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REVIEW

Novel approaches to fertility restoration in women with premature ovarian
insufficiency

R. Rosario and R. A. Anderson

MRC Centre for Reproductive Health, Queen’s Medical Research Institute, University of Edinburgh, Edinburgh, UK

ABSTRACT
The diagnosis of premature ovarian insufficiency (POI) brings with it the loss of fertility, an immediate
concern for many affected women, and a future one for many others. While there is a low natural con-
ception rate, for most the choice is between oocyte donation and alternative methods of family build-
ing such as adoption. There is, however, a lot of research into novel methods for increasing or
restoring the fertility of women with POI, which are discussed in this review. Many approaches involve
the use of mesenchymal stem cells, from a variety of sources including bone marrow, placenta and
umbilical cord, and menstrual blood. These seem to have efficacy in animal models of POI, although
through unclear mechanisms. Activation of remaining primordial follicles is also being explored,
through physical or chemical manipulation of key regulatory pathways, notably the phosphoinositide
3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) and Hippo pathways. Much of the clinical
data are uncontrolled, and mostly in women with a reduced ovarian reserve rather than POI, as are
the results thus far for administration of platelet-rich plasma. Clinical studies with appropriate controls
are needed to substantiate the preliminary claims of effectiveness of these approaches.
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Introduction

Loss of fertility can be the main presenting issue for women
with premature ovarian insufficiency (POI), or in younger
women will be one of their main concerns for the future.
Other than oocyte donation, there are no established treat-
ments to increase the chance of conception, although many
approaches have been investigated1–3. Some women, espe-
cially those in the early stages of the condition, will continue
to ovulate erratically and thus there is the possibility of nat-
ural conception: estimates for the chance of this vary widely
in the literature but the more controlled studies indicate that
only about 5% of women with POI will conceive naturally2,4.
Reflecting the nature of the condition with a critical loss of
follicles at all stages, most of these conceptions will occur
within a year of diagnosis, but pregnancies have been
reported many years later5. This indicates the remaining
presence of some primordial follicles, at least in some
patients, which may be supported to develop right through
to ovulation, and this has been confirmed histologically6. In
this review, we discuss emerging approaches that may pro-
vide new opportunities for women with POI in the future,
mostly based on the concept of activation of residual primor-
dial follicles (summarized in Figure 1). The alternative possi-
bility, that follicles can be formed in postnatal and adult life
following neo-oogenesis, has been proposed7 but this con-
cept, and the existence of germline stem cells within the

ovary, remains very controversial: a recent review8 summa-
rizes current data and this is not covered further here.

Mesenchymal stem cell-based therapeutics

Several avenues that are being explored as alternative treat-
ment options for women with POI are in the field of stem
cell-based therapeutics. Stem cells are unique as they have
the ability to self-renew and differentiate into specific tissues
according to their surrounding environment and signals, and
many studies are investigating their applicability in the treat-
ment of reproductive diseases. This is often combined with
administration of platelet-rich plasma, as a potential rich
source of growth factors, although its undefined composition
can make interpretation difficult. Embryonic stem cells are
the most pluripotent of all stem cells and possess the ability
to differentiate into any type of human cell needed for thera-
peutic purposes; however, the requirement for their isolation
from the inner cell mass of the blastocyst is limiting for both
research and, potentially, treatment. This is circumnavigated
in scientific research with the use of induced pluripotent
stem cells and mesenchymal stem cells (MSCs). Induced
pluripotent stem cells are artificial stem cells derived from
adult cells that have been reprogrammed back into an
embryonic-like pluripotent state; therefore, these cells are
the most comparable to embryonic stem cells with regards
to their self-renewal and differentiation potential. However,
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their genomic stability is still questionable9. MSCs are adult
stem cells and can be derived from numerous adult tissues
including the bone marrow, adipose tissue, peripheral blood
mononuclear cells, amniotic fluid, placenta, and, most
recently, menstrual blood, which has been used in multiple
studies because of its relative convenience as well as poten-
tial for autologous use. Although multipotent rather than
pluripotent, MSCs are advantageous as they are obtained by
minimally invasive procedures, do not raise major ethical
concerns, have low immunogenicity and limited immunomo-
dulatory function, display homing to sites of damaged tissue
for repair, and can be expanded in vitro using standard cell
culture protocols with exceptional genomic stability; MSCs
thus have great potential in regenerative medicine10.

Numerous studies have verified the restorative potential
of MSC transplantation/infusion in animal models of POI. In
these investigations, human MSCs have been derived from
various adult tissues and tested in rodent models of POI that
are chemically induced with administration of busulfan and
cyclophosphamide, thus mimicking the effects of chemother-
apy treatment in women. Naturally aged and knockout mod-
els are also used, the latter being particularly useful for
studying known or proposed genetic causes of POI. In these
models, the therapeutic effect of MSCs is assessed via a
range of aspects of ovarian function including follicle devel-
opment, granulosa cell apoptosis, neoangiogenesis, serum
hormone levels, and, most importantly of course, pregnancy
rates. Indeed, folliculogenesis and recovery of serum hor-
mone levels (follicle stimulating hormone, anti-M€ullerian hor-
mone, and estradiol) have been achieved in chemically
induced models of POI following treatment with MSCs
extracted from bone marrow11, peripheral blood mono-
nuclear cells12, adipose tissue13, umbilical cord14,15, and
amniotic fluid16. MSCs have been found to secrete growth
factors including vascular endothelial growth factor, insulin-
like growth factor-1, and hepatocyte growth factor into cul-
ture medium17, which could enhance folliculogenesis
through improvements in the microenvironment18. Similarly,
through upregulation of the anti-apoptotic gene B-cell
lymphoma-2 (Bcl-2)18, these cytokines may inhibit granulosa
cell and stromal cell apoptosis. This has also been found fol-
lowing administration of human placental19 and menstrual
blood20 MSCs, via modulation of the stress inositol-requiring

enzyme-1a (IRE1a) and extracellular matrix-dependent
FAK–AKT signaling pathways, respectively. In a recent article,
exosomes (extracellular vesicles that carry cargo composed
of proteins, DNA, and RNA species such as microRNAs) iso-
lated from MSCs improved the proliferation and suppressed
the apoptosis of cyclophosphamide-damaged human granu-
losa cells that had been transplanted into mouse ovaries21.
This was shown to be mediated by miR-17-5p, which was
overexpressed in MSC-derived exosomes and is a critical
regulator of the G1/S phase cell cycle transition. While
experiments have determined roles of the MSC secretome
(which includes secreted growth factors and exosomes as
already described), conditioned media from in vitro cultured
MSCs is less efficient at restoring ovarian function in animal
models of POI16,22, highlighting the importance of the stem
cells themselves. However, the underlying mechanisms by
which MSC transplantation promotes ovarian function are
unclear and need further investigation.

Despite the overwhelmingly positive evidence gained
from exploring the restorative potential of human-derived
MSCs in animal POI models, there has been little published
in the way of human studies and robust clinical trials. In fact,
the majority of work in this area has been largely
preliminary, observational, and uncontrolled; thus, with the
well-established possibility of unexpected ovulation and
pregnancy, many such studies require extreme caution in
interpretation. In one such study, investigators assessed the
therapeutic potential of autologous MSC transplantation by
laparoscopically injecting stem cells derived from bone mar-
row into the ovaries of 10 women with POI23. Study partici-
pants were followed up monthly for 1 year, within which two
women resumed menstruation 3months after MSC trans-
plantation, and one became pregnant and delivered a
healthy baby at term. The use of collagen has been explored
to increase the long-term retention of MSCs delivered to
compromised ovaries, as collagen scaffolds support cell
attachment, proliferation, and differentiation of stem cells,
and have been shown to improve folliculogenesis and fertil-
ity in POI rodent models following transplantation of adipose
tissue-derived MSCs24. Women with POI were randomized
into two treatment groups: one group received transplant-
ation of umbilical cord-derived MSCs directly into the ovary
via intraovarian injection (n¼ 6, two patients in this group

Figure 1. Summary of emerging approaches that may provide new opportunities for women with premature ovarian insufficiency in the future.

2 R. ROSARIO AND R. A. ANDERSON



dropped out), whilst the second group received the same
stem cell transplant combined with transplantation of colla-
gen scaffolds (n¼ 8)25; there was thus no control group. The
stem cells were injected directly into the ovary under trans-
vaginal ultrasonographic guidance, as this has been shown
to minimize cellular diffusion to other organs26. Three
months after the transplantation, one of the six patients in
the MSC group and five of the eight patients in the MSC/col-
lagen group showed signs of follicle-like structures by ultra-
sound and one woman from each group conceived naturally
within 1 year of treatment. Whilst the addition of collagen
did not appear to have any benefits in this small study, com-
plementary studies carried out by this group in mice demon-
strate that collagen/umbilical cord-derived MSCs facilitated
primordial follicle activation via phosphorylation of Forkhead
box O protein-3A (FOXO3A) and FOXO1 transcription factors,
thus alluding to a mechanism of action of umbilical cord
MSCs and a premise for use of collagen in the future. The
restorative potential of bone marrow-derived MSCs in
women with POI was also studied in a robustly controlled
study by Herraiz et al. As a proof-of-concept study, human
ovarian tissue from women identified as poor responders in
previous in vitro fertilization (IVF) cycles (i.e. not women with
POI) was xenografted into immune-deficient mice27.
Although not clear on the route of delivery, these mice sub-
sequently received infusions of human bone marrow-derived
MSCs and their CD133þ fraction, the most immature of the
hematopoietic progenitor cells that can promote cell prolifer-
ation and neoangiogenesis28. Engraftment of these cells
close to follicles promoted follicular growth to the secondary
stage and increased estrogen secretion. The infusion also
increased ovarian stroma proliferation and blood vessel for-
mation, while decreasing apoptosis, raising the possibility
that promoting ovarian angiogenesis by bone marrow-
derived MSC infusion could be an alternative approach to
improve follicular development in women with impaired
ovarian function27. On the basis of these findings, Herraiz
et al. conducted a prospective pilot study (registered clinical
trial NCT0220342) where MSCs derived from the patient’s own
bone marrow were delivered directly into the ovarian artery in
one ovary via an intra-arterial catheter, whilst the contralateral
ovary served as a control29. Improved ovarian function was
observed in 81.3% of patients as measured by antral follicle
counts and/or serum anti-M€ullerian hormone, and this benefit
was observed within 4weeks of treatment. During controlled
ovarian stimulation, autologous transfer of MSCs increased the
number of antral follicles and of oocytes collected, but the
embryo euploidy rate was low (16.1%). However, using this
approach, in the 17 study participants who were diagnosed as
poor responders according to European Society of Human
Reproduction and Embryology (ESHRE) criteria, five pregnan-
cies were achieved, three of which were natural conceptions,
and three healthy babies were born after MSC administration.
While promising, it is important to note that the women in
these studies did not have established POI so extrapolation to
this condition cannot be made.

Although initial findings from these studies appear prom-
ising, there remain ethical concerns and technical issues

surrounding MSC use in humans. Despite the therapeutic
effects of MSCs having been shown by various studies in ani-
mal models, it is also difficult to extrapolate these findings
to human patients. In particular, differences in the immune
system can affect the immunogenicity of transplanted cells,
which may elicit autoimmune responses not evident in ani-
mals. Similarly, POI is induced in animals via various chemi-
cals that may not accurately recapitulate the human
condition in many women with POI, and chemically induced
damage (which generally does not result in complete loss of
follicles) may spontaneously resolve depending on the tim-
ing of cessation of chemical exposure in relation to the
experimental time scales. Other areas of concern include the
invasiveness of direct transplantation of MSCs into the
patient, the route and methodology used for MSC adminis-
tration, and what constitutes a therapeutic dose of MSCs.
Such issues should be evaluated in further in vivo studies
and clinical trials, and care should be taken to ensure such
studies are robustly controlled, so that valid conclusions can
be made from their findings.

Platelet-rich plasma

Platelet-rich plasma is a preparation of autologous human
plasma with an increased platelet concentration produced by
centrifuging a large volume of a patient’s own blood. This
process also concentrates the multitude of growth factors
and cytokines produced by platelets, and can thus poten-
tially augment the healing process at a site of injury; this has
been utilized in a range of medical conditions including mus-
culoskeletal injury30 and cosmetic dermatology31. Co-trans-
plantation of adipose-derived MSCs and platelet-rich plasma
into a chemotherapy-induced POI rodent model improved
follicle counts by 63% compared to the control group; how-
ever, no difference was observed after platelet-rich plasma
alone13. Furthermore, use of platelet-rich plasma improved
the growth and survival rates of preantral follicles isolated
from fresh and vitrified ovarian tissue cultured in a three-
dimensional culture system32. The first report describing its
clinical application treated women identified as poor res-
ponders during IVF with an intraovarian platelet-rich plasma
injection33. Restoration of the menstrual cycle was noted
1–3months post treatment, and natural IVF cycles yielded
one to five oocytes per retrieval. This work was followed by
a much larger pilot study34 where groups of 30 women with
either poor ovarian response, POI, perimenopause, or meno-
pause were given intraovarian platelet-rich plasma to assess
its effectiveness at improving ovarian function. Eighteen out
of the 30 women with POI showed some restoration of men-
strual cycles, along with a significant improvement in serum
levels of anti-M€ullerian hormone and follicle stimulating hor-
mone, and improved antral follicle counts. Thus far, however,
only one live birth has been reported following ovarian
administration of platelet-rich plasma, in a 37-year-old
woman with a very short duration of POI35. There is a clear
need for controlled clinical studies in order to determine
whether it does indeed have any efficacy and, if so, in which
patient groups.
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Primordial follicle activation

The menopause and POI do not mean the complete absence
of primordial follicles in the ovary, and indeed it is believed
that, on average, approximately 1000 such follicles remain in
the ovary at the natural menopause36,37. Activation of these
apparently dormant follicles is therefore a promising avenue
with therapeutic potential. Multiple activators and suppres-
sors have been reported to be related to primordial follicle
development (reviewed in reference 38) yet, despite this
knowledge, the molecular mechanisms underlying mainten-
ance and activation of dormant follicles is far from com-
pletely understood. Recent focus, however, has been on the
phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of
rapamycin (mTOR) and Hippo signaling pathways, which
have the potential to be manipulated in vitro and thus
enable primordial follicle activation. Primordial follicle activa-
tion protocols using these approaches have been used in
human patients, with a small number of live
births reported39.

In the mammalian ovary, the PI3K/AKT/mTOR pathway
plays an essential role in the regulation of dormancy of the
primordial follicle pool, and of initial follicle activation.
Phosphatase and tensin homolog (PTEN) is a negative regula-
tor of this signaling pathway; oocyte-specific depletion of
PTEN in mice causes global primordial follicle activation, with
all primordial follicles being depleted by early adulthood,
resulting in POI40. This is similar to the phenotype of
FOXO3a-null female mice41, although both the PTEN and
FOXO3a-knockout mice are initially fertile. FOXO subclasses
are transcription factors that have important roles in cell
cycle arrest, apoptosis, and stress response in vitro, and shut-
tling of FOXO3a from the oocyte nucleus during primordial
follicle assembly to the cytoplasm upon follicle activation
may be important to its suppressive role42. This shuttling is
caused by phosphorylation of FOXO3a by AKT, a prominent
kinase within the ovary found in both oocytes and granulosa
cells of human follicles43,44. The PI3K/AKT/mTOR signaling
pathway is also implicated in the pathogenesis of many

cancers, and thus numerous inhibitors and activators
directed against individual or multiple components of this
pathway have been developed (Figure 2), although activation
of this signaling pathway can induce malignancy45.
Rapamycin is an mTOR inhibitor that can inhibit the exces-
sive activation of primordial follicles in PTEN-knockout ova-
ries and maintain the ovarian reserve46; conversely, the PTEN
inhibitor bpV(HOpic) increases follicle activation and has
been used to generate mature oocytes from neonatal mouse
ovaries47. In clinical studies, two live births from women with
POI following chemotherapy have been achieved using an
in vitro activation technique in which primordial follicle acti-
vation was triggered via AKT stimulation (using 740YP) and
PTEN inhibition (using bpV(HOpic)) in ovarian cortical frag-
ments prior to auto-transplantation6,48. This has been
achieved using both cryopreserved and fresh ovarian tis-
sue49; however, the use of PTEN inhibition in these in vitro
protocols has been shown to affect human follicular sur-
vival44,50 and, in a bovine model, interfere with DNA repair51,
thus warranting further investigation before such a tech-
nique is used routinely in a clinical setting.

An important aspect of the in vitro activation technique
described is the fragmentation of ovarian cortical tissue. This
alters the intercellular tension and disrupts actin polymeriza-
tion, which has downstream consequences for specific
growth factors and apoptosis inhibitors, and ultimately inter-
feres with the Hippo signaling pathway, causing increased
primordial follicle activation (Figure 3)52. The Hippo signaling
pathway is a highly conserved pathway that controls organ
size by strictly regulating cell growth, differentiation, and
apoptosis; therefore, dysregulation of Hippo signaling can
lead to cellular overgrowth, dysfunction, and tumorigen-
esis53. In Drosophila, Hippo promotes the proliferation and
maintenance of somatic stem cells, enables germline differ-
entiation, and supports subsequent follicular maturation and
oogenesis54,55. In humans, the role of Hippo signaling is less
clear; however, this pathway has been implicated in follicular
activation and maturation, with downstream Hippo signaling
genes (YAP, TAZ, MST1/2, SAV1, and LATS1/2) being

Figure 2. The phosphoinositide 3-kinase (P13K) signaling pathway, highlighting points that have been manipulated in current in vitro activation protocols.
FOXO3A, Forkhead box O protein-3A; mTOR, mammalian target of rapamycin; PIP2, phosphatidylinositol (4,5)-bisphosphate; PIP3, phosphatidylinositol (3,4,5)-
trisphosphate; PTEN, phosphatase and tensin homolog.
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expressed in follicles at different stages in mouse and human
ovaries6. Unlike many signaling pathways, the Hippo path-
way does not have dedicated extracellular ligands and recep-
tors, but is instead controlled mainly by a network of
components involved in regulating cell adhesion, shape, and

polarity56; this is how fragmentation of ovarian tissue dis-
rupts Hippo signaling and why it precedes P13K/AKT signal-
ing manipulation in in vitro activation protocols6,48.
Interestingly, a recent study in mouse has shown that
removal of the ovary from its physiological environment is as

Figure 3. The Hippo signaling pathway.

Table 1. Summary of clinical research aimed at improving the fertility of women with premature ovarian insufficiency (POI).

Study Intervention
Number of
patients Inclusion criteria Intervention description Control

Pregnancy
(method)

Live
birth

Edessy et al.23 Autologous
MSC transplant

10 Post menarche <40 yo
FSH �20 mIU/ml

Autologous transplant of
bone marrow-
derived MSCs

N/A 1 (unclear) 1

Ding et al.25 Autologous
MSC transplant

14 POI, 18–39 yo
Amenorrhea >1 year
FSH �40 mIU/ml

Group 1 (n¼ 6): autologous
transplant of umbilical
cord-derived MSCs

Group 2 (n¼ 8): autologous
transplant of umbilical
cord-derived
MSCsþ collagen

N/A 2 (natural,
one from
each group)

1

Herraiz et al.29 Autologous
MSC transplant

17 Poor responders according
to ESHRE guidelines

Autologous transplant of
bone marrow-
derived MSCs

Contralateral
ovary

3 (natural)
2 (IVF)

3

Sfakianoudis et al.34 Infusion of platelet-
rich plasma

30 POI, <40 yo
Amenorrhea >1 year
FSH �25 mIU/ml

Intraovarian infusion of
platelet-rich plasma

N/A 3 (natural) 0

Hsu et al.35 Infusion of platelet-
rich plasma

1 (case
report)

37 yo
Amenorrheic with FSH
43.5 mIU/ml and AMH
<0.02 ng/ml

Intraovarian infusion of
platelet-rich plasma

N/A 1 (ICSI) 1

Kawamura et al.6 In vitro activation 27 POI, <40 yo
Amenorrhea >1 year
FSH �40 mIU/ml

Ovarian
cryopreservationþ thaw,
fragmentation, in vitro
culture with bpV(HOpic)
and 740YP

N/A 2 (ICSI) 1

Suzuki et al.48 In vitro activation 10 POI, <40 yo
Amenorrhea >4 months
FSH �35 mIU/ml

Ovarian
cryopreservationþ thaw,
fragmentation, in vitro
culture with bpV(HOpic)
and 740YP

N/A 1 (ICSI) 1

Zhai et al.49 In vitro activation 14 POI, <40 yo
Amenorrhea >1 year
FSH �35 mIU/ml

Ovarian fragmentation,
in vitro culture with
bpV(HOpic) and 740YP

N/A 1 (IVF) 1

Lunding et al.59 In vitro activation
(without
pharmacological
intervention)

20 Indication for IVF/ICSI
25–39 yo
Serum AMH <0.7 ng/ml

Ovarian biopsy,
fragmentation, and auto-
transplantation to a
peritoneal pocket

Contralateral
ovary

3 (natural)
9 (IVF/ICSI)

10

Fabregues et al.60 In vitro activation
(without
pharmacological
intervention)

1 (case
report)

30 yo
Amenorrheic with FSH
89.9 mIU/ml and AMH
0.02 ng/ml

Ovarian biopsy,
fragmentation, and auto-
transplantation to a
peritoneal pocket

N/A 1 (IVF) 1

Note that some studies include women with poor ovarian reserve rather than POI. AMH, anti-M€ullerian hormone; ESHRE, European Society of Human
Reproduction and Embryology; FSH, follicle stimulating hormone; ICSI, intra-cytoplasmic sperm injection; IVF, in vitro fertilization; MSC, mesenchymal stem cell;
N/A, not applicable; yo, years old.
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effective as fragmentation for disruption of Hippo signal-
ing57. Furthermore, this work showed that both P13K/AKT/
mTOR and Hippo pathways were involved in follicular activa-
tion in postnatal day 3 mouse ovaries cultured for 48 h fol-
lowing exposure to 4-hydroperoxy cyclophosphamide (4HC)
chemotherapy; the use of the mTOR complex 1 (mTORC1)
inhibitor everolimus was able to prevent this activation via
both these pathways, suggesting cross-talk between them.
Indeed, Hippo activity has been found to be mediated via
AKT58, thus highlighting new potential targets for future
drug development to enhance in vitro activation protocols.
The value of ovarian fragmentation without pharmacological
treatment has been assessed in a carefully designed study of
20 women with decreased ovarian reserve (thus not POI),
involving laparoscopic biopsy, fragmentation, and replace-
ment of one ovary and using the other as a control59.
Detailed analysis, however, showed minimal hormonal
effects, and no increase in the number of recruitable follicles
on ovarian stimulation for IVF/intracytoplasmic sperm injec-
tion. A case report also describes how ovarian fragmentation
without the use of pharmacological intervention resulted in
a pregnancy60. Here, fresh ovarian tissue was removed from
one ovary, fragmented, and transplanted into the contralat-
eral ovary. Following surgery, ovarian stimulation resulted in
the growth of three pre-ovulatory follicles and the retrieval
of two mature eggs, which were fertilized with IVF and trans-
ferred to result in a singleton pregnancy.

Conclusion

In conclusion, there is substantial research activity in relation
to improving the fertility of women with POI (summarized in
Table 1). Much work surrounds the potential value of stem
cells, potentially in combination with other poorly defined
treatments such as injection of platelet-rich plasma, and in
investigating the applicability of in vitro activation protocols,
both physical and chemical. While the use of animal models
shows some evidence of efficacy, the clinical data on such
treatments are largely very preliminary and often from poorly
or uncontrolled observations. Given the potential for benefit
and the importance of this topic to the patients involved, it
is essential that robustly performed trials are performed
before claims of effectiveness are made, as emphasized by
the relevant societies1,3, and before these interventions are
used outside a research setting.
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