylate AKT3 and increase the expression 
of N-myc and cyclin family of FGSCs to promote self-renewal [65].

A study in 2012 evaluated the effects of leukemia inhibitory factor (LIF) and other 
growth factors, epidermal growth factor (EGF), beg, and glia-derived neurotrophic 
factor (GDNF), on the proliferation and colony formation of FGSCs. Results showed 
that these growth factors promote FGSCs proliferation through activation and upregu-
lation of β-CATENIN and E-CADHERIN, and LIF has a significant positive effect 
on cell colony number [63]. Activation of the GDNF signaling pathway is mediated 
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by GFRα1 (GDNF receptor), which is related to circGFRα1 by leading to the expres-
sion of GFRα1 [66]. In addition, YAP1, an effector of the Hippo signaling pathway, 
regulates FGSCs proliferation and differentiation in vitro and ovarian function [67]. 
The Hedgehog (Hh) signaling pathway plays a vital role in the fertility of FGSCs. 
Blocking the Hh pathway by GANT61 depletes ovarian germ cells and FGSCs [68].

Furthermore, gene expression analysis inferred increased expression of prolifera-
tion-related genes c-Myc and Cyclin A in the OSE and cortical cells, while expression 
of the differentiation marker Zp3 was significantly decreased. Rapamycin inhibits 
the activation of primordial follicles, promotes FGSCs proliferation, and inhibits 
their differentiation, thus providing a new prospect for delaying ovarian senescence. 
Furthermore, the novel administration of Daidzein to FGSCs promoted the survival 
and proliferation of FGSCs by activating the Akt signaling pathway through Type C 
lectin domain family 11 member a, which functions as a growth factor [66].

8. Differentiation of FGSCs

Stem cell differentiation is critically dependent on the ability to differentiate stem 
cells into a specific cell type with a highly efficient and scalable system. Recent evidence 
has demonstrated that the differentiation signals are strongly modified by adhesive and 
mechanical factors. Furthermore, an environment that mimics the microenvironment 
in tissues is desired to stimulate stem cell potential and differentiation. Mimicking the 
cellular microenvironment in vitro is increasingly influential in guiding stem cell pro-
liferation and differentiation [69]. Studies claim that cells from both menopausal and 
non-menopausal women may produce in vitro oocyte-like cells (OLCs-large spherical 
cells). This suggests that neo-oogenesis may take place during ovarian senescence. Tilly 
and colleagues discovered that OSCs developed in vitro to produce OLCs with gradual 
expansion up to 30–50 μm in diameter. These cells have expressed terminal markers 
such as zona pellucida (ZP) glycoproteins, GDF–9, NOBOX, YBX2, and SYCP3. In addi-
tion, they have examined that OLCs have the haploid karyotype [15]. OLCs generated 
by regulatory factors or spontaneous development lose expression of developmental 
pluripotency-associated genes, resulting in strong expression of oocyte makers and 
maintenance of germline markers. However, although many groups have been studied 
for the establishment of FGSCs, the differentiation potential of FGSCs in mammalian 
ovaries remains a controversial issue among germline biologists and stem cell research-
ers. To date, no mammals other than mice and rats have successfully produced offspring 
from FGSCs [14, 48]. Whether FGSCs can undergo growth, maturation, and fertiliza-
tion to become functional oocytes is one of the crucial questions for us.

While most researchers have focused on the role of media (cytokines and growth 
factors) in regulating FGSCs differentiation into OLCs, the ideal culture system condi-
tion has yet to be established. We have investigated the effect of culture medium on 
FGSCs and further studied the effect of different culture systems (gelatin-coated dish, 
MEF feeder layer, co-culture with granulosa cells, and co-culture with MEF cells) on 
isolated FGSCs differentiation into OLCs. Co-culture of stem cells with a somatic cell 
population has been investigated as an alternative growth factor to induce stem cell 
differentiation [70]. This system provides growth factors and overcomes the requirement 
for exogenous growth factors to promote stem cell differentiation [71]. Somatic cells have 
been demonstrated to support oocyte development through cell-to-cell communication. 
This plays a vital role in oocyte growth and functioning via the transport of metabolites 
[72, 73]. Granulosa cells are one of the most important cell types which support oocyte 
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development in the follicle. It was also proved that granulosa cells enhance oocyte 
development competence for in vitro culture [50, 74]. Another important cell type, MEF 
feeder cells, can produce and secrete growth factors and cytokines to provide an environ-
ment for stem cell migration, differentiation, and proliferation [75]. Hence, co-culture 
systems between FGSCs and somatic cells should be studied to improve the quality of 
OLCs.

2D culture system (monolayer) has been used as a conventional method for stem 
cell culture and differentiation. Recently, a new advanced 3D low attachment system 
has been developed. In this system, the primary cells exhibit a higher level of a specific 
function for a more extended period in vitro in 3D culture compared to monolayer 
culture. Furthermore, the 3D low attachment culture enhances the differentiation and 
stabilizes the functions of stem cells. [76]. During oocyte culture and development, it 
has been proved that improvement in ovarian culture systems increased the survival 
and growth of preantral follicles after the long-term culture period [77]. The majority 
of work on in vitro oocyte culture was undertaken using a conventional 2D culture 
system [72]. In recent years, further technical advancement has emerged form of 3D 
culture, which improved oocyte quality and development competence [78].

Our group also has successfully isolated FGSCs from adult pig ovaries and differenti-
ated them into OLCs [50]. FGSCs were passed to the differentiation medium. Firstly, 
the old culture medium was gently removed from the tissue culture plate. Cells were 
then washed three times with PBS solution. After removing the PBS solution, 0.25% 
Trypsin-EDTA was added to the dish for 3–5 minutes. The dish was shaken slightly to 
separate FGSCs from the bottom of the surface. 10% FBS was added to stop trypsin 

Figure 3. 
The female germline stem cells (FGSCs) were isolated from porcine ovarian tissue and cultured in vitro, in 
DMEM/F-12, and N21 free-serum supplemented. These cells possessed spherical morphology and expressed 
specific germline characteristics (Vasa, Stella, Oct4, c-kit). For in vitro differentiation induction, using FGSCs 
1-week after isolation, where ovarian somatic cells remained in the culture, or using 1-month cultured cells with 
less or no ovarian somatic cells. Co-culturing the isolated FGSCs with MEF cells under three-dimensional (3D) 
cell cultures supplemented with follicle fluid. After 1-month in differentiation culture, OLCs could reach about 
70 μm in diameter, with a large number of surrounding somatic cells. OLCs expressed germ cell-specific markers 
(Vasa, Blimp1, Fragilis, C-kit) and oocyte-specific markers (ZP, ZPC, SCP3, GDF9b), contained large nuclei, 
about 25-30μm, with filamentous chromatin, similar to the oocyte.
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action. The cell suspension was then divided into new tubes and centrifuged at 1000 rpm 
for 5 minutes twice using DMEM solution (Sigma). The supernatant was taken out, and 
the pellet was resuspended with a differentiation medium. This study evaluated four 
differentiation conditions to differentiate FGSCs into OLCs in vitro (Figure 3).

9. Application of FGSCs

Preservation of fertility is one of the most important qualities of life issues fertility 
preservation (FP) for young women with threatening premature ovarian insufficiency, 
especially for young cancer survivors who have not completed their family upon a 
cancer diagnosis. Among the currently available options for FP, especially in young 
patients, is cryopreservation of ovarian cortical tissue containing primordial follicles 
followed by autotransplantation [79]. Although ovarian tissue cryopreservation (OTC) 
currently represents an experimental approach, it offers not only FP but a restoration 
of endocrine function for women with cancer prior to undergoing gonadotoxic treat-
ments. Re-implantation of OTC is currently the only option to use stored tissue, but in 
many cases, this procedure carries the potential risk of reintroducing the malignancy. 
However, in cancer patients, especially women with leukemia, re-transplantation is not 
an option due to the presence of malignant cells in the ovaries [80, 81].

FGSCs have the great clinical potential to be one of the options for the treatment 
in regenerative medicine for restoring declined female reproductive function caused 
by ovarian aging and perimenopausal-related diseases and preservation of fertility for 
patients with post-gonadotoxic therapy for ovarian cancer. In the former case, activa-
tion of FGSCs may restore ovarian function through their self-renewal and ability 
for committed differentiation into oocytes. The ovary is one of the most important 
female organs and reflects physiological signs of aging. Delay of ovarian age may 
avoid the negative consequences of menopause on one’s health and its climacteric 
symptoms. It can also be applied to the fertility of women with POF to prolong their 
lives. Regarding the latter, FGSCs can be isolated and preserved for future use by 
cryopreservation after the biopsy of the ovarian cortex from the patient. Then, it 
might be able to use for in vitro fertilization by starting in vitro maturation to mature 
oocytes or injected back into the patient’s ovaries to undergo neo-folliculogenesis. 
These will offer several advantages. First, the collection of ovarian cortex samples 
does not create the need to delay life-saving treatment, contrary to ovarian superovu-
lation regimens. Additionally, more new follicles and oocytes may be obtained from 
FGSCs than from cryopreserved tissue or ovarian stimulation. However, the actual 
clinical application has not yet been achieved, due to technical and regulatory issues. 
Thus, research on FGSCs for therapeutic application has become an important topic.

Nowadays, OTCs and re-transplantation is a viable methods to preserve fertility 
in cancer patients. Therefore, most research focuses on technical aspects of OTCs, 
including follicle survival from freezing/thawing and fragment size, and duration of 
ovarian function after re-transplantation [82–84]. Study on in vitro culture for human 
OTCs is limited by the extreme difficulty of this technique and the unavailability of 
human tissue. Despite the undeniable advancements strengthening the protocols cur-
rently used for OTCs in domestic animals and endangered species has been achieved, 
this technique is still considered to be experimental for livestock such as swine [85], 
caprine [86], ovine [87], bovine [88], equine [89]. Using OTCs to establish FGSCs 
and differentiate into functional oocytes will answer the question about the possibil-
ity of creating gametes cells from adult mammalian ovaries. Gamete cells are ready for 
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insemination with sperm to form embryos. This study will contribute significantly to 
the study of biological processes in human eggs in infertility treatment.

Moreover, FGSCs have great applicability in the basic science of stem cell models 
to study oocyte development and maturation, especially for treating human disease. 
Besides, FGSC is also very important in the production of transgenic animals. Transgenic 
animals are the animals with modified genome. A foreign gene is inserted into the 
genome of the animal to alter its DNA. This method is done to improve the genetic traits 
of the target animal. Until now, people have created many products of this type, and 
many products are suitable for use as food or medicine. Zhang and colleagues established 
FGSCs in mice and transplanted various genes [14]. FGSCs were transferred into the 
ovaries of infertile female mice. The result was to create transgenic mice after coor-
dination with normal male mice. Scientists have suggested that the ability to produce 
transgenic animals in this method would be a great tool for biological reproduction in the 
future. Producing transgenic livestock can significantly improve human health, enhance 
nutrition, protect the environment, increase animal welfare, and decrease livestock 
disease. Especially, the creation of transgenic animals with biotechnology-based phar-
maceuticals to produce precious protein for human or animal organ replacements, such 
as miniature pigs, due to the size of their organs being similar to humans.

In order to control these factors, a suitable culture system must be designed and opti-
mized. From the basic research on the ability to generate eggs from FGSCs, applying this 
method to produce transgenic animals would be carried out efficiently. A study showed 
that FGSCs were established in mice and transplanted different genes into them. Then 
these FGSCs were transferred into the mouse ovaries of infertile females. The result was 
to create transgenic mice after coordination with normal male mice [14]. Recently, scien-
tists have proven that FGSCs were a useful tool for the genetic manipulation of animals 
by creating transgenic rats [48]. Moreover, a study reported the success to restore ovarian 
function that suffers from cancer chemotherapy treatment and eventually produces 
offspring for the first time by transplanting the FGSCs [90]. Therefore, FGSCs played an 
essential role in the treatment of diseases caused by infertility females or in extending the 
period of menopause, as well as the application of stem cell therapy. In addition, FGSCs 
may play a significant role in treating diseases caused by infertile females or in extending 
the period of menopause, as well as the application of stem cell therapy.

10. Summary

FGSCs have a vital role in the treatment of diseases caused by infertility of females 
or in extending the period of menopause, as well as the application of stem cell 
therapy. Research on FGSCs opened up a new direction in reproductive biotechnol-
ogy to treat infertility and produce biological drugs supported in pre-menopausal 
syndrome in women.

Our results support the theory that the ovary contains a small number of undif-
ferentiated cells with stem cell characteristics. They may remain in the postnatal and 
adult ovary, but they are generally unable to proliferate due to inhibitory factors in 
the ovary. Under appropriate conditions, however, they can proliferate, differentiate 
into OLCs, and self-renewal of FGSCs. The presence of such FGSCs in mammalian 
ovaries and the depletion of ovarian reserve as the female reproductive system ages 
leads to the hypothesis that such “neo-oogenesis” was present in ancestors and is still 
present in insects, some fish, and mollusks. Nevertheless, it has been lost in terrestrial 
vertebrates during evolution. FGSCs are usually unable to proliferate in the ovary 
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due to the presence of inhibitory factors unless placed under appropriate conditions. 
Although we have successfully established pFGSCs and differentiated them into 
OLCs, it is still inconclusive whether FGSCs become functional oocytes through their 
growth, maturation, fertilization, and embryonic development in large animals.

In summary, FGSCs appear to exist in ovaries and have been independently iso-
lated by different research groups and from various species (e.g., humans, pigs, mice, 
rats, etc.). Furthermore, these cells can be manipulated in vitro and transplanted to 
produce offspring. However, only mice and rats have successfully produced offspring 
from FGSCs. Although the biological significance of these cells remains controver-
sial, their identification and isolation are expected to provide a valuable model for 
understanding germ cell development and represent a significant step forward in the 
future for reproductive biotechnology and infertility treatment. Thus, research on the 
isolation and culture of FGSCs from ovarian tissue before or after cryopreservation 
may be helpful in the treatment of fertility in women.
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