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ABSTRACT
Polycystic ovary syndrome (PCOS) is a unification of endocrine and metabolic disorders and has 
become immensely prevalent among women of fertile age. The prime organ affected in PCOS is the 
ovary and its distressed functioning elicits disturbed reproductive outcomes. In the ovary, macro
autophagy/autophagy performs a pivotal role in directing the chain of events starting from oocytes 
origin until its fertilization. Recent discoveries demonstrate a significant role of autophagy in the 
pathogenesis of PCOS. Defective autophagy in the follicular cells during different stages of follicles is 
observed in the PCOS ovary. Exploring different autophagy pathways provides a platform for 
predicting the possible cause of altered ovarian physiology in PCOS. In this review, we have 
emphasized autophagy’s role in governing follicular development under normal circumstances and 
in PCOS, including significant abnormalities associated with PCOS such as anovulation, hyperandro
genemia, metabolic disturbances, and related abnormality. So far, few studies have linked autophagy 
and PCOS and propose its essential role in PCOS progression. However, detailed knowledge in this 
area is lacking. Here we have summarized the latest knowledge related to autophagy associated with 
PCOS. This review’s main objective is to provide a background of autophagy in the ovary, its possible 
connection with PCOS and suggested a novel proposal for future studies to aid a better under
standing of PCOS pathogenesis.
Abbreviations: AE: androgen excess; AF: antral follicle; AKT/PKB: AKT serine/threonine kinase; AMH: 
anti-Mullerian hormone; AMPK: AMP-activated protein kinase; ATG: autophagy-related; BCL2: BCL2 
apoptosis regulator; BECN1: beclin 1; BMP: bone morphogenetic protein; CASP3: caspase 3; CL: 
corpus luteum; CYP17A1/P450C17: cytochrome P450 family 17 subfamily A member 1; CYP19A1: 
cytochrome P450 family 19 subfamily A member 1; DHEA: dehydroepiandrosterone; EH: endometrial 
hyperplasia; FF: follicular fluid; FOXO: forkhead box O; FSH: follicle stimulating hormone; GC: gran
ulosa cell; GDF: growth differentiation factor; HA: hyperandrogenemia; HMGB1: high mobility group 
box 1; IGF1: insulin like growth factor 1; INS: insulin; IR: insulin resistance; LHCGR/LHR: luteinizing 
hormone/choriogonadotropin receptor; MAP1LC3B/LC3B: microtubule associated protein 1 light 
chain 3 beta; MAPK/ERK: mitogen-activated protein kinase; MAPK8/JNK: mitogen-activated protein 
kinase 8; MTOR: mechanistic target of rapamycin kinase; MTORC: mechanistic target of rapamycin 
complex; NAFLD: nonalcoholic fatty liver disease; NFKB: nuclear factor kappa B; OLR1/LOX-1: oxidized 
low density lipoprotein receptor 1; oxLDL: oxidized low-density lipoproteins; PA: palmitic acid; PCOS: 
polycystic ovary syndrome; PF: primary follicle; PGC: primordial germ cell; PI3K: phosphoinositide 
3-kinase; PMF: primordial follicle; ROS: reactive oxygen species; RP: resting pool; SIRT1: sirtuin 1; 
SQSTM1/p62: sequestosome 1; T2DM: type 2 diabetes mellitus; TC: theca cell; TUG1: taurine up- 
regulated 1
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Introduction
Polycystic ovary syndrome (PCOS) is acknowledged as 
a diversified disorder in women of fertile age [1]. Stein and 
Leventhal were the first to delineate PCOS in 1935 as 
a heterogeneous disorder with an amalgam of various signs 
and symptoms including (i) androgen excess (AE) (clinically 
manifested as hirsutism and/or acne), (ii) polycystic ovarian 
morphology, (iii) ovulatory dysfunction (oligo-ovulation/ano
vulation) [2,3]. PCOS is the most widespread metabolic and 
endocrine disorder with a global prevalence of 6–20% in 
reproductive-aged women [4–6]. However, the conflict arises 
in determining the prevalence rate of PCOS is due to different 

criteria for PCOS diagnosis. Combining all the available epi
demiological data, in India, the prevalence of PCOS is turning 
out to be 3.7% – 22.5% [7]. Presently, three criteria are given 
for the diagnosis of PCOS with different combinations of 
clinical manifestations: (i) National Institutes of Health 1990 
criteria, (ii) Rotterdam criteria 2003, (iii) Androgen Excess- 
PCOS Society criteria 2006. As a consequence of different 
criteria for determining PCOS, the diagnosis of PCOS is still 
disputable. Accordant to the current guidelines given by 
International PCOS Network, the Rotterdam criterion is pre
ferred over others in adolescence which requires oligo- 
anovulation and hyperandrogenism for a confirmed diagnosis 
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of PCOS [8]. The pervasiveness of PCOS was determined by 
considering all diagnostic criteria that is 49% fulfilling all the 
three diagnostic categories, whereas 51%, 83%, 70.6% of cases 
are as per National Institute of Health criteria, Rotterdam 
criteria, and Androgen Excess-PCOS Society criteria, respec
tively [9,10]. The PCOS leads to other complications such as 
women diagnosed with PCOS are more prone to develop 
diseases associated with metabolic and reproductive deformi
ties. Consequently, they have more probability of developing 
type 2 diabetes mellitus (T2DM), obesity, endometrial carci
noma, infertility, mood and eating disorders, cardiovascular 
disease [11].

Autophagy, a process of self-eating of cellular materials, 
requisite to reprocess the damaged cell organelles to procure 
new building blocks for maintaining cellular homeostasis [12]. 
Autophagy is obligatory for cell survival during stress condi
tions (nutrient deprivation) by regulating cellular bioener
getics and eliminating toxic agglomerates of protein [13]. 
Autophagy is ordinally accompanied by cell death, possibly 
via remodeling autophagic constituents for cell death or by 
inducing apoptotic cell death [14]. Kim et al. [15] divulged the 
impact of autophagy in governing cellular metabolism by 
performing an autophagy-related (Atg) gene knockout study 
in mice. Features associated with metabolic disorders (obesity 
and T2DM) like dyslipidemia, oxidative stress, hyperglycemia, 
hyperinsulinemia are contributing to interrupted and com
promised autophagy leading to cell death, cardiomyopathy, 
and cardiac malfunction [16,17]. Obesity-related complica
tions are associated with autophagy, as autophagy supervises 
the cellular bio-power during starvation, demonstrated the 
essential role of autophagy in obesogenesis [18]. In T2DM, 
autophagy might have a part in preventing beta-cell death in 
the pancreas [19].

In the ovary, starting from the origin of oocytes to the 
development of follicles as well as their degeneration requires 
proper functional autophagy [20]. Autophagy is necessary for 
follicular cells in maintaining the development of oocytes, 
follicular growth and differentiation, follicular atresia, and 
reproductive cycle under normal circumstances [21–23]. 
Poor quality oocytes lead to female infertility as a result of 
defective autophagy in ovarian follicular cells [24]. 
Thereupon, the role of autophagy in PCOS pathogenesis has 
gained insight nowadays. Till now, only a few studies have 
focused on linking autophagy with PCOS, but data from these 
studies suggest a prominent role played by autophagy in key 
affected organs in PCOS. But still, there is a need to explore 
this area in detail, as the exact underlying mechanism is 
unfamiliar. In this review, we have provided 
a comprehensive knowledge of autophagy in ovarian follicular 
development and summarized autophagic adaptation that 
arises due to altered physiology in PCOS, and illustrated the 
role of autophagy associated with different conditions recog
nized in PCOS, including insulin resistance (IR), oocyte devel
opment, follicular cysts formation, metabolic abnormalities, 
anovulation, AE, alteration in ovarian follicular cells and 
conditions associated with PCOS, and also suggested an 
approach for future investigation.

Ovarian follicular development and role of 
autophagy

Origin of oocytes, formation of ovarian reserve, follicular 
recruitment, and autophagy role

Ovary is the reproductive organ in females, produces ovum 
and sex hormones (androgens, estrogen, and progesterone) on 
stimulation by gonadotropins [25]. Female gamete is pro
duced from primordial germ cell (PGC); once these PGCs 
arrive into developing gonads, these PGCs are now referred 
as oogonia. This oogonia holds mitotic activity and is subject 
to extensive mitotic division, reaches about 6–7 million by the 
20th week in the mammalian ovary. Termination of oogonial 
mitosis occurs during the 28th week of pregnancy [26,27]. The 
survival of oogonia becomes difficult without undergoing 
meiosis, and because of this, neonatal ovaries lacking oogonia 
[28]. Conversion of oogonia into oocytes occurs once meiosis 
is initiated followed by the appearance of single squamous 
cells layer around the oocyte and meiotic arrest, which defend 
its degeneration and is now called primordial follicles (PMF). 
These PMFs are non-growing follicles that represent the ovar
ian reserve or the resting pool (RP) [29–31]. However, the 
population of PMFs declines prenatally, after birth ovary of 
a neonate carries up to 1–2 million population of PMFs, out 
of which only 300,000–500,000 survive at puberty 
[27,30,32,33]. The population of resting follicles in ovarian 
reserve is approximately similar in both the ovaries of 
humans. The recruitment of PMFs is initiated before the 
birth and keeps going after the birth until the RP is exhausted: 
from >250,000 PMFs at the menarche, only ~1000 PMFs 
remain in the ovary at menopause [34]. The majority of 
ovarian follicles die due to follicular atresia; only a small 
proportion (less than 1%) of follicles got matured and finally 
undergo ovulation in mammalian ovaries. Taken together, 
follicles facing mitosis, meiosis, and follicular atresia play 
a critical part in forming a final ovarian reserve.

The PMFs will remain in the dormant state until they are 
not recruited to enter the growth phase. Recruitment refers to 
the growth of the follicles to such an extent that allows 
follicles to surpass the atresia and remain in the developmen
tal stage. Signals received at the time of recruitment enable 
them to proceed as a bunch of follicles rather than a single 
follicle, which permits them to keep up the growing phase 
[35,36]. Depending upon the time and stage of the follicle, 
recruitment is of two types: (i) initial recruitment – it starts 
shortly after the formation of the follicle in the ovary, which 
mainly recruits PMFs into a growth phase in a continuous 
fashion for the entire reproductive life and is gonadotropin 
independent. However, remaining non-recruited follicles stay 
in dormant phase only, (ii) cyclic recruitment – once the 
follicles achieve antral stage, majority of follicles undergo 
atresia whereas cohort of antral follicles (AF) escapes from 
atresia by recruiting toward the pre-ovulatory stage, this pro
cess is gonadotropin-dependent that is FSH (follicle stimulat
ing hormone) which occurs after the onset of puberty 
cyclically (every 28 d in human) [37]. Recent studies suggest 
different ways of cyclic recruitment; earlier, it was proposed 
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that only a single wave for recruitment, but now it is believed 
that multiple waves are required in human ovaries [38].

Ovary takes various measures to preserve RP of PMFs in 
a quiescent state, including factors secreted by oocytes, intra- 
ovarian factors, and mesenchymal-epithelial cell interactions. 
Intra-ovarian factors can either promote the follicle to pro
gress in the developmental phase (GDF [growth differentia
tion factor], and BMPs [bone morphogenetic proteins]) or 
can downgrade this process (AMH [anti-Mullerian hor
mone]). GDF is produced by somatic cells in the ovary; 
specifically, GDF9 present in oocytes promotes folliculogen
esis. Both GDF9 and BMP15 engage in transforming the PMF 
to the primary follicle (PF) and helping in expressing 
LHCGR/LHR (luteinizing hormone/choriogonadotropin 
receptor) in the later stage of follicle development [39]. 
AMH is a hormone that belongs to tissue growth factor β 
family generated by granulosa cells (GC) of early developing 
follicles. It interferes with the process of follicular recruitment 
and FSH action. During the initial follicular growth phase, 
a rise in AMH level stops the recruitment of PMFs to the 
growth phase and prevents the activity of CYP19A1/aroma
tase enzyme (cytochrome P450 family 19 subfamily 
A member 1); hence, inhibits the transition of primordial to 
the PF [40]. Control over AMH production is maintained by 
negative inhibition of AMH production via estradiol, restrict
ing the AMH to follicles up to 8 mm in size. Therefore, prior 
to the selection of dominant follicles, only a small amount of 
AMH is secreted by small developing follicles [41,42]. AMH 
impedes the progression of PMFs in a paracrine manner. In 
a study by Durlinger et al. [40], amh−/- accelerates the exhaus
tion of PMFs, hence reduces the resting follicle population.

In the intra-ovarian environment, an increase in age- 
related oxidative stress has been linked to a decline in female 
fertility. Oocytes are extremely vulnerable to the oxidizing 
environment, which instigate an imbalance in the protein 
level required to maintain oocyte health and maturation. To 
overcome this stressful situation, autophagy is essential to 
regulate balanced and functional proteome, which protects 
oocytes and favors embryonic development. Autophagy 
reduces the oxidative burden in oocytes and promotes their 
health [43]. In addition to oocytes, autophagy is also seen 
during the pre-implantation of murine embryos in response 
to stress conditions [44].

In mammalian ovaries, it is well known that ovaries experi
ence a significant loss of immature follicles (PMFs) during 
birth. Although the exact mechanism behind the significant 
decline in the PMFs population is not known. Recent inves
tigations uncover the role of autophagy in the ovary while 
monitoring the RP inside the ovary. AMH produced by GCs 
of early developing ovarian follicles also takes part in protect
ing PMFs reservoir via inducing autophagy in ovaries by 
inhibiting FOXO3/FOXO3A (forkhead box O3) phosphoryla
tion (causes PMF activation) in the case of follicle depletion 
[45]. Besides this, it is well known that MTOR (mechanistic 
target of rapamycin kinase) and autophagy both have an 
inverse relationship. Obstructing the MTOR pathway by giv
ing rapamycin (MTOR inhibitor) induces autophagy by 
enhancing MAP1LC3B/LC3B (microtubule associated protein 
1 light chain 3 beta) and BECN1 (beclin 1) expression, which 

further encourages the gathering of immature PMFs and the 
existence of oocytes [46]. Moreover, in ovaries of pre-pubertal 
rats, apoptosis and autophagy are working simultaneously to 
remove germ cells from rat ovaries. However, rat oocytes 
show more autophagic markers proposing that autophagy 
might have a dominant role during the destruction of germ 
cells [47].

Studies have confirmed the impact of autophagy in female 
reproductive functions starting from oocyte development to 
postpartum remodeling, including implantation, carrying out 
the pregnancy, and maintaining the placenta’s physiology. 
Autophagy plays a significant part in developing oocytes and 
germ cell survival before initiation of PMFs pools. It is 
reported in an animal study that the probability of oocyte 
maturation defect and germ cell deformity is related to the 
insufficiency of key autophagic molecules (Figure 1), particu
larly BECN1 and ATG7 [48]. Therefore, a clear understanding 
of autophagy’s role and its corresponding gene is needed in 
female reproduction. A steady level of an autophagy gene, 
ATG7, is essential throughout oocytogenesis and is involved 
in reserving primordial ovarian follicles. Song et al. [49] 
suggested that ATG7 can probably have pathogenic potential 
in causing primary ovarian insufficiency, as germ-cell specific 
atg7−/- in mice results in depletion of autophagy causes sig
nificant decline in oocytes and germ cells results in poor 
ovarian reserve of PMFs along with producing litters with 
small size and makes mice infertile eventually. Similarly, 
Becn1± results in considerable loss of oocytes up to 50–60% 
on the 1st day of birth in contrast to control [50]. During the 
neonatal transition, autophagy could prevent over-loss of 
germ cells by masking apoptosis in neonatal ovaries under 
the deprivation of food. Compromised autophagy occurs due 
to the loss of Atg7 or Becn1 within the prenatal ovary. Hence, 
as a result, the majority of germ cells lost prematurely [50]. 
Finally, all the discoveries signify that any alteration in the 
process of autophagy disrupts the ovarian reserve of the 
follicles and oocyte development.

Follicular development, selection of dominant follicle, 
and autophagy role

Ovary is the key reproductive organ in females where all the 
necessary steps are taken to develop the female gametocyte 
required for fertilization. In a full-grown ovary, the dormant 
follicles quit the ovarian resting follicles pool to participate in 
the developmental phase and go through proliferation and 
differentiation of follicular cells, consequently favor folliculo
genesis. For complete maturation, follicles have to follow 
various developmental stages, starting from the primordial 
stage to primary, secondary, pre-antral, early-antral, antral, 
Graafian follicle, and finally ovulate. Division of follicles in 
different stages is based on the morphological as well as 
functional changes acquired with progression, including the 
difference in oocyte size, follicles size, number of follicular 
cells surrounding the oocyte, the formation of antrum cavity, 
appearance of layers around the oocyte (Figure 2) [23].

After the transition of oogonia to oocytes, the oocyte 
undergoes meiotic arrest in the diplotene stage of prophase 
I. Firstly, the PMF forms by surrounding the primary oocyte 
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with a single squamous layer of follicular somatic cells (flat
tened shape), namely pre-GCs. When the shape of these 
surrounding cells changes from flattened to cuboidal shape 
(now called GCs) along with an enhanced diameter of oocyte 
and appearance of zona pellucida, then it is called PF [51]. 
The proliferation of cuboidal GCs into multiple layers, the 

formation of the theca cells (TC) layer, enlarged oocyte, basal 
lamina, and zona pellucida are the characteristic features of 
the secondary follicle. When follicles begin to enlarge, these 
surrounding layers of connective tissue differentiate into the 
outer part (theca externa) and inner part (theca interna) 
[52,53].

Figure 1. Deviation in autophagy during initial follicular growth phase: from the origin of oocytes to initial recruitment. Folliculogenesis begins when the precursor 
primordial germ cells arrive in the ovary. The resultant oogonia increase its population by mitotic division, subsequently induces meiosis. The formation of oocytes is 
marked with the arrest of meiotic division. Primordial follicle production constitutes the resting pool of follicles. Follicles are continuously recruited from the 
primordial resting pool to enter the growth phase to become primary follicles. Autophagy supports the growth of oocytes and the formation of the resting follicles 
pool but opposes the initial recruitment of the primordial follicles. A decrease in the level of autophagy markers (ATG7 and BECN1) directly inhibits oocytes 
maturation. MTOR inactivation causes an increase in LC3B and BECN1 to enhance autophagy. AMH decreases FOXO3A activation and supports autophagy.
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Furthermore, to proceed the development process to AF 
requires the formation of an antral cavity, which is initiated 
by the formation of small separate fluid-filled sacs between 
GCs (called early-AF) and that combine to form a single large 
antral cavity (called AF). The space generated between the 

GCs during the formation of the antral cavity divides the GCs 
into two parts: (i) cumulus cells – remain attached to oocytes, 
(ii) mural cells – facing the follicular wall [54]. Apart from the 
antral cavity, the AF also contains multiple GCs layers and 
TCs layer, increased blood supply in the TCs layer [55]. 

Figure 2. Participation of autophagy in the development of follicles. The developmental process begins with the formation of primordial follicles which is comprising 
of immature oocyte encircled by a single layer of pre-granulosa cells. The primary follicle is defined by granulosa cells with the appearance of zona pellucida. The 
proliferation of granulosa cells to multiple layers and the formation of theca cells layer results in the development of secondary follicle. Follicle with multiple small 
cavities is referred to as early antral follicles. A follicle with a single large cavity filled with antral fluid is called the antral follicle. Cyclic recruitment of antral follicles 
leads to the formation of a fully matured Graafian follicle. Estradiol and INH (inhibin) are secreted by the Graafian follicle, which stops the recruitment process. 
Activation of AKT and MTOR in granulosa cells prevents autophagy and favors follicular development. After the selection of dominant follicles, the remaining 
subordinate follicles are degenerated by autophagy-induced apoptosis. Increased expression of OLR1 receptor in granulosa cells of regressing follicles supports 
autophagy via inducing ROS production, resulting in granulosa cells death by apoptosis. NOX: NADPH oxidase.
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Sometimes AFs are also referred to as tertiary follicles. The 
fully-grown AF is commonly called the Graafian follicle and is 
the primary site of estrogen production. Although, just before 
the ovulation step (pre-ovulatory stage), these follicles are 
often called pre-ovulatory follicles [54].

At every step of follicular development, some follicles cul
minate in the follicular atresia; hence, it is necessary to recruit 
more follicles. After the development of AFs, generally, 
a cohort of AFs is recruited from which the dominant follicle 
is assorted. Some of the follicles continue to grow more and 
achieve the required ovulatory size, out of which a single 
follicle is chosen over others for further growth and termed 
as “dominant follicle”. To select the dominant follicle, specific 
characteristics have to be optimized in the follicle such as the 
prohibition of premature luteinization, high sensitivity toward 
gonadotropins, and the steroidogenic property [56]. In 
humans, one ace follicle qualifies to participate in the late 
phase of follicular development during each ovarian cycle. 
The rest of the follicles (subordinate follicles) are eliminated 
by the time [57] because their growth is halted via negative 
feedback inhibition by estradiol and INH (inhibin) secretion 
by the dominant follicle. Additionally, a decline in FSH 
opposes the growth of subordinate follicles. Although, the 
development of dominant follicle is not compromised even 
in the low level of FSH due to increasing the expression of 
FSH receptors which makes them more susceptible toward 
FSH [58], also by achieving sufficient stage of differentiation, 
which supports its growth [59] by acquiring more LHR on 
GCs of the dominant follicle and enhanced blood supply in 
follicles [60]. As a result, plenty of follicles undergoing the 
recruitment process assure that if anything goes wrong with 
the prime follicle, another follicle will be ready to take its 
place and allow the continuation of the cycle [60].

Primarily, the follicle gradation from the resting stage 
(PMFs) to the growing stage (PFs) is an entirely autonomous 
process and does not require gonadotropins. The initial stages 
of follicle development up to secondary follicle are indepen
dent of gonadotropins; after entering into the early antral 
stage, the gonadotropins become necessary for their growth 
[56]. Further development and existence of follicles after the 
antral stage is mainly governed by FSH as their GCs become 
hyper-responsive toward FSH. Therefore, a minute change in 
FSH level immediately recruits them to the next stage of 
development. FSH causes a change in the morphology of the 
follicles by increasing GCs proliferation [61]. Growth of pre- 
ovulatory follicles is supported by higher estradiol production, 
mandatory for GCs differentiation [62]. LH surge during the 
mid-menstrual cycle leads to higher expression of LHR and is 
found to be increased by 10-fold in pre-ovulatory follicles. 
Expression of LHR is induced primarily by FSH, enhancing 
the secretion of steroidal hormone (progesterone and estro
gen) [63].

Increasing evidence supports the essential role of autopha
gy in regulating the fate of ovarian follicular cells [21]. Not 
surprisingly, with all the stages follicle undergoes during their 
life cycle and as autophagy plays a critical role in maintaining 
cellular bioenergetics – pointed out the crucial role of auto
phagy in deciding follicular fate. In the human ovary, auto
phagy is associated with ovarian functioning and regulating 

follicular development, such as managing GCs life span [64]. 
The downregulation of autophagy in GCs within sight of 
gonadotropins has been recently exhibited in vivo [22]. Choi 
et al. [65] reported that AKT/PKB (AKT serine/threonine 
kinase)-mediated MTOR activation halts the autophagy of 
GCs at the time of follicular development in gonadotropin 
primed model in immature rats. In rat GCs, expression of 
LC3-II is turned down along with increased AKT and 
RPS6KB1 (ribosomal protein S6 kinase B1) phosphorylation 
followed by gonadotropin injection. Past researches support 
that apoptosis can be provoked by autophagy in the presence 
of gonadotropins in follicular cells like GCs and luteal cells. 
Therefore, activation of the MTOR pathway in FSH exposed 
GCs prohibits cell death by apoptosis by hampering the auto
phagy, hence favors follicular development [22,65–67].

Both types of programmed cell death have been noticed in 
GCs of follicles of distinct sizes, i.e., undergoing different 
follicular stages. In particular, autophagy was predominantly 
observed in medium-sized follicles, whereas; apoptosis was 
more common in large follicles [68]. Information derived 
from these studies states the important role of autophagy in 
carrying normal ovarian folliculogenesis as it can favor folli
cular survival; conversely, it can result in follicular atresia 
when needed [22].

Additionally, the level of reactive oxygen species (ROS) in 
specific tissue favors different program cell death to proceed. 
For instance, in young, healthy women with normal weight, 
cells choose to repair themselves by inducing autophagy 
rather than going for apoptosis in response to low ROS levels; 
whereas, with an increase in age, cells opt for apoptosis. In 
GCs, a decrease in the level of autophagy marker (LC3-II) is 
reported with an increase in the level of ROS in old women, 
results in apoptosis of GCs. It has been found that autophagy 
can be induced by smoking, which leads to a reduction in the 
number of GCs [64]. Thus, autophagy can be the reason for 
the controlling of fertility in women as it is involved in 
maintaining follicular cell population and subsequent 
folliculogenesis.

Autophagy and ATG play an influential part in follicular 
turn of events. In humans, exposure of GCs to oxidized low- 
density lipoproteins (oxLDL) gives rise to autophagy, which 
further leads to cell death by apoptosis. Activation of auto
phagy by oxLDL occurred via lectin-like OLR1/LOX-1 (oxi
dized low density lipoprotein receptor 1), which stimulates 
oxidative stress by increasing ROS which can be via NADPH 
oxidase [69]. According to the studies, obese women have 
excessive oxLDL causes enhanced autophagy in GCs. 
Regressing AFs are found to be rich in OLR1 in the human 
ovary [64,70]. Therefore, the oxLDL-OLR1-ROS pathway 
induces autophagy in GCs. Altogether these discoveries pro
pose that autophagy is involved in regulating the growth of 
follicles at different developmental stages.

Ovulation and post-ovulatory events: formation of 
corpus luteum and autophagy role

During the mid-follicular phase, the pre-ovulatory follicle 
produces a high amount of estradiol. This triggers the burst 
release of LH which causes the ovulation of the dominant 
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follicle by dissociating GCs from the cumulus cells [71,72]. 
Before ovulation, the dominant follicle increases its size by 
escalating cell mass and depositing follicular fluid (FF) in the 
antrum cavity [73].

Corpus luteum (CL) is the important component of the 
reproductive cycle formed after the ovulation of the matured 
follicle. Pre-ovulatory LH surge activates the LHR on follicular 

cells induces ovulation, which further promotes terminal dif
ferentiation of ovulated follicular cells into luteal cells by 
a process termed luteinization. The luteal cells derived from 
terminal differentiation of GCs and TCs are now referred to 
as granulosa-lutein and theca-lutein, respectively and both 
types of cells express LHR. CL comprises not only luteinized 
follicular cells but also endothelial and immune cells; hence, 

Figure 3. Autophagy implication during ovulatory and post-ovulatory events. Autophagy regulates the functioning of follicular cells during and after ovulation. (A) 
Ovulation: Disturbed level of autophagy markers in cumulus cells attached with oocytes damages the oocyte, which hampers the oocyte quality resulting in infertility. 
(B) Corpus luteum: becn1−/- causes a defect in lipid droplet formation and affects steroidogenesis decreases progesterone production. (C) Regression of corpus 
luteum: Enhanced expression of autophagy markers along with autophagic gene expression, inhibition of MTOR pathway, and activation of MAPK1-MAPK3 pathway 
triggers the autophagy and autophagy induced apoptosis.
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CL is considered a temporary organ. CL is the major source of 
progesterone hormone secretion; regression in CL results in 
a decline in progesterone secretion. Therefore, CL’s follicular 
cells are termed as non-dividing progesterone-producing 
luteal cells [74,75].

Significance of autophagy is discovered in the cumulus 
cell covering the ovulated oocyte (Figure 3A). After ovula
tion, the primary function of cumulus cells is to protect the 
oocyte from the exterior oviduct environment to achieve 
successful fertilization by repressing the autophagy- 
provoking stimulus. Kang et al. [76] suggested that defected 
cumulus cells in humans favor disruption in the autophagy 
pathway as they contain disturbing levels of autophagic 
proteins (high LC3, low ATG7, and low lysosome number). 
Therefore, defected autophagy causes the transport of cyto
toxic substances between cumulus cells and oocytes, which 
harms oocyte quality and may result in infertility. 
Interestingly, a higher amount of autophagosome has been 
noticed shortly after fertilization, indicating the necessity of 
autophagy post-fertilization where it can probably involve 
removing the unneeded cellular proteins and provide the 
derived amino acids for embryo development. In post- 
fertilization, inside the oocyte, autophagy is induced, which 
is mechanistic target of rapamycin complex 1 (MTORC1)- 
independent. Therefore, pointing to a new regulatory 
mechanism in which autophagy plays a unique role in con
trolling intracellular turnover in the early embryo [77]. 
A previous study demonstrated that oocytes generated after 
oocyte-specific atg5−/- leads to developmental failure after 
eight-celled stage of the mouse embryo. Thus, it signifies 
the role of autophagy during the pre-implantation pro
cess [78].

Females without key autophagic gene Becn1 in progester
one-producing ovarian GCs exhibit a defect in progesterone 
production during pregnancy contributes to preterm pheno
type. Progesterone is a mandatory hormone throughout preg
nancy, which makes the uterus ready for conceiving. 
Production of progesterone is a prime function of CL after 
ovulation, which requires cholesterol; BECN1 plays an essen
tial role in regulating autophagy for the appropriate function
ing of CL (Figure 3B). This cholesterol is derived from the 
lipid droplets present in CL, which initiates steroidogenesis. 
In the murine granulosa-lutein cell, becn1−/- causes default in 
the formation of lipid droplets further reduces progesterone 
secretion. Thus, the manifest role of autophagy in governing 
steroidogenesis in CL as well as supports pregnancy [79].

During the regression of CL and late luteal phase, the 
expression of genes involved in autophagy is found to be 
increased, such as BECN1 suggests the importance of auto
phagy during luteolysis. Autophagy performs a different role 
in CL depending upon its stage, in particular: (i) In the early 
phase – it fosters luteal generation, (ii) In the late phase – it 
gets involved in luteal deterioration. This is supported by 
a higher level of autophagy proteins, namely BECN1 and 
LAMP1 (lysosomal associated membrane protein 1), during 
CL regression (Figure 3C) [80]. In cattle, an elevated level of 
autophagy marker MAP1LC3-II is present in late-stage CL 
compared to the earliest one. Besides this, the expression of 
ATG genes, including ATG3, ATG7, MAP1LC3A, MAP1LC3B 

also raises significantly in late CL [81]. Increased ATG3 and 
ATG7 support the formation of the phagophore membrane 
via making LC3 and phosphatidylethanolamine complex [82].

Additionally, MTOR expression is also observed to be 
decreased during late CL, proposing the essential part of 
autophagy in the regression of CL [81]. A study in porcine 
ovary showed an incidence of autophagy in CL throughout 
the life cycle of CL proposes its role in governing the life span 
of CL. Previous studies suggest a crucial role of BECN1 in 
controlling the lifespan of CL through promoting autophagic 
survival of luteal cells [83,84]. Another study demonstrates the 
involvement of the MAPK/ERK (mitogen-activated protein 
kinase) pathway specifically increased MAPK3/ERK1 and 
MAPK1/ERK2 in inducing autophagy in luteal cells during 
CL regression, which is MTOR independent [85]. Evidence 
from electron microscope cytochemistry proves the participa
tion of autophagy in the regression of luteal cells following 
childbirth via increasing lysosomes population in CL and 
occurrence of autophagic vacuoles [86].

Collectively, compiling the observations from previous stu
dies indicates that numerous factors supervise the regression 
of CL in various ways; in one way, they eliminate the cells 
constituting the CL, while in another way destroying CL 
structurally. However, both the types of program cell death, 
apoptosis and autophagy, works simultaneously to destroy the 
CL completely. Luteal cell autophagy is supported by the 
gathering of autophagosomes, which in turn stimulate apop
tosis in luteal cells, confirmed by a fall in the ratio of BCL2 
(BCL2 apoptosis regulator):BAX (BCL2 associated 
X apoptosis regulator) along with caspase activation. 
Moreover, expression of the autophagic protein (LC3-II) 
goes parallel with apoptotic protein (CASP3) indicates the 
involvement of both types of programmed cell death during 
CL regression [66]. Autophagy protein BECN1 interacts with 
anti-apoptotic protein BCL2 in CL regression. Apart from 
GCs, the presence of BECN1 is confirmed by immunostaining 
in TCs. Moreover, both theca-lutein and granulosa-lutein 
express BECN1 following ovulation, where it is involved in 
regulating the survival of CL by promoting autophagy rather 
than apoptosis. Taken together, both types of programmed 
cell death are noticed in CL [83].

Steroidogenesis by theca cell and granulosa cell and 
autophagy association

Ovary expresses all the necessary enzymes required for the 
formation of sex steroids. Not all ovarian cells can produce all 
types of steroidal hormones; specific cells in the ovary carry 
specific enzymes for making a particular hormone. TCs pro
duces progesterone and androgens, whereas GCs produce 
estrogen. Both follicular cells require stimulation from specific 
gonadotropins to induce hormone production; TCs require 
LH stimulation, whereas GCs require FSH [87].

Steroidogenesis is the process of steroidal hormone forma
tion, which requires cholesterol as a precursor. LH is the 
primary hormone responsible for inducing steroidogenesis 
in ovarian cells. Initiation of steroidogenesis requires STAR 
(steroidogenic acute regulatory protein)-mediated transloca
tion of cholesterol inside the mitochondria, which further get 
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converted into pregnenolone by another enzyme called cho
lesterol side-chain cleavage enzyme [88]. The entire steroido
genesis pathway demands a variety of transport proteins, 
enzymes, cofactors; especially cytochrome P450 enzymes and 
hydroxysteroid dehydrogenases. Expression of CYP17A1/ 
P450C17 (cytochrome P450 family 17 subfamily 
A member 1) is found in the adrenal and ovary, where its 
expression is governed by LH stimulation in the ovary and 
adrenocorticotropic hormone in the adrenal. CYP17A1 is the 
only enzyme which holds two different activity and catalyzes 
the different reactions, considered as key androgen producing 
enzyme: (i) 17-hydroxylase activity – convert pregnenolone to 
17-hydroxypregnenolone, and (ii) 17,20 lyase activity – con
vert 17-hydroxypregnenolone to dehydroepiandrosterone 
(DHEA), further sex steroids and androstenedione is made 
from DHEA by HSD3B2 (hydroxy-delta-5-steroid dehydro
genase, 3 beta- and steroid delta-isomerase 2). Additionally, 
both the activities of CYP17A1 are required to convert pro
gesterone into androstenedione. In TCs, androstenedione is 
converted to testosterone by AKR1C3/HSD17B5 (aldo-keto 
reductase family 1 member C3). TC is the only site for 
androgen production in the ovary as no other follicular cell 
expresses CYP17A1 [41].

Once the androgen is formed successfully by TCs, it is 
permeated to GCs, where they act as a precursor for estrogen 
formation as GCs only express the CYP19A1 required for 
estrogen production (estrone form), which is crucial for GCs 
differentiation. Further, estrone is converted to estradiol by 
HSD17B1 (hydroxysteroid 17-beta dehydrogenase 1). In GCs, 
androstenedione and testosterone both act as a substrate for 
the CYP19A1. Still, androstenedione is converted more pro
minently as it is present in higher quantities as compared to 
testosterone. In contrast, testosterone is majorly converted 
into more potent dihydrotestosterone by the SRD5A1 (steroid 
5-alpha reductase) enzyme [87]. Enhanced capacity of andro
gen biosynthesis is observed after LH-mediated luteinization. 
Besides androgens, estradiol production also required 
increased LH level as androgens are the precursor of estradiol 
[89,90]. As estradiol is made from androgens only, the lower 
level of androgens in FF of healthy dominant follicles possibly 
states that their substantial amount is consumed in estradiol 
production [91,92].

Signals from different hormones command the synthesis of 
steroidal hormones in endocrine cells along with a monitored 
supply of precursors required for steroidogenesis, i.e., choles
terol. The cells in which steroidogenesis is active show 
a higher autophagy rate, whereas reduced turnover of steroi
dal hormones is linked to a decline in autophagy. Still, the 
relationship between autophagy and steroidogenesis is 
unclear. In mice, atg5−/- in steroid-producing cells is asso
ciated with a decrease in the production rate of steroid hor
mones. This reduction was further found to be due to 
cholesterol deficiency resulting from reduced autophagy. 
This study states the regulation of steroid hormone produc
tion via autophagy [93].

Various growth factors are known to manage the activity of 
estrogen-producing enzymes. IGF1 (insulin like growth fac
tor 1) is found to augment the activity of the CYP19A1, 
although the exact mechanism involved is unfamiliar. 

Metabolically, IGF1 prevents the degeneration of CYP19A1 
protein. Zhang et al. [94] reported rapamycin, an autophagy 
inducer, completely opposes the increase in CYP19A1 activity 
by IGF1. Thus, it suggests that the inhibition of autophagy by 
IGF1 is responsible for promoting CYP19A1 activity. 
Therefore, defining the role of autophagy in controlling estro
gen production. Additionally, IGF1 is reported to have 
a mutagenic property that elevates the proliferation of ovarian 
cells. Besides mutagenicity, it also promotes the productivity 
of progesterone and inhibits apoptosis [95]. In conclusion, 
IGF1 is involved in regulating the turnover of estrogen and 
progesterone but not androgen.

Low-density lipoprotein, considered as bad cholesterol, 
induces the synthesis of steroid hormones in the ovary. 
Degradation of low-density lipoprotein through lysosome 
activation in GCs is required for the synthesis of progesterone. 
In ovarian endometriosis, autophagy is found to be enhanced 
in the GCs evidenced by higher expression of BECN1. In vitro 
study on BECN1 knockdown GCs, reduced expression of 
steroidogenic enzymes alters the steroidogenesis pathway; 
hence, it reduces progesterone production. Therefore, these 
findings suggested upregulation of autophagy is involved in 
increased progesterone secretion in the late follicular stage in 
endometriosis [96].

Autophagy implication in follicular atresia

Ovarian follicles being the functional unit of ovaries, experi
ence different stages throughout their developmental phases 
[97]. If follicles do not ovulate at the end of the ovarian cycle, 
ultimately, they encounter follicular degeneration by a process 
defined as follicular atresia [98]. A minor percentile of the 
follicles gets away from follicular death by atresia and ends up 
in ovulation. In primates, after bypassing the RP, follicles 
compete together to achieve maturation. Among all, only 
a single follicle hits the pre-ovulatory phage in each ovarian 
cycle, remaining all confront demise by follicular atresia [99]. 
Atresia can occur at any stage during folliculogenesis. The 
probability of undergoing follicular atresia is different and 
depends upon the stage of follicular development. However, 
the maximum possibility of facing atresia is at the antral phase 
[59] (Figure 4).

Role of autophagy and ATG has been established in con
trolling follicular atresia in ovaries. Choi et al. [22] have 
demonstrated an inverse relationship between autophagy 
and gonadotropins in vivo. In GCs, autophagy is responsible 
for inducing follicular atresia through influencing cell death 
by apoptosis. MTOR has a detrimental effect on autophagy, is 
under the control of the upstream phosphoinositide 3-kinase 
(PI3K)-AKT pathway. Inhibition of PI3K-AKT-MTOR path
way stimulates the autophagy accompanied by apoptosis leads 
to massive degeneration of GCs, which subsequently trigger 
follicular atresia, proved by obstruction of AKT and MTOR 
activation by AKT and FSH inhibitor. These findings indi
cated a significant role of AKT in GCs autophagy and auto
phagy induced apoptosis during follicular atresia [65]. 
Duerrschmidt et al. [70] reported the presence of autophago
somes in the GCs of atretic follicles in humans. Furthermore, 
GCs of atretic follicles exhibit an extreme level of LC3-II and 
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cleaved CASP3 and later found to be gonadotropin- 
dependent; hence, states autophagy and its involvement in 
apoptotic induction in rat GCs [22]. Therefore, in rat ovaries, 
a unique process of cell death is reported in atretic follicles, 
which involves the combination of type I (apoptosis) and type 
II cell death (autophagy) [100].

Pieces of evidence from previous studies have confirmed 
that autophagy is explicitly pronounced in mammalian cells 

facing oxidative stress. In ovarian tissue, enhanced autophagy 
resulting from oxidative stress damages the GCs, which pro
vokes follicular atresia. Research conducted on melatonin 
reflects its protective role in follicular health by preventing 
oxidative damage in GCs. This protective effect of melatonin 
is because of blocking MAPK8/JNK (mitogen-activated pro
tein kinase 8) directed autophagy, in which increased interac
tion between BCL2 and BECN1 is responsible for repressing 

Figure 4. Significance of autophagy during the follicular atresia. Atresia is noticed during all the developmental stages of follicles; however, maximum atresia is 
observed at the antral stage. Autophagy contributes to follicular atresia by induction of apoptosis and/or autophagic cell death of granulosa cells. Activation of 
MAPK8 triggers autophagy by phosphorylation of apoptotic protein BCL2. Phosphorylated BCL2 is detached from the autophagy protein BECN1 and promotes 
autophagy. FSH hormone prevents oxidative stress damage by inhibiting autophagy via PI3K-AKT-MTOR pathway activation and mitophagy.
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autophagy. Therefore, blocking autophagy via the melatonin- 
MAPK8-BCL2-BECN1 axis might support GCs from oxida
tive stress, although it does not participate in scavenging ROS 
neither restores GCs viability [101]. FSH involvement has 
been disclosed in defending GCs from oxidative stress via 
suppressing autophagy, although the exact mechanism is not 
known. This study shows that mitophagy induced by oxida
tive stress is mainly responsible for GCs death, which is found 
to be reduced after FSH treatment, hence, supports the invol
vement of FSH in protecting GCs death via inhibiting mito
phagy [102]. Additionally, Shen et al. [103] reported that 
activation of the PI3K-AKT-MTOR pathway is requisite for 
the action of FSH in subduing oxidative stress instigated 
autophagy in GCs.

Generally, under stress conditions, cells promote autopha
gy, making cells adapted to the unfavorable environment and 
favors cell survival. Sometimes, it is also accountable for cell 
death (autophagic cell death); hence, autophagy is referred to 
as an ambiguous nature [21]. Apoptosis does not have com
plete control over follicular atresia; In fact, recent studies 
emphasize the death of GCs in ovarian tissue via induction 
of autophagy [104]. Aggregation of autophagosomes involved 
enhancing the death of GCs and fostering apoptosis by dimin
ishing BCL2 level accompanied by activation of caspase. 
Various studies have reported a close link between both 
types of programmed cell death, induction of apoptosis via 
autophagy [105].

Crosstalk between PCOS and autophagy

Hyperandrogenism in PCOS and autophagy involvement

Hyperandrogenism is marked by an increased testosterone 
level in females leading to clinical manifestations like acne, 
hirsutism, female-pattern alopecia, etc. The root cause behind 
hyperandrogenism is many, including adrenal/ovary tumor, 
congenital/acquired adrenal hyperplasia, acromegaly, hyper
prolactinemia, and side effects of various drugs. Androgens 
are mainly produced from three locations: ovary, adrenal, and 
peripheral (skin, liver, etc.). The term “functional hyperan
drogenism” is specially coined when hyperandrogenism is 
recognized with clinical symptoms without noticeable etiol
ogy, mainly used when the main contributor to AE is the 
ovary. When AE results from follicular TCs, then the ovary 
generates multiple cysts and shows polycystic morphology, 
whereas when a non-follicular stromal source causes AE, 
then called stromal hyperthecosis. For those cases in which 
the prime cause is nonidentified, these particular cases are 
mostly diagnosed with PCOS. However, in PCOS, the primary 
source of hyperandrogenemia (HA) is the ovary (major 
androgens secreted: androstenedione and testosterone) [106].

Under the ordinary situation, the adrenal gland and ovaries 
contribute equally to testosterone hormone production 
depending upon adrenocorticotropic hormone and LH secre
tion, respectively [41]. In functional ovarian hyperandrogen
ism, the hypothalamic-pituitary axis plays a vital role as the 
pituitary becomes more responsive toward gonadotropin- 
releasing hormone induces LH release [106]. Normally the 
androgens produced are metabolized by the liver, but in HA, 

the androgens derived from either source get metabolized into 
another potent androgen called dihydrotestosterone by the 
skin. In addition to metabolism, the production of SHBG 
(sex hormone-binding globulin), a transport protein for 
androgens synthesized by the liver, is also inhibited in ovarian 
hyperandrogenism [106]. In PCOS, it is observed that elevated 
LH:FSH ratio, increased oxidative stress, and the heightened 
level of unbound testosterone all are interconnected with each 
other and present in PCOS women with functional ovarian 
hyperandrogenism [41,107].

Apart from testosterone, the production of intermediate 
steroids during steroidogenesis is also enhanced, indicating 
the overall upregulation of enzymes involved in the steroid 
biosynthesis pathway. This abnormality suggests a disturbed 
endocrine environment such as higher LH and INS (insulin) 
levels. Excessive stimulation by LH induces androgen produc
tion in ovarian TCs by upregulating the key androgen- 
producing enzyme that is CYP17A1 [108]. To maintain the 
balanced level of hormones, androgen produced by TCs is 
harmonized with estrogen produced by GCs. Several steps in 
the steroid synthesis pathway are done by the CYP17A1 
enzyme, which is dependent on LH action; the action of 
CYP17A1 is compensated by decreased responsiveness toward 
LH activity. Moreover, other intra-ovarian secretions also play 
a crucial part in regulating the activity of CYP17A1, including 
testosterone and estradiol act as inhibitory factors, whereas 
INH, INS, and IGF1 an excitatory factor. Disequilibrium 
between inhibitory and excitatory factors leads to ovarian 
HA regardless of LH discharge [109].

Compared to normal TCs, TCs of PCOS patients convert 
precursors of androgens with greater efficacy [110]. Evidence 
from the previous investigation highlights the intra-ovarian 
abnormality specifically associated with steroidogenesis in 
TCs is the root cause of hyperandrogenism linked with 
PCOS, as TC is the only place where androgens are synthe
sized in the ovaries. To prove this hypothesis, the activity of 
androgen producing enzymes, and their mRNA expression 
were examined in the long-run culture of TCs from PCOS 
and normal ovaries. Synthesis of progesterone, 17a- 
hydroxyprogesterone, and testosterone are enhanced in the 
culture of PCOS TCs. Additionally, mRNA expression of 
cholesterol side-chain cleavage enzyme and CYP17A1 is also 
magnified in PCOS TCs culture, as well as activity of HSD3B 
and HSD17B were also enhanced, whereas no significant 
change in mRNA expression of the steroidogenic acute reg
ulatory protein was noticed. Therefore, this study confirmed 
that the enhanced production of androgens in the TCs is the 
intrinsic property of TCs [111].

IR associated with genetic variance plays a significant part 
in inducing HA in direct and indirect ways: directly by acting 
on the adrenal or ovary, and indirectly by inducing hyperin
sulinemia. For instance, TNF (tumor necrosis factor) inter
feres with INS signaling by interacting with IRS1 (insulin 
receptor substrate 1), alters reproductive functions, which 
closely resemble PCOS and hyperandrogenism [112]. 
Growth factors secreted from oocytes and follicular cells 
mainly regulate follicle development in the early phase by 
acting in a paracrine manner. However, the androgens pro
duced from TCs play a crucial part during the development of 
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AF; complementarily, they stimulate the FSH receptors 
expression on GCs. Furthermore, FSH induces LHR expres
sion on GCs, thereby luteinizing the GCs; this process is also 
augmented by INS. Excess of androgenic hormones provoke 
proliferation of small AF, subsequently increase in AMH 
prevent the entry of PMFs into the growth phase [41].

HA being the characteristic feature of PCOS, previous 
studies disclose that regulation of autophagy in response to 
androgen might play a noteworthy role in PCOS pathogen
esis (Figure 5). Deterioration in autophagy is associated with 
protein aggregates accompanying an increased SQSTM1/p62 
(sequestosome 1; an autophagosome cargo protein) and 

Figure 5. Link between autophagy and hyperandrogenism in PCOS. Different autophagic responses are observed at various locations due to an increased level of 
androgen in PCOS. (A) Theca cells: Increase in palmitic acid augments SQSTM1 and ubiquitin, which inhibits autophagy. Declined autophagy induces testosterone 
production by increasing ROS and enhanced mRNA expression of CYP17A1 and SERPINE1 via MAPK/p38 and MAPK8 activations. (B) Skeletal Muscles: Testosterone 
causes activation of MTORC1, which inhibits the autophagy proteins and suppresses autophagy. (C) Uterus: Altered gene expression in response to hyperandro
genemia inhibits autophagy. (D) Granulosa Cells: Testosterone induces expression of BECN1, ATG, LC3, and favors autophagy. Red arrow: deactivation; Black arrow: 
activation.
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ubiquitin [113]. It has been reported that PCOS affected 
ovary shows the accumulation of SQSTM1 and ubiquitin 
in the TCs layer using immunohistochemistry. Suppression 
of autophagy has been noticed in TCs of PCOS ovaries, 
which can induce ROS production. Palmitic acid (PA) inhi
bits late-stage autophagy and promotes the elevation of 
CYP17A1 and SERPINE1/PAI1 (serpin family E member 1) 
mRNA level as well as increases the production of androgen 
through ROS-MAPK/p38 and MAPK8 signaling [114]. 
Consequently, a raised level of PA has been noticed in the 
serum and FF of PCOS patients and prompt androgen 
formation [115,116]. Therefore, PA has been hypothesized 
to be involved in PCOS pathogenesis. Similar expression of 
LC3-II:LC3-I but increased SQSTM1 was observed on TCs 
exposed to PA in vitro. Inclusively, PA supports the accu
mulation of phagosomes and alters autophagic degradation 
in bovine TCs (Figure 5A) [117,118].

In a recent study in DHEA-induced PCOS mice, the role of 
MTORC1 was investigated in directing autophagy in skeletal 
muscles. This study has reported MTORC1 activation after 
INS administration which ultimately reduces the autophagy, 
evidenced by declined LC3-II:LC3-I and enhanced SQSTM1 
expression. Similarly, testosterone exposure to in vitro culture 
of C2C12 myotubules induces the activation of MTORC1 
(phosphorylation of MTORC1), which in turn reduces auto
phagy together with IR and mitochondrial dysfunction. 
However, impeding the MTORC1, we get the opposite results 
as mentioned before. Conclusively, the detrimental effect of 
HA specifically boosted testosterone level, is instigated by 
obstructing autophagy, showing that testosterone and auto
phagy are negatively associated with skeletal muscles 
(Figure 5B) [119].

Autophagy could exhibit a protective role in cyclical rede
signing of the human endometrium [120]. Another study has 
inspected mRNA level in endometrium and found decreased 
expression of genes incorporated in autophagy: FOXO1, 
ATG3, ATG5, ATG13, ATG14, RB1CC1, SH3GLB1, 
GABARAP, BECN1, indicate its linkage with HA in PCOS 
women (Figure 5C). Metformin is effective in the reversal of 
disrupted expression of some autophagic genes such as 
FOXO1, ATG3 in endometria [121].

In PCOS women, increased mRNA abundance of 
ATG7, ATG5, BECN1, and an elevated ratio of autophagy 
marker protein LC3-II:LC3-I together with a declined 
abundance of SQSTM1 exhibits in GCs. Direct relation 
has been observed between mRNA level of BECN1 in 
GCs and testosterone level in vitro in a dose-dependent 
fashion in cultured GCs of PCOS women [24], stating the 
correlation between androgen and autophagy. Autophagy 
in the GCs is detected to be enhanced on exposure to 
testosterone propionate by increasing BECN1 and LC3 
(Figure 5D). In contrast, treatment with the Gui Zhu Yi 
Kun formula remarkably reduces BECN1 level in response 
to testosterone. The result of Xing et al. [122] study 
explored the feasible mechanism involved in Gui Zhu Yi 
Kun formula action and suggested the activation of tumor 
protein TP53-AMP-activated protein kinase (AMPK) sig
naling succeeded by enhanced MTOR expression and con
sequently leads to autophagy inhibition.

Anovulation associated with PCOS and autophagy

Infertility caused by anovulation is defined by no ovum 
release due to hampered follicle bursting [123]. In conjunc
tion with HA, anovulation is termed as hyperandrogenic 
anovulation, identifiable by cysts formation in ovaries accom
panied by an elevated LH to FSH ratio and decreased SHBG 
[124]. PCOS is a diversified disorder with HA associated with 
persistent anovulation. Due to the failure of selecting domi
nant follicles as a result of cysts formation, PCOS women 
experience anovulatory infertility and menstrual irregularities. 
In accordance with WHO, PCOS women cover a maximum 
fraction of women under WHO class 2 ovulatory dysfunction 
marked by chronic anovulation coupled with normal levels of 
estradiol and FSH [125].

Crosschecking the follicular population in ovaries of ano
vulatory and ovulatory women with PCOS demonstrates 
a reduced fraction of resting follicles and an increased fraction 
of growing follicles compared to healthy ovaries [126]. 
Notably, in PCOS-associated anovulation, there is emerging 
evidence that supports deviation in folliculogenesis at the 
earliest stage, which is entirely gonadotropin independent. 
Therefore, an increased population of follicles at the initial 
growth phase and small pre-AFs are noticed in anovulatory 
PCOS. Four possible reasons explain the increased number of 
the small pre-AF in ovaries of anovulatory women with 
PCOS – (i) fetal ovaries are granted with a high percentage 
of PGCs, (ii) in fetal ovary oogonia experience high mitotic 
division, (iii) during pregnancy; follicle formation begins at 
12th week which involves the arrangement of somatic cells 
around oocyte, this process might get pronounced in PCOS 
ovaries, and (iv) from fetal ovary till menopause there is 
a high rate of germ cell loss, which might get reduced in 
PCOS [127]. Because follicles cannot undergo ovulation in 
PCOS, the development of PCOS ultimately leads to anovu
latory infertility. Although the exact mechanism underlying 
PCOS-associated anovulation is unknown, evidence suggests 
that the arrest of follicles development at the antral stage (5– 
10 mm wide) and failure to go in pre-ovulatory phage is the 
possible cause behind anovulation. Despite detention in folli
cular growth, there is an abnormality in the secretory function 
of GCs leading to hypersecretion of estradiol, which might be 
a cause of hyperinsulinemia. Excessive release of INS, testos
terone, and LH may be engaged in causing anovulation 
through a common mechanism involving cAMP production 
within GCs at the pre-ovulatory stage (Figure 6). Plausibly, 
anovulation has its origin at the very beginning of folliculo
genesis [128].

Early-stage follicles mainly secrete AMH specifically pre- 
AF and early-AF. Locally secreted AMH is majorly involved 
in disturbing follicular growth along with other local regu
lators such as IGF1 and sex hormones [129]. Level of AMH 
is found to be elevated in PCOS women exhibiting anovu
latory infertility, indicates a linkage between AMH level and 
malfunctioning in the ovary in anovulatory PCOS women 
[125,130]. Additionally, it has been noticed that disturbance 
in INS action is associated with an increase in body mass 
index. Obesity in PCOS women is more frequently asso
ciated with defaulted reproductive performance regarding 
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ovulation and AE, leading to anovulatory infertility [131]. 
However, the principal dissimilarity in PCOS women’s meta
bolic background with or without ovulation is the occur
rence of hyperinsulinemia and IR in anovulatory sufferers 
[132]. In conclusion, the fundamental cause of anovulation 
associated with PCOS is aberrant folliculogenesis at the 
initial stages.

Mitophagy, a type of selective autophagy which particularly 
destroys defective mitochondria to counteract stress condi
tions [133]. It has been anticipated that maternal transfer of 
malformed mitochondria to fetus might be involved in the 
defective mitophagy in oocytes [134,135]. Spoiled mitophagy 
and decreased mitochondrial membrane potential contribute 
to deformed oocyte formation in the PCOS ovary. 

Figure 6. Autophagy adaptations during anovulation associated with PCOS. An altered population of follicles at the initial stages of follicular development including, 
an increase in the number of primary follicles and pre-antral follicles. Autophagy causes granulosa cell death in the pre-antral follicle and leads to follicular atresia. 
Heightened mitophagy in the cumulus cells in response to oxidative stress in follicular fluid. Defective mitophagy causes oocyte damage causes deformation of 
oocytes. Autophagy prevents the transition of antral follicles to the pre-ovulatory stage and opposes ovulation. An increase in the level of INS, LH, and testosterone 
prevents ovulation by augmenting the cAMP level.
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A discrepancy in oxidation-reduction potential associated 
with elevated mitophagy. It has been recognized that oxidative 
stress in FF is the cause of increased mitophagy in cumulus 
cells, which may be responsible for anovulation in PCOS 
[136]. Ramly et al. [137] have reported four PCOS- 
associated proteins engaged in mitophagy; E2F1, FOXO3, 
JUN, and MAPK9, and suggest PCOS association with 
hypertension.

The primary process by which follicles commit death by 
atresia differs according to the stage of follicles. It has been 
reported that atresia occurs in the pre-AFs, and the AFs are by 
GCs autophagy and apoptosis, respectively [138]. As the 
population of follicles in the pre-antral stage is enhanced in 
PCOS-associated anovulation, it suggests that autophagy 
might play a part in anovulation associated with PCOS.

Disordered folliculogenesis, follicular cyst in PCOS, and 
autophagy

The primary difference between the normal ovary and poly
cystic ovary is disordered folliculogenesis at earlier stages of 
development, indicate that abnormality starts at the beginning 
stage of the follicular development only. In contrast to healthy 
ovaries, there is a 2-6-fold increase in primary, secondary, and 
small AFs in addition to AFs in polycystic ovaries [139]. The 
follicle size ranging from 2–10 mm is observed more (=/>10 
number) in polycystic ovaries [127].

The imbalance in the female pituitary hormones (increased 
LH:FSH ratio) leading to disturbed folliculogenesis in ovaries 
ultimately causes cysts formation mainly in ovarian AFs. 
Cysts are primarily defined by follicle containing a large 
water-filled pouch and the altered density of follicular cells, 
which hinders the release of the ovum. Due to water deposi
tion, the size of the cyst can expand as large as 10 mm wide, 
which ultimately increases the ovary size up to 10 cm wide. 
Hence, healthy egg transitions into a cyst named a functional 
cyst which hampers ovulation [140]. Regardless of ovulation, 
the percentage of follicles in the growth phase indicates that 
there is an enhanced recruitment of follicles from the RP in 
polycystic ovaries.

Additionally, it is reported that inhibition of intra-ovarian 
HSD11B1 (hydroxysteroid 11-beta dehydrogenase 1) activity 
by androgens results in enhanced cystic follicle formation in 
anovulatory PCOS women [141]. Taken together, the majority 
of studies have confirmed a surplus number of small AFs in 
PCOS along with hyperplasia of TCs (hyperthecosis), cortical 
thickening, and stromal hyperplasia and hypertrophy [142]. 
As a result, disruption in the menstrual cycle results due to 
the blockade of ovulation, leading to the absence of menses 
called “amenorrhea.” Conclusively, due to disturbance in the 
female reproductive cycle, fertilization becomes impossible, 
leads to loss of fertility in women facing PCOS [140].

In PCOS, the ovary acquired various changes in response 
to AE, promoting follicle recruitment, subsequently increasing 
the population of small follicles, morphological alteration, and 
follicular arrest. Folliculogenesis induced by androgen 
increases follicles population at an early stage promotes 
more AMH production per GCs [61]. Indirectly arrest of 
follicles at maturation occurs due to enhanced follicles at an 

early stage, which is because of the inhibitory effect of AMH 
[42]. In contrast to the mid-follicular phase in normal women, 
prematurely luteinized follicles are more likely to respond 
toward LH, which inappropriately secretes estradiol and 
androgen in PCOS women [143]. Hindrance in follicle pro
liferation due to premature luteinization causes follicular 
arrest at the maturation phase, which further hampers the 
dominant follicle development [144]. In the overproduction 
of androgens by TCs, dysfunction of GCs also found to give 
a contribution. Due to enhanced LH and INS levels, the GCs 
become more luteinized prematurely. Conclusively, intra- 
ovarian abnormality due to altered levels of hormones and 
other intra-ovarian factors contributes to disordered follicu
logenesis in PCOS, indicating polycystic ovarian morphol
ogy [129].

TUG1 (taurine up-regulated 1), a form of long non-coding 
RNA involved in cellular function like cell proliferation, apop
tosis, and autophagy. A recent study reported enhanced 
expression of the TUG1 gene in GCs and contributes to the 
amplified AF population in PCOS ovaries [145]. Although, 
the role of TUG1 is not explored much in PCOS. A study by 
Li and Chen et al. [146] founded a notably high expression of 
TUG1 long non-coding RNA in PCOS GCs and was analo
gous to the AFs population. According to this study, TUG1 
might hamper the MAPK/ERK pathway, hence, retard auto
phagy in GCs and support AFs survival (Figure 7), stating the 
involvement of TUG1 in promoting the formation of AFs in 
the PCOS ovary.

DHEA-induced PCOS model showed enhanced expression 
of MTORC1 and MTORC2 in the mouse ovary. Interruption 
in selecting dominant follicles during the ovarian cycle results 
in aberrant follicle growth; this disorganized ovarian physiol
ogy occurs in response to the MTOR signaling pathway in the 
PCOS ovary [147]. However, in ovarian endometrial cysts 
(blood-filled ovarian cysts lined by endometriotic tissue), 
abnormal MTOR activity affects the autophagy process. In 
this particular situation, the autophagic induction of apoptosis 
is reduced by uninhibited MTOR activity [148]. Altogether, it 
suggests that the MTOR-autophagy axis is involved in regu
lating ovarian folliculogenesis.

Oxidative stress caused by an elevated level of ROS can 
result from hypoxia/low partial pressure of oxygen in any 
organ. Hypoxia is responsible for inducing autophagy. 
A link between autophagy and ROS has been established 
already. Particularly in the ovary, a consequence of hypoxia 
has a very harmful impact on the reproductive functions of 
the ovary because of damaged ovarian follicles. Past studies 
demonstrate the involvement of hypoxia in the formation of 
cysts in the ovaries as well as modification of the estrous cycle 
in female rats resulting in decreased fertility in rats ovary, 
suggesting a detrimental effect on follicular development in 
the ovary [149,150].

Metabolic impact on the PCOS and autophagy role

A particular metabolic abnormality does not specify metabolic 
syndrome, but it is a fusion of diverse risk factors. The most 
noticed risk factors are obesity, hypertension, dyslipidemia, 
and hyperglycemia. PCOS is not only an endocrine disorder 
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but also a metabolic disorder in which various metabolic 
abnormalities play a crucial role in PCOS progression. The 
potential pathogenic factor contributing to PCOS is IR, which 
serves as a connecting link between PCOS and metabolic 
syndrome (Figure 8). Therefore, treatment targeted to control 
IR proved beneficial in PCOS [151].

It is believed that with an increase in body mass index, the 
risk of acquiring metabolic syndromes rises by 14-fold in 

PCOS females. Previous researches suggest increased deposi
tion of abdominal fat in 60–95% of PCOS women, which can 
undermine INS signaling and exacerbates IR [152]. In all the 
INS-targeted tissues, impairment in the INS signaling path
way is noticed, whereas in the ovary, INS-mediated steroido
genesis remains functional. As a consequence of IR, there is 
an activation of CYP17A1 in TCs leading to functional ovar
ian hyperandrogenism. Additionally, INS directly upregulates 

Figure 7. Disturbed folliculogenesis in PCOS and its connection with autophagy. Different autophagic pathways are involved in altered folliculogenesis in the PCOS 
ovary. An increase in ROS promotes autophagy and the formation of cysts. An increase in TUG1 expression suppresses autophagy by obstructing the MAPK/ERK 
pathway and supports antral follicle survival. Activation of the MTOR pathway inhibits autophagy and promotes aberrant growth of follicles.
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the genetic expression of ARK1C3 via INS-facilitated promo
ter functions, which increases the production of testosterone 
from androstenedione [153]. Thus, considering all the evi
dence together contributing to the development of PCOS, 
two features are found to be constant in the majority of 

PCOS-positive women are HA and hyperinsulinemia, where 
the development of both features are dependent on each 
other [154].

Nevertheless, abnormal adiposity is not the only factor that 
contributes to IR; there are other factors also including 

Figure 8. Autophagy role in metabolic abnormalities acquired during PCOS in various metabolic organs. Autophagy plays a crucial part in governing the metabolic 
response in affected tissues in PCOS. (A) Adipose tissue: Obesity-driven INS resistance because of adipocyte dysfunction and defaulted INS signaling pathway is 
suppressed via the induction of autophagy. (B) Ovary: Hyperinsulinemia and hyperandrogenism both share a direct relationship, where INS promotes the expression 
of steroidogenic enzymes ARK1C3 and CYP17A1. Regulation of autophagy inhibits INS resistance and hyperandrogenemia. (C) Skeletal muscles: Autophagy is 
attenuated in PCOS via activation of MTOR accounts for INS resistance. (D) Heart: Cardiac autophagy gets halted by decreased autophagy protein level and decreased 
AMPK phosphorylation responsible for causing hypertrophy in cardiac cells, leading to cardiovascular (CVS) complications. (E) Liver: Decline in turnover of 
autophagosomes is observed in response to decreased vitamin D level, contributes to liver disease which gets suppressed on autophagy stimulation.
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alteration in adipokine level, disturbed downstream INS path
way, and default in glucose, lipid, and steroid metabolism 
[155]. The size of the adipocytes is an essential criterion to 
predict the incidence of T2DM in women as it is correlated 
with impaired INS signaling. Observing the mean adipocyte 
size in PCOS women reveals hypertrophy in adipocytes. 
Despite its size, decreased adipokines level and decreased 
LPL (lipoprotein lipase) activity in adipocytes lead to adipo
cytes dysfunction. All these observations might play a crucial 
role in causing IR in PCOS women [156].

Another metabolic factor prevalent in PCOS women is the 
cardiovascular risk factor [157]. More precisely, in PCOS, 
cardiovascular disease risk is enhanced with deviation in the 
body’s metabolic status, such as defective metabolism of glu
cose and lipid along with low-grade inflammation, increased 
coagulation factors, and increased body weight [158]. PCOS 
women have a strong possibility of being detected with car
diometabolic diseases, including T2DM, obesity, and hyper
tension, compared to healthy women without PCOS [159]. 
The result of anthropometric studies and observation of meta
bolic defects in PCOS exactly corresponds to metabolic syn
drome [151].

Recent pieces of evidence have supported crosstalk 
between liver disease, specifically nonalcoholic fatty liver dis
ease (NAFLD), and PCOS, which proposes a unique hepato- 
ovarian link. NAFLD is a chronic liver disease defined by the 
deposition of fats and is related to IR and central adiposity. 
Therefore, a possible link exists between NAFLD and PCOS as 
they share a common culprit for developing metabolic 
abnormalities. PCOS-associated fatty liver disease shows 
a higher waist-hip ratio, elevated fasting glucose level, lower 
high-density lipoprotein level, higher testosterone, and higher 
Homeostatic Model Assessment of IR (a measure of IR). In 
summation, the consequence of PCOS do not remain in the 
reproductive organ; instead, it gets spread to tissues playing 
a part in developing metabolic abnormalities [160]

Burghen et al. [161] were the first to focus attention on the 
connection between PCOS and IR. For the development 
process of follicles, the ovary requires energy derived from 
the INS pathway. On account of previous studies, impair
ment in the downward/post-receptor INS signaling causes IR 
in the PCOS ovary [162]. The role of autophagy is well 
established in the normal functioning of the INS signaling 
pathway in various metabolic disorders such as obesity 
[163,164]. In INS-targeted tissues, autophagy shows diver
gent responses in diabetes – autophagy stimulates the INS 
signaling in skeletal muscles, adipose, and liver; conversely, 
persistent autophagy destroys β-cell in the pancreas and 
decreases INS secretion. Hence, precise autophagy is required 
for regulating INS action [165]. Similarly, regulating the 
autophagy in adipose (Figure 8A) and ovary (Figure 8B) 
might inhibit IR in PCOS. In skeletal muscles of DHEA- 
treated mice, suppression of autophagy is spotted in response 
to INS exposure via activation of MTOR1 following 
decreased phosphorylation of AKT. Data suggests hyperacti
vation of MTORC1 on excessive androgen exposure, inde
pendent of AKT activation, inhibits autophagy, thereby 
promotes glucose intolerance and mitochondrial dysfunction 
leading to IR (Figure 8C). Therefore, this MTORC1- 

autophagy pathway might produce IR in the skeletal muscles 
in PCOS [119].

Acupuncture is believed to be effective in PCOS suggested 
by many clinical examinations [166–169]. Data indicates that 
electroacupuncture is found effective in relieving symptoms 
associated with PCOS such as IR, mitochondrial dysfunction, 
ER stress, and hyperandrogenism by promoting autophagy in 
skeletal muscles. A possible mechanism involved in activating 
autophagy is via suppressing the hyperactivated MTOR- 
EIF4EBP1 (eukaryotic translation initiation factor 4E binding 
protein 1) signaling pathway [170]. A cardiac study unveils 
that mitochondrial damage can be repaired by fixing mito
phagy [171]. Similarly, controlling mitophagy in PCOS rats 
will reduce mitochondrial dysfunction, in which electroacu
puncture is found to be effective [170].

Overgrowth is fostered in cardiac cells due to depletion in 
autophagy is observed in hypertrophied cardiac tissue [172]. 
Diminished cardiac cell autophagy is linked with decreased 
AMPK activity in the myocardium of PCOS-induced mice. 
Therefore, autophagy plays a crucial role in cardiac tissue; 
unbalanced autophagy is concomitant with cardiac hypertro
phy. The involvement of macrophage migration inhibitory 
factor in governing MTOR activity is associated with inducing 
autophagy, which safeguards the myocytes during hypertro
phy [173]. Interestingly, estimating autophagy in myocardio
cytes of PCOS mice showed – (i) decreased expression of 
autophagy protein LC3-II with increased autophagy substrate 
SQSTM1, (ii) reduced expression of activated AMPK, suggests 
depleted autophagy (Figure 8D). Observed facts reflect cardiac 
impairment in PCOS mice correlated with autophagic inter
ference [18,174].

PCOS is correlated with the damage associated with auto
phagy in the hepatic cells of nonalcoholic steatohepatitis 
patients [175]. In the PCOS rat model, a link has been estab
lished between autophagosome formation and unorganized 
INS signaling coupled with nitrative stress in liver cells. 
Vitamin D deficiency is widespread among infertile women; 
frequently correlated with PCOS [176,177]. According to 
some reports, hyperandrogenic animals with reduced vitamin 
D levels manifest a lower turnover of autophagosomes 
because of the dropped level of activated LC3-II (Figure 8E) 
[178]. Malfunctioning of autophagy in the liver is due to 
vitamin D deficiency [178] Taken together, all the evidence 
encourages further research in targeting autophagy in PCOS 
pathogenesis.

Interplay between different conditions associated with 
PCOS progression and autophagy

To overcome unfavorable conditions, SIRT1 (sirtuin 1) works 
complementarily with AMPK to achieve the desired cellular 
function [179]. Elevated AMPK level and the existence of 
autophagy marker evince the correlation between SIRT1- 
AMPK signaling and autophagy. When SIRT1-AMPK- 
Autophagy relation was explored in PCOS by Di Emidio 
et al. [180] result stipulates an increased level of activated 
phosphorylated AMPK with increased SIRT1 in DHEA- 
treated ovaries besides the presence of autophagy marker. 
Hence, the result displays the SIRT1-AMPK axis in managing 
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autophagy in PCOS ovaries. Deacetylation of crucial autopha
gy mediator protein LC3 was found to be regulated by SIRT1, 
which implies its role in controlling autophagy [181]. SIRT1 
mediated activation of LC3 by deacetylation took place inside 
the nucleus during nutrient unavailability. Deacetylation 

performed by SIRT1 at K49 and K51 position permit LC3 to 
communicate with nuclear cofactor called TP53INP2/DOR 
(tumor protein p53 inducible nuclear protein 2), which 
sequentially returns it to the cytoplasm where it can chain 
with autophagy promoting factors like ATG7 and finally 

Figure 9. Mechanisms governing autophagy during different conditions related to PCOS. In PCOS, autophagy is depicted in response to different conditions such as 
(A) Nutrient deprivation: In ovaries, phosphorylation of AMPK induces deacetylation of LC3 via SIRT1 activation. Activated LC3 binds with TP53INP2, which promotes 
its translocation from the nucleus to the cytoplasm, where it can bind with ATG7 and initiates autophagosome formation. (B) Inflammation: Autophagy activation is 
accompanied by inflammation in PCOS via an increase in HMGB1, which stimulates autophagy in granulosa cells and causes its death. Whereas, an enhanced level of 
IGF1 is involved in governing autophagy via the PI3K-AKT-FOXO1-MTOR pathway. (C) Endometrial hyperplasia: Defaulted autophagy triggers hyperplasia in the 
endometrium in PCOS, which is reduced by induction of autophagy and autophagy induced apoptosis.
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initiate the formation of autophagic membrane following 
conjugation with phosphatidylethanolamine (Figure 9A). 
Therefore, in PCOS the acetylation-deacetylation cycle of 
LC3 plays a significant role in regulating autophagy to sub
jugate starvation [182].

Evidence from previous studies proved PCOS to be a pro- 
inflammatory condition. In PCOS ovarian tissue, IR and HA 
are found to be correlated with a low grade of inflammation. 
Increased intranuclear expression of NFKB (nuclear factor 
kappa B) and reduced NFKBIA (NFKB inhibitor alpha) in 
mononuclear cells in PCOS women supports the association 
of inflammation with PCOS [183,184]. HMGB1 (high mobi
lity group box 1) acts as an inflammation mediator; its level is 
measured to be raised in the blood of T2DM patients. 
HMGB1 exerts its effect via NFKB signaling, stating its role 
in IR [185]. An elevated level of HMGB1 is observed in the 
blood circulation and FF in PCOS women with IR, suggesting 
the contribution of HMGB1 in developing IR in PCOS with 
associated inflammation [186,187]. Recently, the role of 
HMGB1 in regulating the autophagy inside the ovaries is 
being noticed, where it induces the autophagic reactions in 
GCs, resulting in a declined GCs population (Figure 9B). 
Exacerbated autophagy in response to HMGB1 is due to its 
action on autophagic proteins including an enhanced LC3B-II 
:LC3B-I ratio, ATG7 level, and reduced SQSTM1 level. 
HMGB1 affects INS signaling by influencing SLC2A4/ 
GLUT4 (solute carrier family 2 member 4) translocation, 
NFKB signaling, AKT phosphorylation, IRS1 as well as glu
cose uptake in GCs. All these actions can be revoked by 
occluding HMGB1-mediated autophagy [20].

IGF1, a hormone that can induce inflammatory cytokines 
production, is found to be elevated in PCOS and appear to 
have an impact on autophagy. Many aspects can contribute to 
increased IGF1, including inflammation, IR, HA, all are the 
features of PCOS [24]. A recent study on zebrafish ovary 
reveals that locally produced intra-ovarian Igf1 is involved 
in the growth and development of PFs [188]. Therefore, 
IGF1 might play a potential role in the PCOS ovary. 
Hyperglycemic diet is hypothesized to induce IGF1 and INS 
secretion in acne conditions. Furthermore, a reduced amount 
of transcription factor FOXO1 in the nucleus, activation of 
PI3K-AKT pathway, increased expression of MTOR is noticed 
in acne patients. However, it has been reported that INS, 
IGF1, and androgen play an essential role in controlling the 
above PI3K-AKT-FOXO1-MTOR signaling pathway. 
Similarly, PCOS is also associated with PI3K-AKT-FOXO1- 
MTOR signaling [189,190], therefore suggests its relation with 
an autophagic impairment.

Disorganized autophagy is reported to be accountable for 
endometrial hyperplasia (EH) associated with PCOS 
[121,191]. A study conducted by Wang et al. [192] checked 
the effect of metformin and sorafenib in regulating pro
grammed cell death in PCOS induced EH. In vitro study in 
endometrial cells report that metformin reduces MTORC1 
and SQSTM1 expression and sorafenib reduces MTORC2 
and SQSTM1 expression, whereas both significantly enhance 
markers of autophagy (LC3-II) and apoptosis (CASP3) 
(Figure 9C). Hence, data supports autophagy involvement in 
EH-associated with PCOS.

Furthermore, to overcome the stressed microenvironment 
in the ovarian cells, autophagy plays a potential role by reg
ulating the expression of autophagic genes, supported by real- 
time polymerase chain reaction. Regression analysis reveals 
a possible network responsible for activating autophagy in 
PCOS, which includes genes: FOXO1, MAPK1, MAPK9, 
IGF1, TP53, NFKB1, ERBB2, EGFR. In response to stress 
conditions, the involvement of these genes are observed in 
particular cellular mechanisms and are associated with signal
ing pathways, namely INS, MTOR, ERBB, and involvement of 
endoplasmic reticulum in the processing of proteins. Hence, 
this study supports that the alteration in autophagic genes is 
related to PCOS pathogenesis [193]. Conclusively, all the 
evidence supported the importance of autophagy in altered 
physiology in PCOS conditions.

Concluding remarks and future perspectives

Evidence from the previous researches signifies the unique 
role of autophagy in governing follicle’s fate. Death of folli
cular cells is constant activity, where autophagy, autophagic 
cell death, and autophagy induced apoptosis are all noticed in 
the ovary throughout their lifespan. Recently, the impact of 
autophagy in ovarian follicular development and follicular 
atresia has caught a lot of attention, evincing its role in 
reproductive functions [194]. Autophagy has become notice
able in regulating functions of major female sex hormones 
(progesterone and estrogen), which play a crucial role in 
maintaining many physiological processes necessary for 
reproduction [195]. Plenty of proofs from preclinical 
researches reveal that exorbitant/inadequate autophagy 
might be involved in boosting cell death [196]. Therefore, 
proper tuning of autophagy is required in maintaining cellular 
homeostasis. Exploring the autophagy involvement in disease 
progression and/or retrogression is an interesting domain for 
understanding the pathology of diseases.

Several studies have established the participation of auto
phagy in PCOS development, where the inhibition and/or 
activation of autophagy appears to ameliorate the PCOS pro
gression depending upon the type of cells affected. As dis
cussed above in PCOS, in some cells, autophagy is found to be 
pronounced (GCs), while in others it is suppressed (TCs). In 
PCOS, apoptosis is evident in follicular turn of events for 
a long time, but its relation with autophagy has recently 
gained more attention. As described above, impaired autopha
gy machinery is involved in declining GCs population, dis
turbed folliculogenesis, and associated metabolic 
abnormalities. Various researches have proposed possible 
mechanisms involved in altered autophagy in PCOS. 
However, there is still a need to establish: is there any other 
mechanism overseeing autophagy associated cell death and/or 
cell survival in ovarian tissue? As of now, a profound under
standing of autophagy and its link-up with PCOS develop
ment remains unaccounted for.

Perturbed circadian rhythmicity provokes IR and which 
augments the chances of acquiring metabolic syndromes 
like, T2DM [197], NAFLD [198], and obesity [199]. 
Similarly, circadian arrhythmicity is linked with IR and HA 
in PCOS [200]. Recent investigations define the pivotal role of 
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chronobiology in promoting PCOS development [201]. As per 
the literature available to date, hyperinsulinemia and HA are 
the two major pathological contributors of PCOS [202] and 
emerging evidence shows their influence on autophagy during 

PCOS development. Also, both of these factors contribute to 
the abnormal expression of circadian clock genes leads to the 
imbalanced circadian rhythm in PCOS [203]. In PCOS, 
hyperandrogenism is recognized in modifying the expression 

Figure 10. Depicting the role of Circadian-autophagy-rhythm in PCOS. Under normal physiology, the circadian biology of the body regulates autophagy by governing 
the rhythmic expression of the autophagic genes. Conversely, autophagy also governs the circadian rhythm. Therefore, a balance between autophagy and circadian 
biology is necessary for normal physiology. In PCOS: Disturbance in circadian rhythm affects the normal physiology of the body and resulted in INS resistance which 
causes hyperandrogenemia, metabolic abnormalities, and damages autophagic responses leading to PCOS pathogenesis. Where hyperandrogenemia and IR affect 
circadian biology by hindering the expression of clock genes. Altogether, states a direct link between circadian arrhythmicity and damaged autophagy in PCOS 
progression.
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of clock genes in hepatic and ovarian cells in rats, where it is 
involved in metabolic and reproductive functions, respec
tively [204].

Lately, the interplay between the circadian clock and auto
phagy has become apparent [205]. Autophagy can control cir
cadian biology and can be controlled by circadian rhythm. 
Sometimes, circadian proteins can get deteriorated by autopha
gy which influences circadian biology [206]. Circadian rhythm 
supervises various cellular processes to cope with the metabolic 
demands, including control over the transcription of ATG genes 
[207,208]. Additionally, mRNA expression of key autophagy 
protein BECN1 and the conversion of LC3-I to LC3-II are 
also under rhythmic control [209,210]. Some proteins are 
known to control autophagy as well as circadian biology, for 
instance, SIRT1, as discussed above is involved in managing 
autophagy in PCOS via deacetylation of LC3 and can also 
stimulate autophagy by impeding MTOR activation [211]. 
Additionally, SIRT1 controls the expression of circadian pro
teins like ARNTL/BMAL1, PER, and CRY [212]. Therefore, 
targeting these proteins gives better insight into circadian- 
autophagy-rhythm in PCOS progression. Therefore, the possi
ble mechanism involved in circadian control over ATG genes or 
vice versa involved in PCOS pathogenesis convey a novel patho
genic mechanism underlying PCOS pathogenesis. Till now, no 
study has referenced the link between circadian biology and 
autophagy in PCOS. Whether the circadian rhythm signals the 
cell to increase/decrease the rate of autophagy in ovarian tissue 
in PCOS is remains to be determined.

According to our visionary, elucidating the connection 
between autophagy machinery and circadian biology in PCOS 
pathogenesis would be a great idea to focus on in future studies. 
Based on the suggestion for future studies, we have made 
a pictorial representation (Figure 10) for a better understanding 
of the circadian-autophagy-rhythm in PCOS, how circadian biol
ogy is linked with autophagy in PCOS. Targeting the circadian 
rhythm, the main dominator over the majority of the pathophy
siological causes in PCOS may provide us a network between 
HA, IR, obesity, endocrine disturbances, and ovarian physiology 
concerning autophagy. Furthermore, future researches should 
look over cellular processes and molecular pathways through 
which circadian rhythm directs autophagy in PCOS.
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