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INTRODUCTION 
 
Folliculogenesis is a process describing the fate of 
oocytes and their surrounding somatic cells. Follicular 
development begins with the formation of primordial 
follicles which contain arrested primary oocytes and a 
layer of flat granulosa cells. Primordial follicles will be 
recruited into the growing follicle pool and proceed to 
further stages of development. Granulosa cells become 
cuboidal when primordial follicles mature into primary 
follicles and they turn into multilayers when they enter 
the stage of secondary follicles [1]. Upon the formation 
of secondary follicles, outer granulosa cell layers 
differentiate into theca cells which encircle the inner 
granulosa layer and produce androgens for subsequent 
estradiol biosynthesis [2]. When intervals between 
granulosa cells become larger and merge together to 
form an antral, follicles get the name of “antral” follicle. 
The granulosa cells can be further divided into cumulus 
cells and mural cells. The wall of antral follicles is lined 
with mural cells while oocytes are linked to the wall by 
cumulus cells [1, 3]. Only very few follicles, in 
mammalian less than 1％, will be selected and finally 
ovulate as mature follicles, while  others will undergo  a  

 

process called follicle atresia, which means 
degeneration of the follicles. 
 
Follicle atresia is an event that happens in all stages of 
follicles. It is essential for maintaining ovular environ-
mental homeostasis and the abnormity of follicle atresia 
causes reproductive diseases such as the polycystic 
ovarian syndrome and premature ovarian failure [4, 5]. 
Antral stage seems to be the decisive point of final fate, 
as most of follicles undergo atresia at this stage [1]. The 
main characteristic of follicle atresia is the apoptosis of 
oocytes, granulosa cells and theca cells [2, 6]. 
Autophagy and necrosis also exist in this process [7], 
but they are less understood as most studies on follicle 
atresia focus on apoptosis. Which part of the follicle 
first encounters atresia depends on species as well as 
stages of follicles. In porcine ovaries, apoptotic cells 
first appear in the lining granulosa layer and are 
followed later by cumulus cells and oocytes [6]. But in 
bovine ovaries, apoptosis first occurs at oocytes in 
preantral follicles and at granulosa cells of follicles in 
later stages of development [2]. When atresia prog-
resses, increasing number of dead cells contribute to 
decreased volume, detached somatic cells and collapsed 
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ABSTRACT 
 
Most  of  the  mammalian  follicles  undergo  a  degenerative  process  called  “follicle  atresia”.  Apoptosis  of
granulosa  cells  is  the  main  characteristic  of  follicle  atresia.  Follicle  stimulating  hormone  (FSH)  and  the
transforming  growth  factor  β  (TGF‐β)  superfamily  have  important  regulatory  functions  in  this  process.  FSH
activates protein kinase A and cooperating with insulin receptor substrates, it promotes the PI3K/Akt pathway
which weakens apoptosis. Both Smad or non‐Smad signaling of the transforming growth factor β superfamily
seem to be related to follicle atresia, and the effect of several  important family members on follicle atresia is
concluded in this article. FSH and TGF‐β are likely to mutually influence each other and what we have already
known about the possible underlying molecular mechanism is also discussed below. 
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antrums of follicles, and eventually the entire follicle is 
degenerated [8]. 
 
The death ligand-receptor system is the most common 
trigger of granulosa cell apoptosis. Fas/FasL, tumor 
necrosis factor (TNF) with its receptors and TNF related 
apoptosis-inducing ligand (TRAIL) with its receptors all 
participate in granulosa cell apoptosis in many species 
[6]. The deficiency of extracellular survival factors in 
the environment is likely to induce the intrinsic pathway 
of apoptosis. This involves the release of cytochrome c 
from mitochondria controlled by the highly conserved 
bcl protein family [9]. The Bcl-2 family can be divided 
to two functional classes. One class including Bax, Bak 
promotes apoptosis, and the other class, including Bcl2, 
Bcl-xl, has the opposite effect mainly through forming 
heterodimers with the former class [9]. During follicle 
atresia in bovine and rat follicles, Bax level is elevated 
while Bcl-2 level does not change significantly [10]. In 
porcine ovarian follicles undergoing atresia, expression 
level of the anti-apoptotic bcl-2 family protein increases 
together with that of pro-apoptotic genes, possibly to 
prevent cell death [11]. However, the ratio of them gets 
out of balance, with relatively higher pro-apoptotic gene 
expression in atretic follicles at different stages [12]. 
This indicates that in ovaries, intercellular survival 
factors can play an essential role in follicle maintenance 
since intrinsic apoptotic pathways are often related to 
the lack of survival factors. 
 
The ovular environment is quite complex, with 
circulating gonadotropins, multiple paracrine and 
autocrine factors. In early stages of folliculogenesis, it is 
acknowledged that follicles can develop independently 
of gonadotropins while ovary derived paracrine factors, 
like transforming growth factors may have more 
dominant roles in this process [1]. Interaction between 
oocytes and granulosa cells is critical to growth and 
differentiation of follicles. This kind of communication 
is carried out by intra-ovarian factors and is mutually 
beneficial [13]. Although the beginning of folliculo-
genesis is commonly accepted to be “gonadatropin 
independent”, receptors of gonadotropins are also 
expressed in follicles before antrum formation and 
gonadotropins do faciliate folliculogenesis in early 
stages of follicles [14]. As follicles progress into the 
antral stage, gonadotropins, especially follicle stimulating 
hormone, are crucial for follicle survival and growth [14].  
 
The communication between oocytes and somatic cells 
through cooperation of multiple factors renders delicate 
regulation of folliculogenesis, steroidogenesis, and 
resultant normal ovarian functions. However, on the 
other hand, it also brings greater challenges for 
researchers to elucidate the molecular mechanisms 
underlying the sophisticated regulating network. In this 

article, we comprehensively summarize functions of 
follicle stimulating hormone and transforming growth 
factor beta superfamily in controlling follicle atresia. It 
is the first review to discuss the crosstalk between 
cAMP/PKA and PI3K/Akt pathways stimulated by 
follicle stimulating hormone in the ovarian environment 
and some aspects of the possible molecular mechanism 
how follicle stimulating hormone and transforming 
growth factor beta superfamily interact with each other 
are also suggested here. 
 
1. Follicle stimulating hormone  
 
Follicle stimulating hormone (FSH), secreted by 
pituitary gland, is one of the gonadotropins that belong 
to the glycoprotein hormone (GPH) family. FSH is a 
heterodimer consisting of one α and one β subunit, 
which exhibits pseudo 2-fold symmetry [15]. FSH 
receptor is a number of G-protein coupled receptors and 
it belongs to the leucine-rich-repeat-containing G-
protein coupled receptor subfamily (LGR) which means 
it contains the Leucine-rich ectodomain [15]. Like other 
G-protein coupled receptors, FSH receptors have seven 
transmembrane helices and transduce signals to 
downstream molecules through the disassociated Gα 
subunit of the heterotrimeric G-protein [15]. FSH 
affects follicular growth, maturation, dominant follicle 
selection as well as estradiol production [16]. It is 
considered to be an important survival factor for 
follicles in the course of folliculogenesis. FSH dampens 
apoptosis of cultured granulosa cells in vitro and 
protects follicles from atresia in vivo [17, 18]. The 
scope of its function is very wide: it can inhibit atresia 
in follicles of different maturity including antral 
follicles, preovulatory follicles and dominant follicles 
and also in too many species to be listed here [19-21]. 
The inhibition of FSH by octapeptide or FRBI-8 
induces atresia and damages ovarian functions [22, 23]. 
Also, the deficiency in FSH receptors contributes to the 
loss of follicles [24]. FSH reduces the level of FasL, but 
not Fas, in granulosa cells to interfere Fas/FasL mediated 
extrinsic apoptosis [25]. The intrinsic apoptotic pathway 
seems to be more predominantly downregulated by FSH 
than the extrinsic pathway since molecules related to the 
former are main factors that respond sensitively to FSH 
treatment [18]. Many researchers have reported that the 
cAMP/PKA pathway and PI3K/Akt pathway occupy a 
significant position in the functions of FSH. In this part, 
we mainly focus on signaling mechanisms of FSH and 
depict a network of those two pathways which enables 
the role of FSH in follicle atresia. 
 
2. PKA: the first kinase to be induced by FSH 
 
Once FSH GPCRs is switched on by the formation of 
GTP from GDP, the Gα subunit disassociates and 
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activates nearby effector enzymes, which generates 
second messenger to transduce the signal to 
downstream. In granulosa cells, cAMP is increased by 
the addition of FSH by over 10 folds [20]. The effect of 
FSH to suppress apoptotic DNA fragmentation in 
granulosa cells can also be mimicked by analogs of 
cAMP [20]. Protein kinase A is in response to cAMP. 
Importance of this kinase in ovarian functions again 
illustrates its irreplaceable position in cells and 
organisms. It appears in multiple processes including 
granulosa cells differentiation, apoptosis and oocyte 
maturation. Time-dependent increase of PKA activities 
stimulated by FSH provides direct evidence that FSH 
can signal through PKA [26]. The addition of H89, an 
inhibitor of PKA, blocks the anti-apoptotic effect of 
FSH in granulosa cells and also neutralizes H3 
phosphorylation effect of FSH which leads to granulosa 
cell differentiation [27, 28]. FSH also elevates A-kinase 
anchoring protein, which may translocate typeⅡα PKA 
to where it is required to phosphorylate substrates [29]. 
PKA is considered to be the main kinase activated by 
FSH and cAMP/ PKA pathway can also exert its effects 
by interacting with other signaling pathways such as 
PI3K/AKT, which is detailed below. There are some 
exceptions. For example, in the hGL5 cell line FSH 
seems to signal independently of cAMP/PKA pathway. 
Instead, in this case β-arrestins activates the ERK 
pathway [30]. However, on the whole, different 
pathways seem to “branch out” from PKA, as is 
reviewed by Mary Hunzicker-Dunn [16]. 
 
2.1. FSH mediated by PI3K/AKT  
 
Phosphatidylinositol-3-kinase (PI3K) can be triggered 
by multiple extracellular signals and then activates 
serine/threonine protein kinase Akt (PKB). This 
activation occurs in nearly all types of cells, tissues and 
organs based on mouse and human genetic studies,  and 
in mammalian ovaries it is crucial for oogenesis as well 
as folliculogenesis [31, 32].  PI3K, a membrane kinase, 
converts PIP2 to PIP3. Akt and phosphoinositide-
dependent kinase (PDK) each has a pleckstrin 
homology (PH) domain and this domain enables these 
two proteins to be recruited by PIP3. Then Akt can be 
phosphorylated by PDK and mammalian target of 
rapamycin complex (mTORC) on Tyr308 and Ser473, 
respectively, and is thus activated to execute its 
functions [31, 32].  
 
Evidence shows that PI3K/Akt pathway is related to 
apoptosis in ovaries. BMP-7 attenuates granulosa cells 
apoptosis in cows and heifers by viture of PI3K/PDK-
1/Akt pathway. Inhibitors of these three proteins 
eliminate the effect of BMP-7 and causes apoptosis 
[33]. Cyclophosphamide is a common chemotherapeutic 
agent in cancer therapy, but it can lead to a loss of 

primordial follicles and infertility. In female mice 
exposed to cyclophosphamide, phos-Akt, phos-mTOR 
as well as downstream proteins increase, which 
indicates the activation of PI3K/Akt/mTOR pathway 
[34]. In 3-Methylcholanthrene treated neonatal ovaries, 
Bad, one proapoptotic factor in the Bcl-2 family, is 
phosphorylated by Akt and loses its effects on 
primordial follicles [35]. This offers us one aspect of 
how Akt can interfere with the apoptotic pathway. 
Transgenic mice with constitutive PI3K activity have 
more primordial follicles with less DNA breakage and 
Bax expression [36]. These results tell that PI3K/Akt 
pathway can also reduce the level of functional Bcl-2 
factors to prevent atresia in follicles. 
 
Akt has been reported to prevent apoptosis by 
phosphorylating transcriptional factors including the 
Forkhead family of transcription factors (FoxOs) which 
regulate expression of multiple apoptosis related factors 
[37]. FoxOs are active participants in programmed cell 
death controlling. They directly upregulate the expres-
sion of death receptor ligands including FasL and 
TRAIL and proapoptotic BH3-only group proteins in 
Bcl-2 family members to promote apoptosis [38].When 
not phosphorylated, FoxOs enter the nucleus and work 
as activators or suppressors. But once they are modified 
with the phosphate groups, they bind to 14-3-3 proteins 
in the cytoplasm and are no longer located in the 
nucleus, thereby losing their original functions [39, 40]. 
So Akt inactivates FoxOs and elminates their pro-
apoptotic role by phosphorylating them and relocating 
them into the cytoplasm. In mammals, FoxO family has 
four members: FoxO1, FoxO3, FoxO4 and FoxO6 [41]. 
With high protein homology, they regulate similar sets 
of genes with large overlap by binding to a consensus 
sequence and their specificity may stem from different 
coregulators [41]. In mammalian ovaries, FoxO1 and 
FoxO3 both have high expression and their function in 
follicle atresia is regulated by PI3K/Akt pathway [42]. 
During oxidative stress introduced apoptosis in 
granulosa cells, the expression of FoxO1 is upregulated 
both in vivo and in vitro [37]. Pro-apoptotic genes 
elevated by FoxO1 including Bim, FasL, and caspase-3 
failed to increase when PI3K/Akt pathway is turned on 
[37]. FoxO3 level also rises in follicles undergoing 
atresia. The loss of Rictor subunit in mTORC2 reduces 
activated Akt and inhibits FoxO3, raising the protein 
expression of Bad, Bax, and cleaved PARP which leads 
to accelerated follicle atresia [43]. Bcl2 as well as FasL 
will be rasied by FoxO3, which indicates that they may 
be transcriptional targets of FoxO3 [44].  
 
Functions of FSH can be mediated by PI3K/Akt. FSH 
suppresses expression of BimEL, which induces 
granulosa cell apoptosis, via the PI3K/Akt pathway 
[45]. FSH can downregulate BimEL and reduces 
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apoptosis, but both knockdown of Akt and inhibition of 
PI3K eliminate this effect. In the presence of FSH, if 
Akt/PI3K pathway is blocked, FoxO3a is still activated 
and binds to promoters of BimEL [45]. These results 
indicate that PI3K/Akt/FoxO axis may exist as the 
downstream of FSH. Other FoxO members can also 
participate in this axis. Inhibition of PI3K/Akt 
contributes to the translocation of FoxO1 from 
cytoplasm to nucleus and neutralizes the protective 
effect of FSH to H2O2-exposed granulosa cells [46]. If 
FoxO1 is mutated at Akt phosphorylation sites, FSH 
loses its anti-apoptosis effect, which further confirms 
the underlying mechanism of FSH. Intriguingly, in this 
case, FoxO1 can not only bind to the promoter of Bim, 
but also binds to the promoter of itself, which forms a 
positive feedback loop [46].  
 
2.2. PKA/PI3K/AKT axis in follicle atresia 
 
PI3K/Akt is the downstream of receptor tyrosine 
kinases (RTK), which is typically activated by insulin 
and the insulin like growth factor. Upon the binding of 
these ligands, RTK undergoes autophosphorylation and 
opens the activated site to modify the target protein, 
insulin receptor substrate (IRS) by adding phosphates to 
its Tyrosine. This modification creates the binding site 
of PI3K and other proteins containing the SH2 domain 
such as the adaptor growth factor receptor bound 
protein 2 (GRB2). The binding of SH2 domains within 
PI3K to IRS leads to a downstream transduction as 
described in 3.1. (reviewed in [47]). 
 
In the presence of FSH, PKA seems to stand above 
PI3K/Akt pathway. M. Shen examined the role of the 
PKA, PI3K/Akt pathway in inhibiting FoxO1 in 
dominant follicles treated with FSH [46]. Inhibition of 
both pathways abrogates the suppressive effect of FSH 
in H2O2 induced apoptosis, and inhibition of PKA 
blocks the function of PI3K/Akt pathway, which shows 
the probable involvement of the PKA/PI3K/Akt axis in 
mediating FSH [46]. A study done by Mary E. 
Hunzicker-Dunn also shows the inhibition of PKA 
offsets the phosphorylation of Akt induced by FSH 
[48]. 
 
IRS is shown to stand at the point of intersection of 
PKA and the PI3K/Akt pathway. FSH facilitates both 
IRS-2 expression and post-transcriptional stability in a 
cAMP dependent way [49]. FSH can promote the 
translocation of SP1 to the nucleus and SP1 will bind to 
the IRS-2 promotor to elevate the level of the IRS-2 
[49]. Without IRS-2 the PI3K/Akt pathway can’t be 
induced by FSH [49]. So, these results together indicate 
that IRS-2 is the key to link the cAMP/PKA pathway 
with the PI3K/Akt pathway. In 2012, a model 
explaining this crosstalk which involves GAB2 and 

IRS-2 was proposed [48]. In granulosa cells, the adaptor 
growth factor receptor bound protein 2-associated 
binding protein 2 (GAB2) acts as the type I regulatory 
subunit (RI) A-kinase anchoring protein (AKAP) which 
binds to RI of PKA and in this case forms a complex 
together with IRS-1 and p85 R-subunit of PI3K [48]. In 
the presence of FSH, PKA directly phosphorylates 
GAB2 on Ser159. It somehow renders dephosphorylation 
on Tyr452 in GAB2 and this seems to enhance PI3K/Akt 
signaling. It also phosphorylates Tyr989 in IRS-1 in 
some way, which is proposed to result in the 
detachment of PI3K from GAB2 and the binding of 
PI3K to IRS-1 [48]. In 2016, the role of PKA in p-
YXXM motif in IRS was further investigated. PKA can 
activate protein phosphatase 1 (PP1) to directly 
dephosphorylate inhibitory Ser/Tyr sites and this 
dephosphorylation can increase the sensibility of IRS to 
be phosphorylated at Tyr989 by the receptors [50]. This 
result further details the model in 2012. 
 
Insulin like growth factor (IGF) is an important 
paracrine factor in ovaries affecting follicle develop-
ment. IGF and IGF binding protein influence atresia in 
many different species. They are critical to the functions 
of FSH and they may work synergistically with FSH to 
affect steroidogenesis and follicle development [51]. In 
mouse, rats and human granulosa cells, IGF-1 and IGF-
1 receptors are essential for FSH to activate Akt [51]. In 
the axis of PKA/PI3K/Akt, IGF-1 is required to initiate 
IGF-1R but it is not enough for activation of IRS. The 
dephosphorylation of inhibitory site on IRS by PP1 is 
required to achieve this activation [50].  
 
The model of FSH/PKA/PI3K pathway is concluded in 
Figure 1. 
 
3. The transforming growth factor β superfamily  
 
The transforming growth factor β superfamily (TGF-β) 
can be further divided into subfamilies including TGF-
β, activin/inhibin, nodal-related proteins, bone morpho-
genetic protein (BMP), growth and differentiation factor 
(GDF), glial cell-derived neurotrophic factor (GDNF), 
and Müllerian inhibitory factor (MIF) according to 
sequence similarity and signaling specificity. Extensive 
experiments have revealed its nonnegligible role in 
follicle development. It regulates cellular functions 
including proliferation, apoptosis, differentiation, 
steroidogenesis, and cell specification via paracrine and 
autocrine pathways. Activated TGF-β ligands are 
usually dimers covalently linked by one intermolecular 
disulfide bond and feature a “cysteine knot” structural 
motif which consists of three intramolecular disulfide 
bonds [52]. After binding to cell surface receptors 
which belong to the receptor serine/ threonine kinase 
family, they induce TGF-β/smad signaling pathway that 
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modulates activation or repression of the expression of 
several hundred genes [53]. TGF-β family members 
are important factors in the reproduction system [54]. 
Among those members, BMP-15, GDF-9 and activin/ 
inhibin close relate to regulation of follicle atresia 
and their functions in this process will be detailed 
below. 
 
3.1. The signaling mechanism of TGF-β superfamily 
 
TGF-β superfamily binds to the cell surface by TGF-β 
type I and II receptors, which are classified as serine-
threonine kinases [55]. Both TGF-β type I and II 
receptors contain one intracellular serine/threonine 
kinase domain, one single-pass transmembrane region, 
and one extracellular TGF ligand binding domain. The 
TGF-β type I receptor has the characteristic GS 
(glycine/serine rich) domain, which is named after a 
TTSGSGSG sequence at its core [56]. Smad proteins 
including R-smad, Co-smad and I-smad are downstream 
molecules for intracellular TGF-β signalling.  Upon  the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

binding of mature TGF-β ligands in the form of homo-
dimers or heterodimers, two type I receptors and two 
type II receptors are brought together to form a stable 
heterotetramer, although there may be some differences 
between TGF-β/activin and BMP/GDF in terms of how 
they bind and assemble their receptors [55]. TGF-β type 
II receptors then phosphorylate TGF-β type I receptors 
at their GS domains and activated TGF-β type I 
receptors then phosphorylate two serine sites in R-smad 
at their C-terminal SXS motif [57]. The downstream R-
smads show specificity with different ligands as they 
bind to different receptor hetero-tetramers. The activa-
tion of type I receptor ALK4/5/7 by TGF-β/Activin/ 
Nodal leads to the phosphorylation of smad2/3 while 
the phosphorylation of ALK1/2/3/6 activates smad1/5/8 
[56]. The conformational changes of R-smad induced 
by phosphorylation allow two R-smad to combine with 
one Co-smad (smad-4) to form a trimer which can come 
into the nucleus together with other transcriptional 
factors, to activate or suppress downstream genes [56]. 
Smad6 and smad7 are I-smads t hat  inhibit  TGF-β  sig- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. The model of  FSH/PKA/PI3K pathway.  FSH  induced PKA activates PP1  to dephosphorylate  inhibitory
sites on  IRS, which  facilitates phosphorylation of Tyr989 on  IRS. Phophorylated Tyr989  leads to the detachment of PI3K
from GAB2 and its binding to IRS. PKA directly phosphorylates GAB2 on Ser159 and dephosphorylates p‐Tyr452 through an
unknown mechanism. These modifications also promote a rearrangement of  the complex and  the activation of PI3K.
Activated PI3K converts PIP2 to PIP3, which recruits PDK, mTORC2 and Akt. PDK and mTORC2 together activate Akt. Akt
then phosphorylates FoxO and keeps it out of the nucleus and thus abrogates its functions of promoting the expression
of some pro‐apoptotic genes, such as Bim. PKA can promote the expression of IRS through promoting the translocation
of SP1, which interacts with the IRS promotor. PKA also directly phosphorylates Bad and inhibits its function. 
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naling in many aspects including the ub-mediated 
degradation, dephosphorylation and complex inter-
ference [58]. There are also situations where TGF-β 
signals through non-smad pathways, such as MAPK 
pathway and PI3K/AKT pathway [59].  
 
TGF-β signaling pathway takes part in multiple aspects 
in ovarian functions and is of great importance in the 
course of egg maturation in ovaries. Smad5 is related to 
the Fas/FasL apoptosis pathway in follicles [60]. 
Depletion of Co-smad smad4 in mouse ovaries causes 
endocrine disorders and increased follicle atresia [61]. 
Accordingly, when I-smad smad7 is overexpressed, the 
rate of apoptosis increased dramatically [62]. These 
results indicate that the TGF-β signaling pathway par-
ticipates in folliculogenesis and may influence follicle 
atresia. Also, the Non-smad pathway of TGF-β 
signaling is likely to function in follicle atresia, as TGF-
β1 induced ERK/Akt can promote survival and the 
FoxO transcriptional factor is also involved in the TGF-
β1 stimulated PI3K.Akt downstream [63, 64]. 
 
3.2. BMP-15 
 
The bone morphogenetic protein family (BMP) was 
first known for its function in cartilage and bone 
formation at an extraskeletal ectopic site, and 
subsequent studies have unveiled its influential role in 
bone homeostasis and its regulation of bone 
development and repair [65]. But its effects reach far 
beyond what its name indicates. Other than impacts on 
bone metabolism, it is also related to functions of 
cardiovascular organs, as well as the reproductive and 
nervous system [66]. BMP-15 (also GDF-9B) is an 
exception in the TGF-β family in terms of its structure. 
It lacks the conserved cysteine that forms the disulphide 
with others while most of other members have that 
structure [67]. BMP-15 signals through type II receptor 
BMPR2, which in this case interacts mainly with type I 
receptor BMPR1B (also called ALK-6), and triggers 
Smad1/5/8 as downstream molecules [68, 69].  
 
Data from studies on several different species including 
goat, swine, cow, and mouse show the involvement of 
BMP in preantral follicle activation and maintenance, 
culumus expansion and stabilization, ovulation and 
embryonic development, as well as corpus luteum 
activity [70-72]. Both BMP-15 and its two types of 
receptors, BMPR1B and BMPR2 have been reported to 
be expressed in theca and granulosa cells of follicles at 
different stages including preantral follicles (including 
primordial, primary and secondary follicles) and antral 
follicles [72-75].  
 
In the antral stage, BMP-15 prevents cumulus cells 
from apoptosis [76, 77]. It elevates the expression of the 

anti-apoptotic factor Bcl2 while suppressing that of pro-
apoptotic factor Bax in bovine ovaries, showing its pro-
survival effect [76]. Based on ultrastructural analysis, 
treatment of BMP-15 helped to maintain the ultra-
structural integrity of the preantral follicles, while 
follicles cultivated without BMP-15 exhibited some 
signs of cellular stress in the course of observation [73, 
75]. The Chemokine, C-C motif ligand 2 (CCL2) is a 
gene that regulates cell death in primary T-cells and 
cardiac myocytes, and it delays the apoptosis of 
neutrophils by activation of PI3K/Akt and the NF-kB 
pathway [78, 79]. Bo Zhai’s work showed that BMP-15 
may prevent the apoptosis of cumulus cells in co-
operation with CCL2 [77]. Kit ligand, also called stem 
cell factor, is known to promote granulosa cell 
proliferation, and can function as an anti-apoptotic 
factor of follicle growth at different stages [80, 81]. 
BMP-15 can stimulate KL expression in mammalian 
ovaries, and it seems that there exists a negative 
feedback loop between BMP-15 and KL while BMP-15 
directly elevates the level of KL. KL can negatively 
affect the expression of BMP-15 [82]. However, a study 
carried out by Mark A. Fenwick indicates a negative 
role of BMP-15 in preantral follicle growth in mice. 
Preantral follicles exposed to BMP-15 were observed a 
significant increase in follicle size in the first day, but as 
time went on, follicles cultivated by BMP-15 showed 
the appearance of shrinkage and an increase in apoptotic 
activities of granulosa cells [83].  
 
The expression of BMP receptors (BMPR1A, BMPR1B 
and BMPR2) are elevated in histologically atretic 
follicles while BMP-15 mRNA levels decrease [68]. 
Bernardo’s study shows that the BMPR1B mRNA 
expression increases in subordinate follicles at the time 
of deviation and follicles treated with pro-apoptosis 
agents. These correspond to previous studies, where the 
regulation of BMPR by estradiol is tested [69]. When 
the estradiol level is lowered, BMPR1B mRNA 
expression is elevated, which is just as the situation in 
subordinate follicles compared to healthy follicles [69]. 
Probably, high BMPR1B mRNA expression is a sign 
indicating us that dominant follicles are in an 
unfavorable condition. Also, there is a possibility that 
the increase in BMP receptors is a compensation for 
low level of BMP in the follicular environment. 
Influences of BMP-15 on follicle development may thus 
be stage-specific and there may also be some 
differences between subjects of polyovaries and of 
monoovaries. What should be noted is that the 
concentration of BMP-15 used in these studies may 
affect the authenticity of the results in vitro, as a higher 
concentration of BMP-15 may be required to simulate 
the ovarian environment. 
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3.3. GDF-9 
 
GDF-9 is an oocyte-derived factor and it is the first one 
among other oocyte-secretion factors that is indicated to 
influence somatic cells. It activates Smad2/3 trans-
ducers through typeⅡ  receptor BMPR2 and type 1 
activin receptor-like kinase receptor 5 (ALK5). It was 
first discovered in 1993 and another study showed that 
unlike GDF-3, its expression mainly appeared in oocyte 
[84] although later studies detected it in non-ovarian 
tissues such as testis, pituitary, hypothalamus, uterus, 
and bone marrow [84, 85]. Study conducted on GDF-9 
deficient mice showed that GDF-9 was vital to follicle 
development as the lack of GDF-9 leads to the blockage 
of growth after the primary stage [86]. In many species, 
GDF-9 is found to express first after the pri-mordial 
stage. However, in some species, it is likely to initiate 
the formation of pregranulosa cells by regulating the 
differentiation of somatic cells and thus promoting the 
formation of primordial follicles [87]. GDF-9 leads 
primary and secondary follicles to later stages and it 
stimulates the production of inhibin-A, which is a 
marker for differentiation in early follicles [88, 89]. 
GDF-9 can increase the number of theca cells. It is 
indicated that the primary target of GDF-9 are theca 
cells rather than granulosa cells as theca cells have a 
higher sensibility to GDF-9 [90].  
 
Insulin-like 3 (INSL3) is a paracrine factor that mainly 
expresses in theca cells which stimulates preantral 
follicle growth and INSL3 deficient mice exhibit a high 
rate of follicle atresia and luteolysis [91]. Its function 
may be mediated by GDF-9 via the cAMP signaling 
pathway [92]. In caprine preantral follicles cultivated 
with FSH and Thyroid Hormone, the inhibitory of 
GDF-9 induces a higher rate of apoptosis and attenuates 
the growth of the follicles [93]. GDF-9 is likely to be an 
antiapoptotic factor during the transition from preantral 
to early antral follicles according to the research carried 
out by Makoto Orisaka in 2006 [94]. The injection of 
GDF-9 Morpholino antisense oligos led to a rise in 
caspase-3 activities and induced follicle atresia in 
bovine preantral follicles [94]. There is also a study 
conducted in prostate cancer cell lines, in which GDF-9 
acts as a survival factor for cancer cells and suppresses 
caspase-3 dependent apoptosis. These results indicate 
the involvement of GDF-9 in cell apoptosis by affecting 
caspase activities. In porcine cumulus cells, GDF-9 
suppresses the incidence of follicle atresia [95]. The 
level of Bcl-2-interacting mediator of cell death-extra 
long (BIMEL), which is a proapoptotic factor, is lowered 
by GDF-9, and this may be accomplished by the 
stimulation of the PI3K/FoxO3a pathway [95]. This 
result is in accordance with a previous study that GDF-9 
had a protective effect on ceramide-induced apoptosis 
in granulosa cells. But this effect was attenuated by the 

blockage of the PI3K/Akt pathway [94]. Preantral 
follicles exposed to GDF-9 were observed a long-term 
promotion in follicle growth, and the negative effects of 
BMP-15 on preantral follicles after a short period of 
cultivation is counteracted by GDF-9, and this suggests 
on cooperative effects of GDF-9 and BMP-15 in ovaries 
[83]. GDF-9 and BMP-15 are two closely related 
paralogs in ovaries, and GDF-9 shares the special 
structure of lacking one cysteine with BMP-15. They 
can both function in the form of monomers and homo-
dimers, but recent studies have also emphasized the role 
of GDF-9:BMP-15 heterodimers in ovular functions 
[93, 96]. How different forms of these two oocyte-
derived factors affect follicle atresia and how they 
interact in their regulation of ovular dynamics still 
require further study. 
 
3.4 Activin/Inhibin 
 
Activin was originally discovered in the 1980’s and was 
named for its activating efficacy in releasing FSH from 
pituitary gonadotropines [97]. Activins are homogenous 
or heterogenous dimers consisting of four already 
known subunits, βA, βB, βC and βE. They are 
designated according to their subunits, for example, 
Activin A contains two βA groups, Activin AB contains 
one βA and one βB [98]. While Acitivin A seems to be 
the most potent and well-studied regulator of ovaries 
compared with other kinds of Activins, few researches 
have reported the expression of βC and βE in ovaries. 
Activin mediates proliferation and differentiation in 
ovaries through type I receptor ALK-4 and type II 
receptor ActR2/2B and requires smad2/3 as mediators 
[66]. Inhibin was first discovered in testis by Mottram 
and Cramer in the 1920’s, and its possible role in 
regulating pituitary function was also described [99]. 
And in the 1980’s, it was isolated from follicular fluids 
and in this elution process, Activin was also first 
isolated [99]. Further study reveals that Sertoli cells in 
testis and granulosa cells in ovaries are the main 
producers of Inhibin [100]. Inhibin is reported to have 
antagonistic effects with Activin in many aspects since 
it can block the binding of Activin to its receptors 
through competition thereby cutting off the downstream 
pathway [101]. 
 
There is one α-subunit and two β-subunits, that is βA-
subunit and βB-subunit. α-subunits in different types of 
inhibins are the same, while inhibin A has one βA-
subunit and inhibin B has one βB-subunit [98]. α-
subunit and β-subunit form a dimer linked by disulphide 
bonds. Inhibin is shown to have an antagonistic effect 
on follicle atresia. When cultivated with Inhibin A, 
apoptosis in human granulosa cells is surpressed with a 
rise in the level of anti-apoptosis factor Bcl-2, Bcl-xl, 
and a reduction in the expression of proapoptotic factors 
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Bax and Caspase-3 [102]. Accordingly, knockdown of 
inhibin A leads to a higher incidence of apoptosis in 
gruanulosa cells [103]. In transgenic mice whose 
inhibin-α subunits are interfered, the number of atretic 
follicles increases and the progression of cell 
proliferation is impeded [104]. Silencing of inhibin βB 
in primary mouse granulosa cells also shows negative 
effects on follicle development as this interference 
increases apoptosis and arrest during the G1 phase 
[105]. This indicates that inhibin is required for normal 
development of follicles and without the effect of 
inhibin, the balance between survival and death may be 
broken down. 
 
Activin has a stimulatory effect on the survival of 
oocytes and the formation of primordial follicles via 
smad2/smad3 signaling and this may relate to the 
function of the kit ligand system [106, 107]. Oocyte-
somatic interaction is maintained by Activin in preantral 
follicles thus the integrity of follicles is associated with 
the function of Activin [108]. Activin also fosters 
granulosa cell proliferation, preantral follicle growth as 
well as antral formation [108, 109]. When treated with 
Activin, the proportion of atretic follicles is reduced in 
cultured rat ovaries [110]. And the decrease in caspase-
6 indicates its suppressive effect on apoptosis [109]. 
Activin alone facilitates the survival of preantral 
follicles both in vitro and in a 3-dimentional environ-
ment and the addition of fibroblasts seems to enhance 
this function [111, 112]. These results indicate a 
positive role of Activin in folliculogenesis.  
 
4. Interaction between TGF-β and FSH signaling 
 
Activin and Inhibin, as members in TGF-β superfamily, 
are well known to affect the releasing of FSH from 
gonadotrope cells, as reviewed by Daniel J. Bernard 
[60]. Actually, in granulosa cells, TGF-β superfamily 
can affect functions of FSH by influencing FSH 
receptors. Studies have shown that TGF-β superfamily 
members including GDF9, Activin, and several BMPs, 
have the ability to stimulate the expression of FSHR, 
and can increase the stability of FSHR mRNA in granu-
losa cells [113-115]. This effect can be strengthened by 
FOXL2 factor, which can directly interact with Smad, 
the downstream molecules of TGF-β signaling [113]. 
When Smad is absent, FSH loses its functions in 
ovulation and follicle development both in vitro and in 
vivo, which indicates that Smad may affect FSH 
function in some way [113]. Smad is confirmed to bind 
to Smad binding element (SBE) in FSHR promotors 
[113] and FOXL2 may work as a partner of Smad in the 
forkhead-binding element (FBE) near SBE [116].  
 
Intriguingly, FSH in turn affects the expression and 
function of both TGF-β family members as well as their 

receptors. Evidence shows that FSH promotes the 
expression of TGF-β and activin [117]. As for the level 
of TGF-β receptors, some report a decrease of TGF-
βRI, TGF-βRII, BMPRII and ALK-5 induced by FSH 
alone [117, 118]. However, when treated with estradial 
together, FSH can dramatically promote their expres-
sion [118]. The ovary is a complex environment, and 
the treatment with both FSH and estradial may be closer 
to the genuine situation, which means FSH has an 
overall positive effect on the expression of TGF-β 
receptors. This may be explained by AS160 phospho-
rylation induced by FSH. AS160, which is a guanosine 
triphosphatase (GTPase)-activating protein, is typically 
known for its role in vesicular traffic of the glucose 
transporter GLUT4. As is reviewed by Kei Sakamoto, 
Akt phosphorylates AS160, mainly at Thr642 and 
inactivates it, which fosters the formation of Rab 
GTPase to help the fusion of GLUT4 loaded vesicular 
to the membrane [119]. One recent research shows that 
TGF-β receptors can also be the cargo whose trans-
location to the membrane is promoted by Akt 
phosphorylated AS160 [120]. In the ovary, insulin and 
insulin like growth factor can both initiate PI3K/Akt 
pathway and as discussed in part 2, PKA stimulated by 
FSH may be essential in enabling Akt to execute its 
functions related to granulosa cell survival. These 
together indicate a possible mechanism of FSH to 
participate in translocating transmembrane TGF-β 
receptors to the cell membrane and thus enabling the 
normal function of TGF-β factors. 
 
TGF-β factors have been reported to facilitate FSH 
functions in gap junction formation and steroidogenesis 
by enhancing the activity of CREB-regulated 
transcription coactivator (CRTC2, also known as 
TORC2) [121, 122]. TORC2 can  sense  both cAMP/ 
PKA and calcium signaling induced by FSH [122]. In 
basal condition, phosphorylated TORC2 is bound to 14-
3-3 proteins and locates in the cytoplasm. However, 
when these two signalings are induced by FSH in 
granunolsa cells, calcineurin dephosphorylates it 
meanwhile cAMP/PKA protects it from phosphory-
lation by other kinases, which may be SIK2 [122, 123]. 
Then, TORC2 can translocate into the nuclues and 
strengthen the activity of cAMP-response element 
binding protein (CREB), which is a transcriptional 
activator response to FSH/cAMP/PKA. CREB-Bcl2 
signaling has been shown to be a survival signaling in 
different cell lines [124]. Other than raising Bcl2 level, 
CREB decreases Bim expression, diminishes phospho-
rylation of Bim and maintains the association between 
the microtubule network, thereby reducing apoptosis 
[125]. TGF-β1 can act through TGF-βR1 to facilitate 
the function of FSH when it is treated with FSH by 
enhancing TORC2 activities. FSH’s stimulation of 
TORC2 may not be a lasting effect. A later rise as well 
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as translocation of TORC2 requires synergia of TFGβ1 
[121, 122]. And in this process, rather than PKA, 
calcineurin seems to matter, which requires further 
study to figure out the molecular mechanism underlying 
TGF-β affected calcineurin activities. More than 
enhancing CREB functions, TORC2 is also known for 
the activation of Akt, as mentioned above. TORC2 is 
also required for the phosphorylation and activation of 
Akt. The inhibition of TORC2 attuenes Akt stimulation 
and induces apoptosis [126]. This indicates us that 
TGF-β factors may also enhance FSH induced PI3K/ 
Akt pathway via enhancing mediator TORC2.  
 
TGF-β can enhance FSH stimulated progesterone 
production and luteinizing hormone (LH) receptor 
expression [127, 128]. Both progesterone and LH can 
promote the survival of preovulatory follicles. In rat 
preovulatory follicles, luteinizing hormone (LH) 
elevates the level of IGF-1 and suppresses follicular 
apoptosis [129]. Progesterone suppresses apoptosis in 
rat and human granulosa cells through both nuclear and 
membrane receptors [130, 131]. Additional treatment of 
TGF-β in the presence of FSH  can elevates  the  expres- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

sion of steroidogenic acute regulatory (StAR) protein, 
3b-hydroxysteroid dehydrogenase (3bHSD) and 
cholesterol side-chain cleavage enzyme (P450scc), 
which are important proteins in progesterone production 
[127]. It is likely that TGF-β and FSH can promote 
follicle survival indirectly through increasing the 
concentration of progesterone and enhancing the 
responsiveness to LH. 
 
Figure 2 concludes the network of how FSH and TGF-β 
factors affect each other in a beneficial way, which 
again reminds us of complex ovular environment and 
the necessity to consider events happening in the ovary 
as the result of overall effect of multiple factors.  
 
CONCLUSION 
 
Follicle atresia has important physiological functions in 
the female mammal reproductive system. It is based on 
cell apoptosis and is influenced by multiple factors in 
the ovary. FSH may be the most critical pro-survival 
factor for follicles. It functions through integrated 
signaling pathways where PKA is the major transducer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Crosstalk between TGF‐β signaling and PKA/PI3K/Akt axis. TGF‐β signals through tetramer receptors as
dimers. TGF‐β receptors phosphorylate R‐Smad and two phosphorylated R‐Smad forms a complex with one Co‐Smad. This
complex can enter the nucleus and bind to the Smad‐binding element in the FSHR promotor and promote the expression of
FSH receptors. FOXL2 can strengthen this effect by binding to a forkhead‐binding element near the Smad‐binding element.
Akt induced by FSH through PKA can phosphorylate AS160 mainly at Thr642, which is a guanosine triphosphatase (GTPase)‐
activating protein. Then activated GTPase proteins facilitate the fusion of TGF‐βR loaded vesicles to the membrane. 
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The crosstalk between different pathways is common 
and complex, and to follicle survival, interaction 
between PKA mad PI3K pathways is likely indispen-
sable. Among various intra-ovarian paracrine and 
autocrine factors, the TGF-β superfamily is best studied 
in terms of its effect on follicle atresia. The cooperation 
and mural effects of FSH and TGF indicate the delicate 
management of the follicles. Elucidation of the 
molecular mechanism underneath follicle atresia may 
provide new insights into disorders related to intensified 
atresia and further the development of clinical 
treatments. 
 
AUTHOR CONTRIBUTIONS 
 
Y.-L. Chu, Ya-Ru Xu, W.-X. Yang and Yi Sun 
conceived of and authored the manuscript. 
 
ACKNOWLEDGEMENTS 
  
The authors are grateful to all members of the Sperm 
Laboratory in Zhejiang University in their provision of 
valuable discussion. 
 
CONFLICTS OF INTEREST 
 
The authors declare that there is no conflict of interest 
that could be perceived as prejudicing the impartiality 
of the review. 
 
FUNDING 
 
This project was supported in part by the Natural 
Science Foundation of China (Nos. 41776144 and 
31572603). 
 
REFERENCES 
 
1.   Matsuda F,  Inoue N, Manabe N, Ohkura S. Follicular 

growth and atresia in mammalian ovaries: regulation 
by  survival  and  death  of  granulosa  cells.  J  Reprod 
Dev. 2012; 58:44–50.  
https://doi.org/10.1262/jrd.2011‐012 

2.   Young  JM, McNeilly AS. Theca:  the  forgotten cell of 
the  ovarian  follicle.  Reproduction.  2010;  140:489–
504. https://doi.org/10.1530/REP‐10‐0094 

3.   Emori C, Sugiura K. Role of oocyte‐derived paracrine 
factors  in  follicular  development. Anim  Sci  J.  2014; 
85:627–33. https://doi.org/10.1111/asj.12200 

4.   Duncan  WC.  A  guide  to  understanding  polycystic 
ovary syndrome  (PCOS).  J Fam Plann Reprod Health 
Care. 2014; 40:217–25.  

  https://doi.org/10.1136/jfprhc‐2012‐100505 

5.   Shen M,  Jiang Y,  Guan Z,  Cao Y,  Sun SC,  Liu H. FSH  

protects  mouse  granulosa  cells  from  oxidative 
damage  by  repressing  mitophagy.  Sci  Rep.  2016; 
6:38090. https://doi.org/10.1038/srep38090 

6.   Inoue N, Matsuda F, Goto Y, Manabe N. Role of cell‐
death  ligand‐receptor  system  of  granulosa  cells  in 
selective follicular atresia  in porcine ovary. J Reprod 
Dev. 2011; 57:169–75.  

  https://doi.org/10.1262/jrd.10‐198E 

7.   Van  Wezel  IL,  Dharmarajan  AM,  Lavranos  TC, 
Rodgers  RJ.  Evidence  for  alternative  pathways  of 
granulosa  cell  death  in  healthy  and  slightly  atretic 
bovine  antral  follicles.  Endocrinology.  1999; 
140:2602–12. 
https://doi.org/10.1210/endo.140.6.6758 

8.   Burton  GJ.  Ovarian  morphology  of  the  dusky  leaf 
monkey  (Presbytis  obscura):  follicular  development 
and atresia. J Anat. 1981; 133:443–58. 

9.   Kiraz  Y,  Adan  A,  Kartal  Yandim M,  Baran  Y. Major 
apoptotic  mechanisms  and  genes  involved  in 
apoptosis.  Tumour  Biol.  2016;  37:8471–86. 
https://doi.org/10.1007/s13277‐016‐5035‐9 

10.   Tilly JL, Tilly KI, Kenton ML, Johnson AL. Expression of 
members of  the bcl‐2  gene  family  in  the  immature 
rat  ovary:  equine  chorionic  gonadotropin‐mediated 
inhibition  of  granulosa  cell  apoptosis  is  associated 
with  decreased  bax  and  constitutive  bcl‐2  and  bcl‐
xlong  messenger  ribonucleic  acid  levels. 
Endocrinology. 1995; 136:232–41. 
https://doi.org/10.1210/endo.136.1.7828536 

11.   Fu  Y,  Lin  F,  Liu  H.  Changes  in  the messenger  RNA 
expression  levels  of  Bcl‐2  family  members  and 
caspase‐8  and  ‐3  in  porcine  ovarian  follicles  during 
follicular  atresia.  Anim  Sci  J.  2013;  84:222–30. 
https://doi.org/10.1111/j.1740‐0929.2012.01061.x 

12.   Yang  MY,  Rajamahendran  R.  Involvement  of 
apoptosis  in  the  atresia  of  nonovulatory  dominant 
follicle during the bovine estrous cycle. Biol Reprod. 
2000; 63:1313–21.  

  https://doi.org/10.1095/biolreprod63.5.1313 

13.   Sirard  MA.  Somatic  environment  and  germinal 
differentiation  in  antral  follicle:  the  effect  of  FSH 
withdrawal  and  basal  LH  on  oocyte  competence 
acquisition in cattle. Theriogenology. 2016; 86:54–61. 
https://doi.org/10.1016/j.theriogenology.2016.04.018 

14.   Adriaens  I,  Cortvrindt  R,  Smitz  J.  Differential  FSH 
exposure  in  preantral  follicle  culture  has  marked 
effects on folliculogenesis and oocyte developmental 
competence.  Hum  Reprod.  2004;  19:398–408. 
https://doi.org/10.1093/humrep/deh074 

15.   Jiang  X,  Dias  JA,  He  X.  Structural  biology  of 
glycoprotein hormones and  their receptors:  insights 



www.aging‐us.com  315  AGING 

to signaling. Mol Cell Endocrinol. 2014; 382:424–51. 
https://doi.org/10.1016/j.mce.2013.08.021 

16.   Hunzicker‐Dunn  M,  Maizels  ET,  and 
HUNZICKERDUNN  M.  FSH  signaling  pathways  in 
immature  granulosa  cells  that  regulate  target  gene 
expression: branching out from protein kinase A. Cell 
Signal. 2006; 18:1351–59. 
https://doi.org/10.1016/j.cellsig.2006.02.011 

17.   Yang  MY,  Rajamahendran  R.  Morphological  and 
biochemical  identification  of  apoptosis  in  small, 
medium, and large bovine follicles and the effects of 
follicle‐stimulating hormone  and  insulin‐like  growth 
factor‐I on spontaneous apoptosis in cultured bovine 
granulosa  cells.  Biol  Reprod.  2000;  62:1209–17. 
https://doi.org/10.1095/biolreprod62.5.1209 

18.   Zhou XL, Teng Y, Cao R, Fu H, Xiong K, Sun WX, Zhu 
CC, Huang XJ, Xiao P, Liu HL. Rescue from dominant 
follicle  atresia  by  follicle‐stimulating  hormone  in 
mice. Genet Mol Res. 2013; 12:2945–52. 
https://doi.org/10.4238/2013.August.12.10 

19.   Chun SY, Billig H, Tilly  JL, Furuta  I, Tsafriri A, Hsueh 
AJ.  Gonadotropin  suppression  of  apoptosis  in 
cultured  preovulatory  follicles:  mediatory  role  of 
endogenous  insulin‐like  growth  factor  I. 
Endocrinology. 1994; 135:1845–53.  

  https://doi.org/10.1210/endo.135.5.7525255 

20.   Chun SY, Eisenhauer KM, Minami S, Billig H, Perlas E, 
Hsueh AJ. Hormonal regulation of apoptosis  in early 
antral  follicles:  follicle‐stimulating  hormone  as  a 
major  survival  factor.  Endocrinology.  1996; 
137:1447–56. 
https://doi.org/10.1210/endo.137.4.8625923 

21.   Shen M, Liu Z, Li B, Teng Y, Zhang J, Tang Y, Sun SC, 
Liu H. Involvement of FoxO1 in the effects of follicle‐
stimulating  hormone  on  inhibition  of  apoptosis  in 
mouse granulosa cells. Cell Death Dis. 2014; 5:e1475. 
https://doi.org/10.1038/cddis.2014.400 

22.   Chitnis  SS,  Navlakhe  RM,  Shinde  GC,  Barve  SJ, 
D’Souza S, Mahale SD, Nandedkar TD. Granulosa cell 
apoptosis  induced by a novel FSH binding  inhibitory 
peptide  from  human  ovarian  follicular  fluid.  J 
Histochem Cytochem. 2008; 56:961–68.  

  https://doi.org/10.1369/jhc.2008.951475 

23.   Chitnis  SS,  Selvaakumar  C,  Jagtap  DD,  Barnwal  RP, 
Chary  KV, Mahale  SD, Nandedkar  TD.  Interaction  of 
follicle‐stimulating  hormone  (FSH)  receptor  binding 
inhibitor‐8:  a  novel  FSH‐binding  inhibitor,  with  FSH 
and  its receptor. Chem Biol Drug Des. 2009; 73:637–
43. 
https://doi.org/10.1111/j.1747‐0285.2009.00810.x 

24.   Danilovich N,  Sairam MR. Haploinsufficiency  of  the 
follicle‐stimulating  hormone  receptor  accelerates 

oocyte  loss  inducing  early  reproductive  senescence 
and  biological  aging  in  mice.  Biol  Reprod.  2002; 
67:361–69. 
https://doi.org/10.1095/biolreprod67.2.361 

25.   Lin  P,  Rui  R.  Effects  of  follicular  size  and  FSH  on 
granulosa cell apoptosis and atresia in porcine antral 
follicles.  Mol  Reprod  Dev.  2010;  77:670–78. 
https://doi.org/10.1002/mrd.21202 

26.   DeManno  DA,  Cottom  JE,  Kline  MP,  Peters  CA, 
Maizels  ET,  Hunzicker‐Dunn  M.  Follicle‐stimulating 
hormone  promotes  histone H3  phosphorylation  on 
serine‐10.  Mol  Endocrinol.  1999;  13:91–105. 
https://doi.org/10.1210/mend.13.1.0222 

27.   Yu Y, Li W, Han Z, Luo M, Chang Z, Tan J. The effect 
of  follicle‐stimulating  hormone  on  follicular 
development,  granulosa  cell  apoptosis  and 
steroidogenesis  and  its  mediation  by  insulin‐like 
growth  factor‐I  in  the  goat  ovary.  Theriogenology. 
2003; 60:1691–704.  

  https://doi.org/10.1016/j.theriogenology.2003.08.001 

28.   Salvador LM, Park Y, Cottom J, Maizels ET, Jones JC, 
Schillace RV, Carr DW, Cheung P, Allis CD,  Jameson 
JL, Hunzicker‐Dunn M.  Follicle‐stimulating  hormone 
stimulates  protein  kinase  A‐mediated  histone  H3 
phosphorylation  and  acetylation  leading  to  select 
gene  activation  in  ovarian  granulosa  cells.  J  Biol 
Chem. 2001; 276:40146–55. 
https://doi.org/10.1074/jbc.M106710200 

29.   Carr DW, DeManno DA, Atwood A, Hunzicker‐Dunn 
M, Scott  JD. Follicle‐stimulating hormone regulation 
of  A‐kinase  anchoring  proteins  in  granulosa  cells.  J 
Biol Chem. 1993; 268:20729–32. 

30.   Casarini  L,  Reiter  E,  Simoni M.  β‐arrestins  regulate 
gonadotropin  receptor‐mediated  cell  proliferation 
and  apoptosis  by  controlling  different  FSHR  or 
LHCGR  intracellular  signaling  in  the  hGL5  cell  line. 
Mol Cell Endocrinol. 2016; 437:11–21.  

  https://doi.org/10.1016/j.mce.2016.08.005 

31.   Cecconi S, Mauro A, Cellini V, Patacchiola F. The role 
of Akt  signalling  in  the mammalian ovary.  Int  J Dev 
Biol. 2012; 56:809–17.  

  https://doi.org/10.1387/ijdb.120146sc 

32.   Manning BD, Toker A. AKT/PKB Signaling: navigating 
the Network. Cell. 2017; 169:381–405.  

  https://doi.org/10.1016/j.cell.2017.04.001 

33.   Shimizu  T,  Kayamori  T, Murayama  C, Miyamoto  A. 
Bone  morphogenetic  protein  (BMP)‐4  and  BMP‐7 
suppress  granulosa  cell  apoptosis  via  different 
pathways: BMP‐4 via PI3K/PDK‐1/Akt and BMP‐7 via 
PI3K/PDK‐1/PKC.  Biochem  Biophys  Res  Commun. 
2012; 417:869–73.  

  https://doi.org/10.1016/j.bbrc.2011.12.064 



www.aging‐us.com  316  AGING 

34.   Chen XY, Xia HX, Guan HY, Li B, Zhang W. Follicle Loss 
and  Apoptosis  in  Cyclophosphamide‐Treated Mice: 
what’s  the  Matter?  Int  J  Mol  Sci.  2016;  17:836. 
https://doi.org/10.3390/ijms17060836 

35.   Sobinoff  AP,  Nixon  B,  Roman  SD,  McLaughlin  EA. 
Staying  alive:  PI3K  pathway  promotes  primordial 
follicle  activation  and  survival  in  response  to  3MC‐
induced  ovotoxicity.  Toxicol  Sci.  2012;  128:258–71. 
https://doi.org/10.1093/toxsci/kfs137 

36.   Kim  SY,  Ebbert  K,  Cordeiro MH,  Romero M,  Zhu  J, 
Serna  VA, Whelan  KA, Woodruff  TK,  Kurita  T.  Cell 
autonomous phosphoinositide 3‐kinase activation  in 
oocytes  disrupts  normal  ovarian  function  through 
promoting  survival  and  overgrowth  of  ovarian 
follicles. Endocrinology. 2015; 156:1464–76.  

  https://doi.org/10.1210/en.2014‐1926 

37.   Shen M,  Lin  F,  Zhang  J,  Tang  Y,  Chen WK,  Liu  H. 
Involvement  of  the  up‐regulated  FoxO1  expression 
in  follicular  granulosa  cell  apoptosis  induced  by 
oxidative  stress.  J  Biol  Chem.  2012;  287:25727–40. 
https://doi.org/10.1074/jbc.M112.349902 

38.   Modur V, Nagarajan R, Evers BM, Milbrandt J. FOXO 
proteins  regulate  tumor  necrosis  factor‐related 
apoptosis  inducing  ligand  expression.  Implications 
for PTEN mutation  in prostate  cancer.  J Biol Chem. 
2002; 277:47928–37.  

  https://doi.org/10.1074/jbc.M207509200 

39.   Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, 
Anderson MJ, Arden KC, Blenis J, Greenberg ME. Akt 
promotes  cell  survival  by  phosphorylating  and 
inhibiting a Forkhead transcription factor. Cell. 1999; 
96:857–68.  https://doi.org/10.1016/S0092‐
8674(00)80595‐4 

40.   Brunet  A,  Kanai  F,  Stehn  J,  Xu  J,  Sarbassova  D, 
Frangioni  JV, Dalal SN, DeCaprio  JA, Greenberg ME, 
Yaffe  MB.  14‐3‐3  transits  to  the  nucleus  and 
participates in dynamic nucleocytoplasmic transport. 
J Cell Biol. 2002; 156:817–28.  

  https://doi.org/10.1083/jcb.200112059 

41.   Burgering  BM.  A  brief  introduction  to  FOXOlogy. 
Oncogene. 2008; 27:2258–62.  

  https://doi.org/10.1038/onc.2008.29 

42.   Liu  Z, Castrillon DH,  Zhou W, Richards  JS.  FOXO1/3 
depletion  in  granulosa  cells  alters  follicle  growth, 
death  and  regulation  of  pituitary  FSH.  Mol 
Endocrinol. 2013; 27:238–52.  

  https://doi.org/10.1210/me.2012‐1296 

43.   Chen Z, Kang X, Wang  L, Dong H, Wang C, Xiong Z, 
Zhao W, Jia C, Lin J, Zhang W, Yuan W, Zhong M, Du 
H,  Bai  X.  Rictor/mTORC2  pathway  in  oocytes 
regulates folliculogenesis, and its inactivation causes 
premature  ovarian  failure.  J  Biol  Chem.  2015; 

290:6387–96. 
https://doi.org/10.1074/jbc.M114.605261 

44.   Matsuda F, Inoue N, Maeda A, Cheng Y, Sai T, Gonda 
H, Goto  Y,  Sakamaki  K, Manabe N.  Expression  and 
function  of  apoptosis  initiator  FOXO3  in  granulosa 
cells during follicular atresia  in pig ovaries. J Reprod 
Dev. 2011; 57:151–58.  

  https://doi.org/10.1262/jrd.10‐124H 

45.   Wang XL, Wu Y, Tan LB, Tian Z, Liu JH, Zhu DS, Zeng 
SM.  Follicle‐stimulating  hormone  regulates  pro‐
apoptotic  protein  Bcl‐2‐interacting mediator  of  cell 
death‐extra  long  (BimEL)‐induced porcine granulosa 
cell  apoptosis.  J  Biol  Chem.  2012;  287:10166–77. 
https://doi.org/10.1074/jbc.M111.293274 

46.   Shen M, Liu Z, Li B, Teng Y, Zhang J, Tang Y, Sun SC, 
Liu H. Involvement of FoxO1 in the effects of follicle‐
stimulating  hormone  on  inhibition  of  apoptosis  in 
mouse granulosa cells. Cell Death Dis. 2014; 5:e1475. 
https://doi.org/10.1038/cddis.2014.400 

47.   Dupont  J,  Scaramuzzi  RJ.  Insulin  signalling  and 
glucose  transport  in  the ovary and ovarian  function 
during  the  ovarian  cycle.  Biochem  J.  2016; 
473:1483–501. 
https://doi.org/10.1042/BCJ20160124 

48.   Hunzicker‐Dunn  ME,  Lopez‐Biladeau  B,  Law  NC, 
Fiedler SE, Carr DW, Maizels ET. PKA and GAB2 play 
central  roles  in  the  FSH  signaling  pathway  to  PI3K 
and AKT in ovarian granulosa cells. Proc Natl Acad Sci 
USA. 2012; 109:E2979–88.  

  https://doi.org/10.1073/pnas.1205661109 

49.   Anjali  G,  Kaur  S,  Lakra  R,  Taneja  J,  Kalsey  GS, 
Nagendra  A,  Shrivastav  TG,  Devi MG, Malhotra  N, 
Kriplani A, Singh R. FSH  stimulates  IRS‐2 expression 
in  human  granulosa  cells  through  cAMP/SP1,  an 
inoperative FSH action  in PCOS patients. Cell Signal. 
2015; 27:2452–66.  

  https://doi.org/10.1016/j.cellsig.2015.09.011 

50.   Law  NC,  Hunzicker‐Dunn  ME.  Insulin  Receptor 
Substrate  1,  the  Hub  Linking  Follicle‐stimulating 
Hormone  to  Phosphatidylinositol  3‐Kinase 
Activation. J Biol Chem. 2016; 291:4547–60.  

  https://doi.org/10.1074/jbc.M115.698761 

51.   Zhou P, Baumgarten SC, Wu Y, Bennett J, Winston N, 
Hirshfeld‐Cytron  J,  Stocco  C.  IGF‐I  signaling  is 
essential  for  FSH  stimulation  of  AKT  and 
steroidogenic  genes  in  granulosa  cells.  Mol 
Endocrinol. 2013; 27:511–23.  

  https://doi.org/10.1210/me.2012‐1307 

52.   Galat  A.  Common  structural  traits  for  cystine  knot 
domain  of  the  TGFβ  superfamily  of  proteins  and 
three‐fingered  ectodomain  of  their  cellular 
receptors. Cell Mol Life Sci. 2011; 68:3437–51.  



www.aging‐us.com  317  AGING 

https://doi.org/10.1007/s00018‐011‐0643‐4 

53.   Hill CS.  Transcriptional Control by  the  SMADs. Cold 
Spring  Harb  Perspect  Biol.  2016;  8:8. 
https://doi.org/10.1101/cshperspect.a022079 

54.   Chang  HM,  Qiao  J,  Leung  PC.  Oocyte‐somatic  cell 
interactions  in  the human ovary‐novel  role of bone 
morphogenetic  proteins  and  growth  differentiation 
factors.  Hum  Reprod  Update.  2016;  23:1–18. 
https://doi.org/10.1093/humupd/dmw039 

55.   Budi  EH, Duan D, Derynck  R.  Transforming Growth 
Factor‐β  Receptors  and  Smads:  Regulatory 
Complexity  and  Functional  Versatility.  Trends  Cell 
Biol. 2017; 27:658–72.  

  https://doi.org/10.1016/j.tcb.2017.04.005 

56.   Santibañez  JF,  Quintanilla  M,  Bernabeu  C.  TGF‐
β/TGF‐β receptor system and its role in physiological 
and  pathological  conditions.  Clin  Sci  (Lond).  2011; 
121:233–51. https://doi.org/10.1042/CS20110086 

57.   Feng XH, Derynck R. Specificity and versatility in tgf‐
beta  signaling  through  Smads.  Annu  Rev  Cell  Dev 
Biol. 2005; 21:659–93.  

  https://doi.org/10.1146/annurev.cellbio.21.022404.
142018 

58.   Yan  X,  Chen  YG.  Smad7:  not  only  a  regulator,  but 
also  a  cross‐talk  mediator  of  TGF‐β  signalling. 
Biochem J. 2011; 434:1–10.  

  https://doi.org/10.1042/BJ20101827 

59.   Kang  JS,  Liu  C,  Derynck  R.  New  regulatory 
mechanisms  of  TGF‐beta  receptor  function.  Trends 
Cell Biol. 2009; 19:385–94.  

  https://doi.org/10.1016/j.tcb.2009.05.008 

60.   Bernard  DJ,  Tran  S.  Mechanisms  of  activin‐
stimulated  FSH  synthesis:  the  story  of  a  pig  and  a 
FOX. Biol Reprod. 2013; 88:78.  

  https://doi.org/10.1095/biolreprod.113.107797 

61.   Yu C, Zhang YL, Fan HY. Selective Smad4 knockout in 
ovarian  preovulatory  follicles  results  in  multiple 
defects  in ovulation. Mol Endocrinol. 2013; 27:966–
78. https://doi.org/10.1210/me.2012‐1364 

62.   Quezada M, Wang J, Hoang V, McGee EA. Smad7 is a 
transforming growth  factor‐beta‐inducible mediator 
of  apoptosis  in  granulosa  cells.  Fertil  Steril.  2012; 
97:1452–9.e1, 6.  

  https://doi.org/10.1016/j.fertnstert.2012.03.024 

63.   Yoshimoto T, Fujita T, Kajiya M, Matsuda S, Ouhara 
K,  Shiba H,  Kurihara H.  Involvement  of  smad2  and 
Erk/Akt  cascade  in  TGF‐β1‐induced  apoptosis  in 
human  gingival  epithelial  cells.  Cytokine.  2015; 
75:165–73. 
https://doi.org/10.1016/j.cyto.2015.03.011 

64.   Kurebayashi Y, Baba Y, Minowa A, Nadya NA, Azuma  

M,  Yoshimura A,  Koyasu  S, Nagai  S.  TGF‐β‐induced 
phosphorylation  of  Akt  and  Foxo  transcription 
factors negatively regulates induced regulatory T cell 
differentiation.  Biochem  Biophys  Res  Commun. 
2016; 480:114–19. 
https://doi.org/10.1016/j.bbrc.2016.09.153 

65.   Wozney  JM,  Rosen  V,  Celeste  AJ,  Mitsock  LM, 
Whitters MJ, Kriz RW, Hewick RM, Wang EA. Novel 
regulators of bone  formation: molecular clones and 
activities. Science. 1988; 242:1528–34. 
https://doi.org/10.1126/science.3201241 

66.   ten  Dijke  P,  Korchynskyi  O,  Valdimarsdottir  G, 
Goumans  MJ.  Controlling  cell  fate  by  bone 
morphogenetic  protein  receptors.  Mol  Cell 
Endocrinol. 2003; 211:105–13. 
https://doi.org/10.1016/j.mce.2003.09.016 

67.   Juengel  JL, Bodensteiner KJ, Heath DA, Hudson NL, 
Moeller CL, Smith P, Galloway SM, Davis GH, Sawyer 
HR,  McNatty  KP.  Physiology  of  GDF9  and  BMP15 
signalling  molecules.  Anim  Reprod  Sci.  2004;  82‐
83:447–60. 
https://doi.org/10.1016/j.anireprosci.2004.04.021 

68.   Erickson  GF,  Shimasaki  S.  The  spatiotemporal 
expression  pattern  of  the  bone  morphogenetic 
protein  family  in  rat  ovary  cell  types  during  the 
estrous  cycle.  Reprod  Biol  Endocrinol.  2003;  1:9. 
https://doi.org/10.1186/1477‐7827‐1‐9 

69.   Gasperin  BG,  Ferreira  R,  Rovani MT,  Bordignon  V, 
Duggavathi  R,  Buratini  J, Oliveira  JF, Gonçalves  PB. 
Expression  of  receptors  for  BMP15  is  differentially 
regulated  in  dominant  and  subordinate  follicles 
during  follicle  deviation  in  cattle. Anim  Reprod  Sci. 
2014; 144:72–78.  

  https://doi.org/10.1016/j.anireprosci.2013.12.002 

70.   Edwards SJ, Reader KL, Lun S, Western A, Lawrence 
S, McNatty KP, Juengel JL. The cooperative effect of 
growth  and  differentiation  factor‐9  and  bone 
morphogenetic  protein  (BMP)‐15  on  granulosa  cell 
function  is  modulated  primarily  through  BMP 
receptor  II.  Endocrinology.  2008;  149:1026–30. 
https://doi.org/10.1210/en.2007‐1328 

71.   Sun RZ, Lei L, Cheng L,  Jin ZF, Zu SJ, Shan ZY, Wang 
ZD,  Zhang  JX,  Liu  ZH. Expression of GDF‐9, BMP‐15 
and  their  receptors  in mammalian  ovary  follicles.  J 
Mol Histol. 2010; 41:325–32.  

  https://doi.org/10.1007/s10735‐010‐9294‐2 

72.   Wu  YT,  Tang  L,  Cai  J,  Lu  XE,  Xu  J,  Zhu  XM,  Luo Q, 
Huang  HF.  High  bone  morphogenetic  protein‐15 
level  in follicular fluid  is associated with high quality 
oocyte  and  subsequent  embryonic  development. 
Hum Reprod. 2007; 22:1526–31.  

  https://doi.org/10.1093/humrep/dem029 



www.aging‐us.com  318  AGING 

73.   Celestino  JJ,  Lima‐Verde  IB,  Bruno  JB,  Matos  MH, 
Chaves  RN,  Saraiva  MV,  Silva  CM,  Faustino  LR, 
Rossetto  R,  Lopes  CA,  Donato  MA,  Peixoto  CA, 
Campello  CC,  et  al.  Steady‐state  level  of  bone 
morphogenetic  protein‐15  in  goat  ovaries  and  its 
influence  on  in  vitro  development  and  survival  of 
preantral follicles. Mol Cell Endocrinol. 2011; 338:1–
9. https://doi.org/10.1016/j.mce.2011.02.007 

74.   Chen AQ,  Yu  SD, Wang  ZG,  Xu  ZR,  Yang  ZG.  Stage‐
specific  expression  of  bone morphogenetic  protein 
type  I and  type  II receptor genes: effects of  follicle‐
stimulating hormone on ovine antral  follicles. Anim 
Reprod Sci. 2009; 111:391–99. 
https://doi.org/10.1016/j.anireprosci.2008.03.011 

75.   Lima  IM, Brito  IR, Rossetto R, Duarte AB, Rodrigues 
GQ,  Saraiva MV,  Costa  JJ, Donato MA,  Peixoto  CA, 
Silva JR, de Figueiredo JR, Rodrigues AP. BMPRIB and 
BMPRII  mRNA  expression  levels  in  goat  ovarian 
follicles  and  the  in  vitro  effects  of  BMP‐15  on 
preantral follicle development. Cell Tissue Res. 2012; 
348:225–38.  https://doi.org/10.1007/s00441‐012‐
1361‐4 

76.   Hussein  TS,  Froiland  DA,  Amato  F,  Thompson  JG, 
Gilchrist RB. Oocytes prevent cumulus cell apoptosis 
by maintaining a morphogenic paracrine gradient of 
bone  morphogenetic  proteins.  J  Cell  Sci.  2005; 
118:5257–68. https://doi.org/10.1242/jcs.02644 

77.   Zhai B, Liu H, Li X, Dai L, Gao Y, Li C, Zhang L, Ding Y, 
Yu  X,  Zhang  J.  BMP15  prevents  cumulus  cell 
apoptosis through CCL2 and FBN1 in porcine ovaries. 
Cell Physiol Biochem. 2013; 32:264–78.  

  https://doi.org/10.1159/000354435 

78.   Diaz‐Guerra E, Vernal R, del Prete MJ, Silva A, Garcia‐
Sanz  JA.  CCL2  inhibits  the  apoptosis  program 
induced  by  growth  factor  deprivation,  rescuing 
functional  T  cells.  J  Immunol.  2007;  179:7352–57. 
https://doi.org/10.4049/jimmunol.179.11.7352 

79.   Yang  EJ,  Choi  E,  Ko  J,  Kim  DH,  Lee  JS,  Kim  IS. 
Differential effect of CCL2 on constitutive neutrophil 
apoptosis between normal and asthmatic subjects. J 
Cell Physiol. 2012; 227:2567–77. 

 https://doi.org/10.1002/jcp.22995 

80.   Abdi  S,  Salehnia  M,  Hosseinkhani  S.  Kit  ligand 
decreases  the  incidence  of  apoptosis  in  cultured 
vitrified  whole  mouse  ovaries.  Reprod  Biomed 
Online. 2015; 30:493–503.  

  https://doi.org/10.1016/j.rbmo.2015.01.009 

81.   Lima  IM,  Brito  IR,  Rodrigues  GQ,  Silva  CM, 
Magalhães‐Padilha  DM,  Lima  LF,  Celestino  JJ, 
Campello CC,  Silva  JR,  Figueiredo  JR, Rodrigues AP. 
Presence  of  c‐kit  mRNA  in  goat  ovaries  and 
improvement  of  in  vitro  preantral  follicle  survival 

and  development  with  kit  ligand.  Mol  Cell 
Endocrinol. 2011; 345:38–47. 
 https://doi.org/10.1016/j.mce.2011.07.006 

82.   Otsuka  F,  Shimasaki  S. A negative  feedback  system 
between oocyte bone morphogenetic protein 15 and 
granulosa  cell  kit  ligand:  its  role  in  regulating 
granulosa cell mitosis. Proc Natl Acad Sci USA. 2002; 
99:8060–65. 
https://doi.org/10.1073/pnas.122066899 

83.   Fenwick  MA,  Mora  JM,  Mansour  YT,  Baithun  C, 
Franks S, Hardy K. Investigations of TGF‐β signaling in 
preantral  follicles of  female mice  reveal differential 
roles  for  bone  morphogenetic  protein  15. 
Endocrinology. 2013; 154:3423–36. 
 https://doi.org/10.1210/en.2012‐2251 

84.   McGrath  SA,  Esquela  AF,  Lee  SJ.  Oocyte‐specific 
expression  of  growth/differentiation  factor‐9.  Mol 
Endocrinol. 1995; 9:131–36.  

  https://doi.org/10.1210/mend.9.1.7760846 

85.   Fitzpatrick  SL,  Sindoni  DM,  Shughrue  PJ,  Lane MV, 
Merchenthaler  IJ,  Frail  DE.  Expression  of  growth 
differentiation factor‐9 messenger ribonucleic acid in 
ovarian  and nonovarian  rodent  and human  tissues. 
Endocrinology. 1998; 139:2571–78.  

  https://doi.org/10.1210/endo.139.5.6014 

86.   Dong  J, Albertini DF, Nishimori  K,  Kumar  TR,  Lu N, 
Matzuk  MM.  Growth  differentiation  factor‐9  is 
required  during  early  ovarian  folliculogenesis. 
Nature. 1996; 383:531–35. 
https://doi.org/10.1038/383531a0 

87.   Wang C, Roy SK. Expression of growth differentiation 
factor  9  in  the  oocytes  is  essential  for  the 
development  of  primordial  follicles  in  the  hamster 
ovary. Endocrinology. 2006; 147:1725–34.  

  https://doi.org/10.1210/en.2005‐1208 

88.   Hayashi M, McGee EA, Min G, Klein C, Rose UM, van 
Duin  M,  Hsueh  AJ.  Recombinant  growth 
differentiation  factor‐9  (GDF‐9)  enhances  growth 
and differentiation of cultured early ovarian follicles. 
Endocrinology. 1999; 140:1236–44. 
https://doi.org/10.1210/endo.140.3.6548 

89.   Abdel‐Ghani  MA,  El‐Sherry  TM,  Abdelhafeez  HH. 
Effect of growth differentiation  factor‐9  (GDF‐9) on 
the  progression  of  buffalo  follicles  in  vitrified‐
warmed ovarian tissues. Reprod Domest Anim. 2016; 
51:795–803. https://doi.org/10.1111/rda.12753 

90.   Yamamoto N, Christenson LK, McAllister JM, Strauss 
JF 3rd. Growth differentiation  factor‐9  inhibits 3‘5’‐
adenosine  monophosphate‐stimulated  steroidoge‐
nesis  in  human  granulosa  and  theca  cells.  J  Clin 
Endocrinol Metab. 2002; 87:2849–56.  

 https://doi.org/10.1210/jcem.87.6.8551 



www.aging‐us.com  319  AGING 

91.   Spanel‐Borowski K, Schäfer  I, Zimmermann S, Engel 
W,  Adham  IM.  Increase  in  final  stages  of  follicular 
atresia and premature decay of corpora lutea in Insl3‐
deficient mice. Mol Reprod Dev. 2001; 58:281–86. 

   https://doi.org/10.1002/1098‐
2795(200103)58:3<281::AID‐MRD6>3.0.CO;2‐0 

92.   Xue K, Kim JY, Liu JY, Tsang BK. Insulin‐like 3‐induced 
rat preantral follicular growth is mediated by growth 
differentiation  factor  9.  Endocrinology.  2014; 
155:156–67. https://doi.org/10.1210/en.2013‐1491 

93.   Kobayashi N, Orisaka M, Cao M, Kotsuji F, Leader A, 
Sakuragi N, Tsang BK. Growth differentiation factor‐9 
mediates  follicle‐stimulating  hormone‐thyroid 
hormone  interaction  in  the  regulation  of  rat 
preantral  follicular  development.  Endocrinology. 
2009; 150:5566–74. 
https://doi.org/10.1210/en.2009‐0262 

94.   Orisaka  M,  Orisaka  S,  Jiang  JY,  Craig  J,  Wang  Y, 
Kotsuji F, Tsang BK. Growth differentiation factor 9 is 
antiapoptotic  during  follicular  development  from 
preantral to early antral stage. Mol Endocrinol. 2006; 
20:2456–68. https://doi.org/10.1210/me.2005‐0357 

95.   Wang XL, Wang K, Zhao S, Wu Y, Gao H, Zeng SM. 
Oocyte‐secreted  growth  differentiation  factor  9 
inhibits  BCL‐2‐interacting  mediator  of  cell  death‐
extra  long  expression  in  porcine  cumulus  cell.  Biol 
Reprod. 2013; 89:56. 
https://doi.org/10.1095/biolreprod.113.108365 

96.   Peng  J,  Li  Q,  Wigglesworth  K,  Rangarajan  A, 
Kattamuri  C,  Peterson  RT,  Eppig  JJ,  Thompson  TB, 
Matzuk MM.  Growth  differentiation  factor  9:bone 
morphogenetic protein 15 heterodimers are potent 
regulators  of  ovarian  functions.  Proc Natl  Acad  Sci 
USA. 2013; 110:E776–85.  

  https://doi.org/10.1073/pnas.1218020110 

97.   Reader KL, Gold E. Activins and activin antagonists in 
the  human  ovary  and  ovarian  cancer.  Mol  Cell 
Endocrinol. 2015; 415:126–32.  

  https://doi.org/10.1016/j.mce.2015.08.011 

98.   Vale W,  Rivier  C,  Hsueh  A,  Campen  C, Meunier  H, 
Bicsak  T,  Vaughan  J,  Corrigan  A,  Bardin  W, 
Sawchenko  P,  et  al.  Chemical  and  biological 
characterization  of  the  inhibin  family  of  protein 
hormones. Recent Prog Horm Res. 1988; 44:1–34. 

99.   Makanji Y, Zhu J, Mishra R, Holmquist C, Wong WP, 
Schwartz NB, Mayo KE, Woodruff TK.  Inhibin at 90: 
from  discovery  to  clinical  application,  a  historical 
review. Endocr Rev. 2014; 35:747–94.  

  https://doi.org/10.1210/er.2014‐1003 

100.  Ying  SY.  Inhibins  and  activins:  chemical  properties 
and biological activity. Proc Soc Exp Biol Med. 1987; 

186:253–64. https://doi.org/10.3181/00379727‐186‐
42611A 

101.  Gregory  SJ, Kaiser UB. Regulation of  gonadotropins 
by  inhibin  and  activin.  Semin  Reprod  Med.  2004; 
22:253–67. https://doi.org/10.1055/s‐2004‐831901 

102.  Denkova  R,  Bourneva  V,  Staneva‐Dobrovski  L, 
Zvetkova E, Baleva K, Yaneva E, Nikolov B,  Ivanov  I, 
Simeonov K, Timeva T, Yankov M.  In vitro effects of 
inhibin on apoptosis and apoptosis  related proteins 
in  human  ovarian  granulosa  cells.  Endocr  Regul. 
2004; 38:51–55. 

103.  Chen  F,  Jiang  X,  Chen  X,  Liu  G,  Ding  J.  Effects  of 
downregulation of  inhibin alpha gene expression on 
apoptosis and proliferation of goose granulosa cells. 
J Genet Genomics. 2007; 34:1106–13. 
https://doi.org/10.1016/S1673‐8527(07)60126‐X 

104.  Kadariya I, Wang J, ur Rehman Z, Ali H, Riaz H, He J, 
Bhattarai  D,  Liu  JJ,  Zhang  SJ.  RNAi‐mediated 
knockdown of  inhibin α subunit  increased apoptosis 
in  granulosa  cells  and  decreased  fertility  in mice.  J 
Steroid  Biochem  Mol  Biol.  2015;  152:161–70. 
https://doi.org/10.1016/j.jsbmb.2015.05.006 

105.  M’baye M, Hua G, Khan HA, Yang L. RNAi‐mediated 
knockdown  of  INHBB  increases  apoptosis  and 
inhibits  steroidogenesis  in mouse  granulosa  cells.  J 
Reprod Dev. 2015; 61:391–97.  

  https://doi.org/10.1262/jrd.2014‐158 

106.  Martins  da  Silva  SJ,  Bayne  RA,  Cambray N, Hartley 
PS, McNeilly AS, Anderson RA. Expression of activin 
subunits  and  receptors  in  the  developing  human 
ovary:  activin  A  promotes  germ  cell  survival  and 
proliferation  before  primordial  follicle  formation. 
Dev Biol. 2004; 266:334–45. 
https://doi.org/10.1016/j.ydbio.2003.10.030 

107.  Coutts SM, Childs AJ, Fulton N, Collins C, Bayne RA, 
McNeilly  AS,  Anderson  RA.  Activin  signals  via 
SMAD2/3  between  germ  and  somatic  cells  in  the 
human  fetal  ovary  and  regulates  kit  ligand 
expression. Dev Biol. 2008; 314:189–99.  

  https://doi.org/10.1016/j.ydbio.2007.11.026 

108.  McLaughlin M, Bromfield  JJ, Albertini DF, Telfer EE. 
Activin promotes follicular integrity and oogenesis in 
cultured  pre‐antral  bovine  follicles.  Mol  Hum 
Reprod. 2010; 16:644–53.  

  https://doi.org/10.1093/molehr/gaq021 

109.  Kipp  JL,  Golebiowski  A,  Rodriguez  G,  Demczuk M, 
Kilen SM, Mayo KE. Gene expression profiling reveals 
Cyp26b1 to be an activin regulated gene  involved  in 
ovarian  granulosa  cell  proliferation.  Endocrinology. 
2011; 152:303–12. https://doi.org/10.1210/en.2010‐
0749 



www.aging‐us.com  320  AGING 

110.  Chong Z, Dong P, Riaz H, Shi L, Yu X, Cheng Y, Yang L. 
Disruption of follistatin by RNAi increases apoptosis, 
arrests S‐phase of cell cycle and decreases estradiol 
production  in  bovine  granulosa  cells.  Anim  Reprod 
Sci. 2015; 155:80–88.  

  https://doi.org/10.1016/j.anireprosci.2015.02.003 

111.  Guzel  Y,  Nur  Şahin  G,  Sekeroglu  M,  Deniz  A. 
Recombinant  activin  A  enhances  the  growth  and 
survival of isolated preantral follicles cultured three‐
dimensionally  in  extracellular  basement  matrix 
protein  (matrigel)  under  serum‐free  conditions. 
Gynecol Endocrinol. 2014; 30:388–91. 
https://doi.org/10.3109/09513590.2014.888411 

112.  Karimpour Malekshah A, Heidari M, Parivar K, Azami 
NS. The effects of fibroblast co‐culture and activin A 
on  in vitro growth of mouse preantral  follicles.  Iran 
Biomed J. 2014; 18:49–54. 

113.  Qin N, Fan XC, Xu XX, Tyasi TL, Li SJ, Zhang YY, Wei 
ML,  Xu  RF.  Cooperative  Effects  of  FOXL2  with  the 
Members  of  TGF‐β  Superfamily  on  FSH  Receptor 
mRNA  Expression  and  Granulosa  Cell  Proliferation 
from Hen Prehierarchical  Follicles. PLoS One. 2015; 
10:e0141062. 
https://doi.org/10.1371/journal.pone.0141062 

114.  Shi  J, Yoshino O, Osuga Y, Koga K, Hirota Y, Nose E, 
Nishii  O,  Yano  T,  Taketani  Y.  Bone morphogenetic 
protein‐2  (BMP‐2)  increases gene expression of FSH 
receptor  and  aromatase  and  decreases  gene 
expression  of  LH  receptor  and  StAR  in  human 
granulosa  cells.  Am  J  Reprod  Immunol.  2011; 
65:421–27.  https://doi.org/10.1111/j.1600‐
0897.2010.00917.x 

115.   Otsuka  F,  Yamamoto  S,  Erickson  GF, 
Shimasaki S. Bone morphogenetic protein‐15 inhibits 
follicle‐stimulating  hormone  (FSH)  action  by 
suppressing  FSH  receptor  expression.  J  Biol  Chem. 
2001; 276:11387–92.  
https://doi.org/10.1074/jbc.M010043200 

116.  Blount AL,  Schmidt K,  Justice NJ, Vale WW,  Fischer 
WH,  Bilezikjian  LM.  FoxL2  and  Smad3  coordinately 
regulate  follistatin  gene  transcription.  J  Biol  Chem. 
2009; 284:7631–45. 
https://doi.org/10.1074/jbc.M806676200 

117.  Rodrigues GQ, Bertoldo MJ, Brito  IR, Silva CM, Sales 
AD,  Castro  SV, Duffard N,  Locatelli  Y, Mermillod  P, 
Lobo  CH,  Campello  CC,  Rodrigues  AP,  Freitas  VJ, 
Figueiredo  JR.  Relative  mRNA  expression  and 
immunolocalization  for  transforming growth  factor‐
beta  (TGF‐β)  and  their  effect  on  in  vitro 
development  of  caprine  preantral  follicles.  In  Vitro 
Cell Dev Biol Anim. 2014; 50:688–99.  

  https://doi.org/10.1007/s11626‐014‐9775‐9 

118.  Chen AQ,  Yu  SD, Wang  ZG,  Xu  ZR,  Yang  ZG.  Stage‐
specific  expression  of  bone morphogenetic  protein 
type  I and  type  II receptor genes: effects of  follicle‐
stimulating hormone on ovine antral  follicles. Anim 
Reprod Sci. 2009; 111:391–99.  

  https://doi.org/10.1016/j.anireprosci.2008.03.011 

119.  Sakamoto  K,  Holman  GD.  Emerging  role  for 
AS160/TBC1D4  and  TBC1D1  in  the  regulation  of 
GLUT4 traffic. Am J Physiol Endocrinol Metab. 2008; 
295:E29–37. 
https://doi.org/10.1152/ajpendo.90331.2008 

120.  Budi  EH,  Muthusamy  BP,  Derynck  R.  The  insulin 
response  integrates  increased  TGF‐β  signaling 
through  Akt‐induced  enhancement  of  cell  surface 
delivery of TGF‐β receptors. Sci Signal. 2015; 8:ra96. 
https://doi.org/10.1126/scisignal.aaa9432 

121.  Fang WL,  Lai  SY,  Lai WA,  Lee MT,  Liao  CF,  Ke  FC, 
Hwang  JJ.  CRTC2  and Nedd4  ligase  involvement  in 
FSH  and  TGFβ1  upregulation  of  connexin43  gap 
junction.  J  Mol  Endocrinol.  2015;  55:263–75. 
https://doi.org/10.1530/JME‐15‐0076 

122.  Fang WL, Lee MT, Wu LS, Chen YJ, Mason  J, Ke FC, 
Hwang  JJ.  CREB  coactivator  CRTC2/TORC2  and  its 
regulator  calcineurin  crucially  mediate  follicle‐
stimulating hormone and transforming growth factor 
β1  upregulation  of  steroidogenesis.  J  Cell  Physiol. 
2012; 227:2430–40.  

  https://doi.org/10.1002/jcp.22978 

123.  Screaton  RA,  Conkright  MD,  Katoh  Y,  Best  JL, 
Canettieri G, Jeffries S, Guzman E, Niessen S, Yates JR 
3rd,  Takemori  H,  Okamoto  M,  Montminy  M.  The 
CREB coactivator TORC2 functions as a calcium‐ and 
cAMP‐sensitive  coincidence  detector.  Cell.  2004; 
119:61–74. 
https://doi.org/10.1016/j.cell.2004.09.015 

124.  Fujii M, Sherchan P, Soejima Y, Hasegawa Y, Flores J, 
Doycheva D, Zhang JH. Cannabinoid receptor type 2 
agonist  attenuates  apoptosis  by  activation  of 
phosphorylated  CREB‐Bcl‐2  pathway  after 
subarachnoid hemorrhage in rats. Exp Neurol. 2014; 
261:396–403. 
https://doi.org/10.1016/j.expneurol.2014.07.005 

125.  Balogh A, Németh M, Koloszár  I, Markó L, Przybyl L, 
Jinno K, Szigeti C, Heffer M, Gebhardt M, Szeberényi 
J, Müller DN, Sétáló G  Jr, Pap M. Overexpression of 
CREB  protein  protects  from  tunicamycin‐induced 
apoptosis  in various  rat cell  types. Apoptosis. 2014; 
19:1080–98.  https://doi.org/10.1007/s10495‐014‐
0986‐z 

126.  Li H, Lin J, Wang X, Yao G, Wang L, Zheng H, Yang C, 
Jia C, Liu A, Bai X. Targeting of mTORC2 prevents cell 
migration and promotes apoptosis  in breast cancer. 



www.aging‐us.com  321  AGING 

Breast  Cancer  Res  Treat.  2012;  134:1057–66. 
https://doi.org/10.1007/s10549‐012‐2036‐2 

127.  Chen YJ, Hsiao PW, Lee MT, Mason JI, Ke FC, Hwang 
JJ.  Interplay  of  PI3K  and  cAMP/PKA  signaling,  and 
rapamycin‐hypersensitivity  in  TGFbeta1 
enhancement  of  FSH‐stimulated  steroidogenesis  in 
rat  ovarian  granulosa  cells.  J  Endocrinol.  2007; 
192:405–19. https://doi.org/10.1677/JOE‐06‐0076 

128.  Inoue  K, Nakamura  K, Abe  K, Hirakawa  T,  Tsuchiya 
M, Matsuda H, Miyamoto  K, Minegishi  T.  Effect  of 
transforming  growth  factor  beta  on  the  expression 
of  luteinizing  hormone  receptor  in  cultured  rat 
granulosa  cells.  Biol  Reprod.  2002;  67:610–15. 
https://doi.org/10.1095/biolreprod67.2.610 

129.  Chun SY, Billig H, Tilly  JL, Furuta  I, Tsafriri A, Hsueh 
AJ.  Gonadotropin  suppression  of  apoptosis  in 
cultured  preovulatory  follicles:  mediatory  role  of 
endogenous  insulin‐like  growth  factor  I. 
Endocrinology. 1994; 135:1845–53.  

  https://doi.org/10.1210/endo.135.5.7525255 

130.  Makrigiannakis A, Coukos G, Christofidou‐Solomidou 
M, Montas S, Coutifaris C. Progesterone  is an auto‐
crine/paracrine  regulator  of  human  granulosa  cell 
survival in vitro. Ann N Y Acad Sci. 2000; 900:16–25. 
https://doi.org/10.1111/j.1749‐6632.2000.tb06212.x 

131.  Peluso  JJ,  Pappalardo A.  Progesterone mediates  its 
anti‐mitogenic  and  anti‐apoptotic  actions  in  rat 
granulosa  cells  through  a  progesterone‐binding 
protein  with  gamma  aminobutyric  acidA  receptor‐
like  features.  Biol  Reprod.  1998;  58:1131–37. 
https://doi.org/10.1095/biolreprod58.5.1131 

 


