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Abstract
Polycystic ovary syndrome (PCOS) is a pathological condition prevalent among women of reproductive age: it is associated 
with varied etiological factors (lifestyle, genetic, environmental…) and characterized by an increased polycystic morphology 
of the ovaries leading to disturbances in the menstrual cycle and its correlated infertility. Interconnections between PCOS, 
obesity, and insulin resistance have been recently investigated thoroughly in the scientific community; these findings directed 
PCOS therapies into unraveling possibilities to target insulin resistance and central adiposity as efficient treatment. On the 
other hand, brown adipose tissue is known to possess a thermogenic activity that increases lipolysis and directly attenuates 
fat deposition. Therefore, brown adipose tissue activation lands itself as a potential target for reducing obesity and its induced 
insulin resistance, subsequently rescuing PCOS phenotypes. In addition, regenerative medicine has proven efficacy in resolv-
ing PCOS-associated infertility and its metabolic symptoms. In particular, many stem/progenitor cells have been verified 
to possess the differentiation capacity into functional brown adipocytes. Thus, throughout this review, we will discuss the 
different brown adipose tissue activation strategies and stem-cell-based therapies applied to PCOS models and the possible 
combination of both therapeutic approaches to synergistically act on the activation of brown adipose tissue and attenuate 
PCOS-correlated infertility and retract the consequences of the metabolic syndrome on the physiological state of patients.
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Introduction

Polycystic ovary syndrome (PCOS) is a metabolic disor-
der, affecting 4—20% of women of reproductive age [1], 
it is an endocrinopathy with complex etiological aspects 
and pathophysiology with rising worldwide concerns. This 
condition is characterized by hyperandrogenemia, increased 
preantral follicles, and menstrual dysregulation [2], mark-
ing it the most common cause of ovulatory infertility [3]. 
Among the varied causes of PCOS, Metabolic Syndrome; 
which includes central obesity, insulin resistance, abnormal 
triglycerides, and cholesterol levels [4]; is considered the 
main target of treatments for this disorder.

Since central obesity and metabolic manifestations are 
the main aspects of this disease, the assessment, and analysis 
of adipose tissue composition and metabolism in women 
with PCOS have increased especially in a subtype of adi-
pose tissue known as brown adipose tissue (BAT) which 
is typically metabolically inactive in patients with PCOS 
who lack thermogenic mechanisms [5]. Thus, the adipogenic 
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activity has changed the perspective on this syndrome and 
presented a new target in determining and monitoring lipi-
domic biomarkers [6] in order to understand its metabolic 
dysregulation in PCOS and associated pathologies. Many 
studies have tackled the induction of BAT activity to relieve 
PCOS symptoms and signs [7], making it a major promising 
target in therapeutic routines.

As for new-generation, improved therapeutic protocols, 
stem cell therapies have been used to alleviate the manifes-
tations of metabolic disorders [8]. A stem cell subpopula-
tion was recently isolated from BAT by Silva et al. [9]; this 
subset of stem cells presents a population highly influenced 
by the BAT niche with possibilities of potential for a highly 
successful differentiation into functional brown adipocytes 
for PCOS improvement.

Throughout this review, we will define the different meta-
bolic characteristics of PCOS and discuss multiple strategies 
employed in the improvement of BAT function especially by 
using stem cell-based therapies.

PCOS Etiology, Pathophysiology, 
and Phenotypic Variations

Polycystic ovary syndrome presents a wide range of etiologi-
cal and predisposition factors leading to heterogeneity in its 
symptoms, signs, classification criteria, and diagnosis [10].

It was noticed that various extrinsic and intrinsic factors 
lead to predisposition and onset of PCOS symptoms; these 
factors range from external environmental disturbances (pol-
lutants, dietary intakes…) [11] to genetic (e.g., CYP11a, 
CYP17, CYP21 steroidogenic genes) [12] and other heredi-
tary determinants.

This syndrome originates mainly from a dysregulation in 
the control of the hypothalamic-pituitary-ovarian axis and 
the adrenal glands' steroidogenesis [13]. In healthy women, 
the female hormonal levels regulating the menstrual cycle 
are under meticulous control of a constant feedback loop 
between gonadotropins (LH, FSH) and their receptive organs 
influencing the overall plasmatic levels of female hormones 
with their subsequent physiological effects [14]. The imbal-
ances in this control cycle threaten the homeostatic balance 
and present various PCOS-associated manifestations.

The neuroendocrine disturbances are manifested by modi-
fications in the pulsatile patterns of gonadotropin-releasing 
hormone GnRH secretion by the hypothalamus leading to 
an increase in LH plasmatic levels overtaking FSH secretion 
resulting in increased LH/FSH ratio (Fig. 1)—characteristic 
of PCOS patients [15]. PCOS patients usually exhibit ovar-
ian resistance to FSH which increases the impairment of the 
GnRH pulsatile pattern and culminates in the increase of 
androgen secretion [2].

Hyperandrogenism is considered the hallmark of PCOS: 
androgens’ increased production originates mainly from 

Fig. 1   Polycystic ovary syn-
drome pathophysiology: Many 
etiological factors, ranging from 
genetic predisposition to daily 
lifestyle-imposed stresses, can 
induce hormonal disturbance 
creating alterations in the pulsa-
tile rhythm of GnRH secretion 
with the subsequent effect on 
LH and FSH quantities and ova-
ries’ responsiveness. Moreover, 
genetic mutations and physio-
logical abnormalities can induce 
hyperandrogenism of adrenal 
origin which combines with 
the increased androgens from 
the thecal origin, leading to the 
diverse symptoms presented in 
PCOS women. ACTH: adreno-
corticotropic hormone, AMH: 
Anti-Mullerian hormone CVD: 
Cardiovascular Disease, DHEA: 
dehydroepiandrosterone, FSH: 
follicle stimulating hormone, 
GnRH: gonadotropin-releasing 
hormone, LH: Luteinizing hor-
mone, PCOM: polycystic ovary 
morphology.—Figure created 
with BioRender.com 
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follicular thecal cells overexpressing LH receptors and 
steroidogenic enzymes [16]. In addition to this, functional 
adrenal hyperandrogenism (FAH) originates from the hyper-
responsiveness of the adrenal glands to Adrenocorticotropic 
hormones ACTH and the disruption in the homeostatic pat-
tern of the hypothalamo-pituitary-adrenal axis [17] (Fig. 1).

Moreover, the typical polycystic ovary morphology 
PCOM is accompanied by a twofold increase in the num-
ber of developing preantral follicles number compared to 
healthy women, among which most are blocked at the mid-
antral stage [18]. This is likely accounted for by the andro-
gen and insulin excess as usually observed.

This increased recruitment of follicles induces an increase 
in the anti-Mullerian hormone AMH plasma levels produced 
by granulosa cells of preantral follicles, another main hall-
mark of PCOS [19].

Subsequently, due to the wide array of mechanisms 
involved, different phenotypes can be identified depending 
on the different combinations of these symptoms and mani-
festations, including PCOM, hirsutism, hyperandrogenemia, 
and anovulation [20]. Therefore, these form multiple stand-
ards and criteria for the clinical diagnosis and characteriza-
tion of PCOS incidences [21].

Insulin Resistance and Metabolic 
Manifestations

The cluster of metabolic manifestations such as central 
obesity, high blood pressure, and high blood sugar, consti-
tutes the physiological state defined as Metabolic Syndrome 
tightly associated with PCOS [22].

Furthermore, while insulin resistance can be detected in 
around 75% of PCOS patients [23], its mechanistic features 
and correlation with PCOS are still unidentified. A bidi-
rectional correlation between hyperandrogenism and insu-
lin resistance prevails and poses multiple ambiguities as to 
whether insulin resistance could be considered a cause or a 
resulting symptom of PCOS [24].

It has been postulated that the PCOS-associated insulin 
resistance might be originated from inhibitory serine phos-
phorylation of the insulin receptor and IRS-1 leading to the 
hindering of activation of downstream signals for glucose 
uptake and glycogen synthesis [25] (Fig. 2). This serine 
phosphorylation is performed by constitutively active ERK/
MAPK pathway kinases: a similar phosphorylating activity 
is hypothesized to be at the origin of the increased activa-
tion of androgen synthesis enzymes and pathways [26]. In 

Fig. 2   Insulin Resistance in PCOS: Insulin resistance is believed to 
stem from increased phosphorylation on serine residues of insulin 
receptors and IRS-1: this impedes the function of downstream signal-
ing molecules leading to blockage of the glucose transporter GLUT-4 
mRNA expression and transporter export to the cell surface blocking 
cell sensitivity to insulin signals. An accompanied inactivation of gly-
cogen synthase GS could also be observed which, in turn, decreases 

glycogenesis. GLUT-4: glucose transporter type 4, GS: glycogen 
synthase, GSK3: Glycogen synthase kinase 3, IRS: insulin receptor 
substrate, PDK: phosphoinositide-dependent kinase, PI3K: Phos-
phoinositide 3-kinase, PIP2: Phosphatidylinositol 4,5-bisphosphate, 
PIP3: Phosphatidylinositol (3,4,5) -trisphosphate, pS: phosphoserine, 
pY: phosphotyrosine.—Figure created with BioRender.com 
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particular, it has been proved that adipose-induced insulin 
resistance could lead to the blockage of GLUT-4 glucose 
transporter RNA expression and cell surface presentation 
[27].

A direct effect of these metabolic imbalances is observed 
in the CD33+, CD133+ progenitor cells’ hindered recruit-
ment upon glucose intake in insulin-resistant PCOS patients 
[28]. Furthermore, bone marrow-derived cell subsets are 
hypothesized to be a major contributor to healthy follicular 
maturation and ovulation with the subsequent evolution of a 
normal menstrual cycle [29]. This highlights the direct effect 
of PCOS-associated symptoms on stem cell subsets and their 
resulting physiological disturbances. This further encourages 
stem cell-based therapies to target PCOS and its correlated 
metabolic imbalances directly.

Brown Adipose Tissue Metabolic Activity 
Dysregulation

Among the etiological factors inducing PCOS in women of 
reproductive age, central obesity constitutes a pivotal char-
acteristic in defining PCOS-associated subfertility and cycle 
dysregulation.

Besides this, central obesity is well acknowledged in car-
diovascular disease CVD, diabetes, insulin resistance, and 
their associated comorbidities [30]; as previously estab-
lished, these conditions are highly relevant in PCOS patients, 
which indicates a potential target to unveil its mechanisms 
further unraveling the multiple facets of this syndrome.

A subset of adipose tissue termed brown adipose tissue 
possesses a diet-induced thermogenic activity [31], this 
process is performed as a compensatory mechanism for the 
increased food intake to increase energy expenditure exceed-
ing the basal metabolic levels [32].

In the near past, brown adipose tissue was believed to be 
active for thermoregulatory functions upon cold exposure, 
strictly, in neonates and younger children. However, posi-
tron emission tomography PET imaging techniques revolu-
tionized our outlook on brown adipose tissue and localized 
thermogenically-active tissue in lean adult humans in the 
supraclavicular, mediastinal, paraspinal, paraaortic, and axil-
lary areas [33].

At the molecular level, brown adipocytes are character-
ized by upregulation of the uncoupling protein complex-1 
UCP-1 localized in its inner mitochondrial membrane [34].

UCP-1 is a proton symporter [35] activated by long-
chain fatty acids arising from triglycerides lipolysis upon 
sympathetic innervation of BAT [36]. UCP-1 functions in 
encouraging persistent fatty acid lipolysis, while utilizing 
the electrochemical gradient through the inner mitochon-
drial membrane to produce heat: this process is termed BAT 
thermogenesis. Hence, brown adipocytes increase fatty acid 

metabolism leading to a direct effect on adipose accumula-
tions: this led to the modern peak in interest for BAT metab-
olism as a promising strategy contributing to the upcoming 
fat loss regimens fighting the uprising obesity epidemic and 
type 2 diabetes [37] both of which exhibit high correlation 
with PCOS.

To characterize BAT in PCOS patients, Li et al. 2020, 
utilized Z-spectral imaging (ZSI) to localize and assess the 
functionality of brown fat in 13 PCOS patients: the latter 
group showed a regression in the BAT proportion compared 
to the normal subjects with an associated decrease in its 
thermogenic metabolism [38].

Inverse correlations between BAT activity with waist 
circumference and BMI were proven by PET imaging [39] 
which further accentuates the importance of targeting and 
rescuing the metabolic activity of BAT in the therapeutic 
protocols based on reducing obesity to relieve PCOS-asso-
ciated symptoms.

Bat‑Based Therapeutic Strategies Alleviating 
PCOS Symptoms

Several strategies have been under testing intending to res-
cue the endogenous brown fat metabolic activity, in order to 
subsequently limit excess adiposity.

Dietary Intake and Food Ingredients’ Effect on BAT

Many specific molecules and dietary elements have been 
tested for their potential of improving BAT activity: these 
food ingredients aim to increase energy expenditure above 
basal metabolism [31].

Rutin  (Fig. 3A) is a natural flavonoid, mainly found in citrus 
fruits and berries [40]; this molecule has been proven to alle-
viate obesity through the activation of brown adipose tissue 
and increase beige adipocytes, a transitional stage indica-
tive of the transformation from white to brown adipocytes 
[41]. Moreover, Dehydroepiandrosterone (DHEA)- induced 
PCOS rats revealed a rescued phenotype upon treatment 
with rutin: corpus luteum regained normal morphology with 
a reconstituted ability of fertilization [7] which proves the 
importance of the reconstitution of BAT normal function in 
the targeting of PCOS-associated symptoms.

Curcumin  (Fig. 3A), a polyphenolic compound extracted 
from Curcuma longa [42], elevates plasma levels of norepi-
nephrine which, in turn, induces the process of white adi-
pose tissue browning inducing all its subsequent fat-burning 
improvements. This process was ensured due to the upregu-
lation of b3-adrenergic receptors and thermogenic genes 
causing an increase in beige adipocytes [43].

856 Stem Cell Reviews and Reports (2023) 19:853–865
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Menthol  (Fig. 3A), monoterpene alcohol, naturally found 
in Mentha canadensis [44], was noticed to mimic long-term 
exposure to cold temperature by functioning as an agonist of 
the cold-sensing receptor TRPM8: this activated the expres-
sion of UCP-1, characteristic of BAT function, increasing 
core temperature (Fig. 3B) and preventing glucose dysregu-
lations in mice models [45].

Similarly, Resveratrol [46], green tea extracts [47], 
and Capsinoids [48] (Fig. 1A) perform similar effects on 
adipose tissue transitioning it into the direction of BAT 
phenotype and metabolism, hence playing a role in the 
reversal of obesity decreasing its effect on hyperandrogen-
ism in PCOS.

BAT Transplantation in Animal Models

A different outlook on BAT activation led to many animal 
models transplanted with exogenous BAT while following 
up on its effect on PCOS prognostic factors.

PCOS-like rat models were transplanted by several 
researchers with BAT either from neonate rats [49] or as 
xenografts from mice origins [50].

This strategy provided the animal models with a reduction 
in PCOS key features such as decreasing insulin resistance 
[51] and reconstituting the characteristic cyclic irregularities 
[51]. Similarly, these transplantations induced endogenous 
BAT activity and increased adiponectin levels, which were 
pivotal in energy metabolism shifts [50].

To further support these benefits, molecular analysis 
showed an improvement upon BAT transplantation indi-
cated by the regulation of the PCOS-associated impair-
ment of p-AKT, p-AMPK, and p-RPS6 levels: this led to an 
improved number of maturing follicles [50]. In addition, this 
procedure decreased ROS levels and improved mitochon-
drial membrane potentials in maturing oocytes [50] leading 
to improved quality and its subsequent relief of infertility 
complications.

Moreover, assessing metabolomics associated with the 
BAT transplants presented a better understanding of the 

Ru�n

                     Curcumin

          Menthol Resveratrol

                       Capsaicin (capsinoids)                 

A. B.

Fig. 3   Food ingredients activating BAT thermogenesis and their asso-
ciated pathway: A. Chemical structures of major food ingredients 
activating BAT metabolism. B. Molecular mechanism describing 
BAT metabolism activation: a dietary intake rich in BAT-stimulating 
ingredients triggers the sympathetic nervous system to increase the 
stimulation of brown adipocytes through norepinephrine binding to 
adrenergic receptors and leading to increased expression of UCP1 

and glucose transporters. This insulin-reactive phenotype in brown 
adipose tissue increases thermogenic activity and lipid metabolism 
improving the PCOS’ metabolic state and its correlated obesity and 
fat depots. BAT: Brown Adipose Tissue, cAMP: Cyclic Adenosine 
Monophosphate, GLUT-4: Glucose Transporter Type 4, SNS: Sym-
pathetic Nervous System, UCP-1: uncoupling protein-1.—Figure cre-
ated with BioRender.com 
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involved mechanistic factors in these rescued phenotypes: 
these bioactive metabolites were mainly sphingolipids, 
glycerophosphoinositol, and glycerophosphocholine 
affecting Wnt and PI3K/AKT pathways playing crucial 
roles in the prognosis and pathogenesis of PCOS [49].

Cold Treatment

Mimicking the natural stimulus of cold-induced thermogen-
esis presents a promising approach to activating BAT: expos-
ing PCOS patients to colder temperatures activates cold-
stimulated BAT metabolism increasing energy expenditure 
[52].

To further support this technique, DHEA-induced PCOS 
rat models were exposed to low temperature, therefore, 
exhibited a reverted acyclicity, and a decrease in plasmatic 
testosterone and LH levels which consequently lead to res-
cued ovarian morphology and repaired fertility [53].

Electroacupuncture Methods for BAT Activation

Electroacupuncture has been suggested as a supportive 
method in the weight loss strategies for PCOS patients and 
has been tested in an early-phase clinical trial by Ee et al., 
2018 [54].

To support this approach, PCOS-like rat models were 
subjected to electroacupuncture regimens: an improvement 
in weight loss was observed accompanied by a rebound in 
UCP-1 at the scapular BAT location and associated with 
an increase in the sympathetic innervation at many White 
adipose tissue sites indicating a browning transition [55].

Stem Cell Characterization in PCOS Patients

Besides PCOS’ physiological effects on overall metabolic 
and endocrine functions, additional characterization of cell 
subsets provides further understanding of the prognostic fac-
tors of this syndrome.

More specifically, the assessment of endometrium-
derived mesenchymal stem cells (e-MSC) influenced by the 
altered biochemical microenvironment revealed overexpres-
sion of Il-8, SPRR3, and ICAM1 genes highly involved in 
inflammatory and oncogenic status [56].

In addition, stem cell models were explored to study 
patient-specific PCOS properties, namely, induced pluri-
potent stem cells (iPSC) derived from women with PCOS: 
these cells showed differential gene expression compared 
to healthy female iPSC along with impaired mitochondrial 
function [57].

Therefore, exploring stem cells, as both disease models 
and therapeutic strategies, lands itself as a novel focal point 
in the diagnostic and prognostic PCOS studies.

Stem Cell‑Based Therapies Treating 
PCOS‑Associated Symptoms

In recent years, scientists have demonstrated increased inter-
est in regenerative medicine approaches which paved the 
way to consider it a plausible option to target many prevalent 
disorders. It is a discipline based on cellular therapies to 
revert organ damage and reconstitute its normal functionali-
ties [58]. Stem cell therapy, a major subdiscipline of regen-
erative therapies, combines de novo-generated healthy cells 
with the benefits of physical scaffolds mimicking in vivo 
structure and biochemical functions [59].

This led to the rise of many strategies rooted in stem cell 
therapies in the light of ameliorating PCOS symptoms and 
its associated subfertility.

Mesenchymal Stem Cell Applications

Mesenchymal stem cells (MSC) constitute a main subset 
of adult stem cell populations: they offer a variety of appli-
cations by differentiating into a wide range of functional, 
specialized cells crucial for regenerative therapy applica-
tions targeted towards a wide range of diseases. However, 
the general direction in recent PCOS-related applications of 
undifferentiated MSC in therapeutic strategies is based on 
exploiting their paracrine activity enriching their microen-
vironment by their varied secretome and exosomal vesicles.

Present-day investigations led to the unveiling of pos-
sible mechanisms and targeted pathways affected by the 
treatment with undifferentiated MSCs in the attenuation of 
PCOS. A recent study focused on the differential assessment 
of protein-based secretomes of MSC grouped based on their 
molecular weight [60]. The latter work identified a subset of 
13 candidate proteins of the secretome believed to possess 
an anti-androgenic effect targeting CYP17A1, CYP11A1, 
and DENND1A genes [60].

In PCOS mice models, bone marrow-derived- mesen-
chymal stromal cells (BM-MSCs) transplantation reverted 
the decrease in ovarian cortex size rendering the ovaries 
comparable to healthy individuals in size. This treatment 
performed by Kalhori et al., 2018 [61] led to an increase 
in the number of antral follicles and a decrease in the pri-
mary follicles proportion indicative of the reconstitution 
of functional folliculogenesis: the mean volume of oocytes 
in preantral and antral follicles was also increased with the 
attenuation in the serum levels of LH and testosterone tar-
geting the hyperandrogenism characteristic of PCOS [61].

Similarly, androgen-producing H295R cells were exposed 
to the secretome of BM-MSC leading to a decrease in the 
steroidogenesis process [62]; some comparable results 
arose from exposing H295R cells to BM-MSC-conditioned 
media exhibiting increased bone morphogenetic protein 2 
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(BMP-2): a decrease in steroidogenesis markers and exces-
sive androgen secretion was relieved [63] which brings us 
closer to better understand the molecular agents providing 
MSC with this therapeutic property (Fig. 4). Recently, Park 
et al. [64] identified a set of non-cytokine proteins enriching 
the mesenchymal secretome, extracted from human-derived 
bone marrow mesenchymal stem cells, exhibiting a promis-
ing therapeutic effect regulating the biosynthesis pathway 
of androgens, namely in H295R cells, by attenuating the 
activity of steroidogenesis enzymes like CYP11A1 and 
CYP17A1 [64].

In the same manner, promising outcomes were observed 
upon human BM-MSC injection in PCOS mice models 
exhibiting increased thermogenesis and reversal of the 
metabolic dysfunction accompanying this syndrome [62]. 
In general, this study was capable of proving the benefit of 
MSC in regaining genetic and phenotypic expressions in 
polycystic ovaries through the decrease of inflammation by 
the anti-inflammatory cytokine IL-10 [62] (Fig. 4). In addi-
tion, human mesenchymal stem cells of umbilical cord ori-
gin hUC-MSC expressed similar anti-inflammatory effects 
in DHEA-induced PCOS mice by reducing the activity of 
systemic inflammatory cells such as IL17 + CD4 + T cells 
and favoring the expansion of the regulatory T cells subsets 
[65]. This strategy pointed out a novel approach to attenu-
ate the increased systemic inflammatory signals prevalent in 
many diagnosed patients.

The hurdles in rescuing infertility include the difficul-
ties that are usually faced by in vitro maturation (IVM) 
of oocytes from PCOS patients; this raises the need for 
improved protocols [66] to ensure mature follicles and 
oocytes primed for fertilization.

For this purpose, testing BM-MSCs conditioned media 
for these IVM purposes is rising based on the concept of 
benefiting from the secretions of mesenchymal stromal cells 
in culture.

Jafarzadeh et al., 2018 [67] implemented a study to 
evaluate the benefits of MSC on the IVM process: germinal 
vesicles from PCOS mice and growing them on conditioned 
media; this unveiled beneficial outcomes represented by the 
induction of secondary follicles into mature antral follicles 
harboring oocytes II [67]. The MSC-conditioned media also 
proved efficient and promising too in ensuring a more mature 
cytoplasm of oocytes [67], hence, producing mature oocytes 
adequate for facing PCOS-induced subfertility (Fig. 4).

On the other hand, exosomal miR-323-3p secreted by 
MSC was assessed by Zhao et al., 2019 [68]: cumulus cells 
of PCOS follicles gained improved proliferative activity 
upon exposure to miR-323-3p. This decrease in the apop-
totic rate of cumulus cells alleviates PCOS symptoms and 
high androgen serum levels [68]. In addition, exosomal 
extracts from adipose-derived MSCs have been revealed to 
relieve PCOS-associated disturbances by inducing hepatic 

metabolism through miR-21-5p transfer into PCOS rat 
models, subsequently activating IRS-1/Akt pathway which 
is usually disturbed in insulin-resistant PCOS phenotypes 
[69]. Further applications of exosomal vesicles, derived 
from umbilical cord MSCs, proved their ability to switch 
the granulosa cells microenvironment into an anti-inflam-
matory phenotype by inducing IL-10 and antagonizing the 
pro-inflammatory effects of interferon-γ (IFN-γ) and tumor 
necrosis factor-alpha TNF-α by the overall inhibition of the 
NF-κB pathway [70].

Moreover, intra-ovarian administration of human MSC in 
Letrozole-induced PCOS mice implemented its anti-inflamma-
tory property opposing the increased angiogenic and inflam-
matory characteristics observed in these mice models [71].

For instance, Li et al., 2020 [72] have introduced a novel 
intra-ovarian transplantation technique of undifferentiated 
umbilical cord-derived MSC embedded in a fibrin hydrogel: 
this combinatory approach was capable of exploiting the 
synergistic effect of biomaterials and stem cells in rescu-
ing PCOS by the improvement of the LH-FSH dysregula-
tion leading to restoration of ovarian function. Upon further 
investigation, this study correlated the mechanism of action 
of MSC to the decrease in the TGF-β1 signaling pathway 
usually associated with PCOS progression [72].

Therefore, MSCs are, at the moment, exploited mostly for 
their undifferentiated status and paracrine secretions induc-
ing a microenvironment enriched by cytokines, non-cytokine 
proteins, and exosomal particles proven to alleviate PCOS-
associated symptoms.

Thecal Stem Cells Applications

Because thecal cells in healthy individuals play a major role in 
the maturation of folliculogenesis, they are considered essen-
tial in the overall normal functioning of the female cycle; while 
the loss of this function leads to early ovarian insufficiency 
comparable to PCOS.

Thecal stem cells (TSC) from non-human primates were 
retrieved and expanded to be reimplanted through autografts 
in POI primates [73].

Following this transplantation, rescuing of ovarian hormo-
nal levels was demonstrated by the increase in the antral fol-
licle number indicating the regain of folliculogenesis functions 
in POI monkeys. TSCs were capable of being differentiated 
into mature thecal cells TCs and therefore harbor and surround 
the follicles assisting in their maturation rate [73].

In addition, the assessment of the stability of this oocyte, 
indispensable for early embryo survival,

showed that cleaved caspase 3 was reduced in concentra-
tion, signs of oxidative stress were minimal, and sufficient 
mitochondrial elements were present in these oocytes [73]. 
This indicates an adequate maturation of oocytes upon TSC 
transplantation.
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Stem Cell Therapy Inducing Brown Adipose 
Tissue Metabolism in PCOS Patients

As the understanding of this multi-faceted complex disor-
der deepens, improved novel therapies come to light. Next-
generation strategies are mostly based on the induction of 
endogenous mechanisms, among which BAT metabolism 
reigns upfront, using stem cells and regenerative medicine.

In this context, many progenitor cells inducing brown 
adipogenesis have been identified: CRISPR-Cas9-mediated 
genetic engineering was successfully performed on white 
preadipocyte progenitors producing brown-like adipocytes 
[74]: mice models transplanted with these cells experi-
enced improved energy expenditure and insulin sensitivity 
(Fig. 5A) directly targeting one of the major etiological fac-
tors of PCOS [74] unfolding a promising cell-based thera-
peutic regimen.

Furthermore, human adipose-derived mesenchymal stem cells 
(h-ADSC) obtained by lipoaspiration disclosed a potential source 
of differentiation into mature brown adipocytes [75]: the latter 
was exploited by Calvo et al.,2021 [76] to mitigate weight gain 
and glucose intolerance in obese murine models (Fig. 5B); these.

induced brown adipocytes vanquished inflammatory indi-
cators and sustained insulin effects revealing a new option of 
targeting obesity and its associated comorbidities like PCOS.

Besides all of this, Silva et al., 2014 [9] successfully 
isolated and characterized metabolically active brown 

Fig. 4   Stem Cell-based therapeutic approaches for PCOS. MSCs of 
variable origins improve PCOS-associated symptoms through either 
direct cellular transplant into mice models or by harvesting MSC-
conditioned media and employing it as a feeding substratum for IVM 
of oocytes. The anti-inflammatory effect and the inhibitory one on 
hyperandrogenism of MSC have also been revealed which gives an 
outlook on the multifaceted applications of these stem cell subsets 
in PCOS treatment. IVM: In-Vitro Maturation, MSC: Mesenchymal 
Stem cells, PCOS: Polycystic Ovary Syndrome.—Figure created with 
BioRender.com 

◂

Fig. 5   Strategies for functional brown adipocyte differentiation and 
their potential as PCOS treatment. A. CRISPR/Cas9 Gene editing 
redirecting MSC differentiation from white preadipocyte to brown-
like adipocytes expanded to functional BAT. B. Specialized MSC, 
derived from BAT depots and characterized by their unique microen-
vironment of origin, are capable of efficient differentiation into func-
tional BAT. C. White adipose-derived mesenchymal stem cells AD-

MSC present another origin for brown adipocyte differentiation and 
expansion. Cross talk through exosomes switches macrophages into 
anti-inflammatory phenotype, ultimately improving fat metabolism. 
Multiple beneficial outcomes arose after transplantation of mature 
BAT correlated with relief of PCOS-associated symptoms. BAT: 
Brown Adipose Tissue, PPAR-γ:Peroxisome proliferator-activated 
receptor, SC: Stem Cells.—Figure created with BioRender.com 
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adipocyte-derived stem cells (ADSC) privileged with the 
ability of in vitro expansion and differentiation into a mature 
BAT with functional thermogenesis [9] (Fig. 5C). This is, 
yet again, another promising target for endogenous BAT 
activation through the induction of these stem cells in their 
native niche.

Exosomal analysis of ADSC revealed cross-talk with M2 
macrophages switching into an anti-inflammatory phenotype 
with increased catecholamine production favoring the brown-
ing of WAT [77].

Subsequently, all of these brown adipocyte precursors 
present the option of their transplantation for treating PCOS 
patients and other metabolic disorders to reduce white adi-
pose tissue mass and maintain insulin secretion and function 
[78].

Conclusion and Perspective

With the worldwide rising concerns about polycystic ovary 
syndrome PCOS and its accompanied metabolic dysregula-
tions, the scientific community is putting efforts into under-
standing its varied etiologies, and prognostic factors to invest 
its resources in the most plausible and effective treatment 
options. Targeted, personalized, and patient-specific clinical 
interventions have proven to be the most efficient and prom-
ising ones; specifically, the brown adipose tissue activation, 
through autologous stem cell-based therapeutics, which 
offers immense potential and propels research efforts into a 
new perspective aiming to optimize a universalized protocol 
for novel treatment regimens attenuating PCOS-correlated 
infertility as well as maintaining the uprising cases at bay.
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