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Is AMH a regulator of follicular atresia?
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Abstract We discuss the hypothesis that AMH is an
intraovarian regulator that inhibits follicular atresia within
the human ovary. Several indirect lines of evidence derived
from clinical and basic science studies in a variety of different
patient populations and model systems collectively support
this hypothesis. Evidence presented herein include 1) timing
of onset of menopause in women with polycystic ovary syn-
drome, 2) site of cellular origin and timing of AMH produc-
tion, 3) AMH’s influence on other critical growth factors and
enzymes involved in folliculogenesis, and 4) AMH’s inhibi-
tion of granulosa apoptosis. If this hypothesis is true, it may
provide insight for treatment strategies for prevention and
treatment of premature ovarian insufficiency, slowing natural
ovarian aging, and/or delaying eventual ovarian failure. Such
findings may lead to the development of 1) AMH agonists for
retarding the onset of menopause and/or as a chemoprotectant
prior to cancer therapy and 2) AMH antagonists for the
treatment of PCOS.
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Introduction

Follicular atresia is the process responsible for the loss of
follicles and oocytes from the ovary by means other than
ovulation [1, 2]. Initially seen in utero around 6 months of
gestation, atresia is a noncyclical, non-gonadotropin depen-
dent, unremitting process which takes place throughout life.
This process results in what is believed to be an irreversible
attrition of the primordial pool. By the onset of puberty, 95 %
(or 1.9 million out of 2 million) of all follicles are lost. Post-
pubertal atresia is believed to be an underlying tonic lifelong
process upon which cyclical ovulation (400 cycles during a
normal reproductive life cycle or 20,000 follicles are dis-
posed) is superimposed. A putative regulator of follicular
atresia would likely be regionalized and have an exquisite
time sensitive expression which would contribute to the timed
progression of normal folliculogenesis. It would likely influ-
ence other growth factors and enzymes involved in
folliculogenesis. We speculate that AMH is the key regulator
which inhibits the default mode of atresia from occurring.

We will discuss the hypothesis that AMH is an intraovarian
regulator that controls the atretic process in the human ovary as
it is the main regionalized and time sensitive gatekeeper con-
trolling the onset and rate of depletion of the primordial pool.
Its influence takes place during the first half of folliculogenesis
which is known to be gonadotropin independent. Although
there is no single experiment that demonstrates that AMH
regulates follicular atresia in women, there are several indirect
lines of evidence when examined collectively support such a
hypothesis. Such evidence is derived from a variety of clinical
and basic science studies. These studies include different pa-
tient population (normocyclic, infertile, aging, and PCOS) as
well as different basic model systems (knockout mice, human
cell, and tissue culture) and collectively support this hypothe-
sis. We will examine different essential aspects of AMH as a
putative key regulator of follicular atresia.

Capsule Evidence suggests that AMH may represent a significant
regulator of follicular atresia in the human ovary.
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Hypothesis #1: If AMH is responsible for retarding atresia
then as AMH levels declines with age, atre-
sia should accelerate. Additionally, adding
AMH would retard depletion of primordial
pool while removing AMH would result in
accelerated menopause.Data extracted from
women with or without PCOS will be
discussed as evidence for this hypothesis.

Evidence:

a) PCOS as a model to support the theory: Data re-
garding the menopausal age in PCOS women are
scarce. Small studies indicated that women with
PCOS reach menopause at a later age [3–5]. Addi-
tionally, preantral follicles of women with PCOS
have lower rate of atresia in culture (in vitro) com-
pared to controls [6]. Women with PCOS have
elevated serum AMH levels [7, 8] and “later age
at menopause” compared to women without PCOS
[3–5]. As in normo-ovulatory women without
PCOS, AMH levels decline with increasing age in
women with PCOS. However, the decline in serum
AMH levels is significantly less pronounced from
that observed in controls (no PCOS) [9]. A follow-
up study investigated this phenomenon in more
detail by measuring serum AMH levels in women
with or without PCOS on two occasions with a
median time interval of 2.6 years. Although AMH
levels had declined over time in both groups, the
decline was also less prominent in women with
PCOS [10]. These results were confirmed by
Piltonen et al. [5], who showed that, in contrast to
older control women with low to undetectable
AMH levels, women with PCOS of the same age
had significantly higher AMH levels.

AMH is known to inhibit recruitment of primary
follicles from primordial pool [11]. Given that
women with PCOS have high serum AMH levels
and low rates of follicular atresia, the data discussed
above suggest that the “slower” ovarian aging pro-
cess in women with PCOS could be due to the high
levels of AMH observed in these women. It needs
to be highlighted that despite these data, exhaustion
of the primordial follicle pool might occur later in
women with PCOS because they might have a
larger intrinsic primordial follicle pool [12].

b) Women without PCOS: women with lower serum
AMH at any age develop menopause earlier than
age-matched women with higher AMH levels
[13–20]. Curve for reduction in number of oocytes
over time parallels the curve for reduction in serum
AMH with advancing age. Additionally, the rate of

atresia accelerates with age as AMH decreases and/
or as the rate of decline of AMH increases [21–23].
Interestingly, addition of AMH can preserve the
primordial pool; for instance, recombinant AMH
(100 ng/mL) in vitro has an inhibitory effect on
early human ovarian follicular development, thus
suppressing the initiation of primordial follicle
growth [24]. These findings are in agreement with
results obtained from mouse follicle cultures where
treatment with AMH inhibits early follicular devel-
opment [11]. Furthermore, AMH knockout mice
have accelerated follicular atresia compared to wild
type mice [25, 26]. Thus, the fact that AMH is
produced by the pool of growing follicles to act as
a negative paracrine feedback signal on neighbor-
ing primordial follicle initiation strengthen the hy-
pothesis that AMH may function as an anti-atretic
agent.

Hypothesis #2: Factor responsible for regulating atresia
would be produced by cells regionalized
within the follicle and act to regulate the
progression and exquisite timing of
folliculogenesis. Additionally, atresia is a
gonadotropin-independent process thus a
growth factor responsible for regulating
atresia needs to be gonadotropin-indepen-
dent. We present evidence that AMH is
both produced within the follicle and is
gonadotropin-independent.

Evidence: AMH is produced by granulosa cells (cu-
mulus more than mural) of small and large preantral
and small antral follicles [27]. It inhibits recruitment
of primary follicles from primordial pool, prevents
selection of follicles by FSH, and inhibits aromatase
(an enzyme responsible for a key step in the biosyn-
thesis of estradiol) [28, 29]. AMH is relatively stable
throughout the menstrual cycle in normo-ovulatory
women, thus it is relatively independent of gonado-
tropins circulating at physiologic levels [30–34]. Ad-
ditionally, serum AMH levels are arguably not af-
fected byGnRH agonists or sex steroid contraceptive
use [35–37]; pharmacologic states where serum go-
nadotropins are suppressed. These data taken togeth-
er support the theory that AMH is a candidate that
regulates the gonadotropin-independent process of
follicular atresia.

Hypothesis #3: A negative regulator of atresia would be
produced at high levels in a small follicle
then its production would decrease as the
follicle grows. This would allow the
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growing follicle to escape atresia in order to
participate in ovulation.

Evidence: AMH is not detected in primordial folli-
cles and is initially produced in primary follicles then
continues to be produced in small and large preantral
follicles [38]. AMH expression is greatest in granu-
losa cells of follicles less than 4 mm diameter found
in secondary, preantral, and small antral follicles
[38]. AMH is absent in larger antral stage follicles
measuring 6–8 mm in diameter hence it is not de-
tected in granulosa cells of preovulatory follicles. Its
site of inhibitory action within folliculogenesis is in
the recruitment process of primary follicles from the
resting primordial pool and in the selection of small
antral to large antral/preovulatory follicles by FSH
[38, 39].

Hypothesis #4: If granulosa cell apoptosis is considered to
be the underlying mechanism of follicular
atresia then AMH, if it is a negative regula-
tor of atresia, would inhibit granulosa
apoptosis.

Evidence: In women undergoing natural cycle
(unstimulated) IVF cycles, there is a negative corre-
lation between granulosa cell apoptosis and follicular
AMH levels [40]. Additionally, women with PCOS
(known to have high AMH levels) have significantly
lower granulosa cell apoptotic rates compared to
women without PCOS (those with normal AMH
levels) [41]. Compared to granulosa cells obtained
from women without PCOS, the lower apoptotic rate
of granulosa cells from women with PCOS may be
associated with the increase in AMH production on a
cell per cell basis of up to 75 times greater [42].
These lower apoptotic rates in PCOS are associated
with significantly decreased levels of the apoptotic
effector caspase-3 and significantly increased levels
of the anti-apoptotic survival factor cellular inhibitor
of apoptosis proteins-2 [41]. These data considered
together support the hypothesis that AMH represents
a granulosa cell anti-apoptotic agent. Whether gran-
ulosa cell apoptosis is considered to be the main
underlying mechanism of follicular atresia remains
to be determined.

Hypothesis #5: If AMH is a key mediator of atresia, it would
influence other important regulators of
folliculogenesis and steroidogenesis.

Evidence: Indeed, AMH influences enzymes and
hormones important in folliculogenesis [43].

Transcriptome analysis of rat ovarian tissue follow-
ing addition of AMH in-vitro showed that AMH
inhibits the stimulatory actions of basic fibroblast
growth factor (bFGF), kit ligand (KITL), or
keratinocyte growth factor (KGF). Using microarray
data in rats, the overall effect of AMH exposure
showed a decrease in the expression of stimulatory
factors, and an increase in the expression of inhibi-
tory factors, and regulate cellular pathways (e.g.
transforming growth factor beta signaling pathway)
that result in the inhibition of primordial follicle
development [44]. In addition, AMH is a known
inhibitor of aromatase, an enzyme important in
steroidogeneis [28, 29].

Hypothesis #6: AMH signaling is a pathway by which
known apoptotic agents, such as vitamin
D and leptin, may act by downregulating
AMH receptor and AMH signaling.

Evidence: An increasing body of research supports
the hypothesis that the active form of vitamin D has
significant, protective effects against the develop-
ment of cancer [45, 46]. The protective effects of
vitamin D result from its role as a nuclear transcrip-
tion factor that regulates apoptosis, cell growth, dif-
ferentiation, and a wide range of cellular mechanisms
[46]. Additionally, in women with PCOS, vitamin D
level is inversely correlated with PED/PEA-15
(phosphoprotein enriched in diabetes gene product),
an anti-apoptotic protein further supporting the
apoptotic action of vitamin D [47]. We have shown
that vitamin D in vitro treatment downregulates
AMH receptor gene expression and AMH signaling
in human granulosa cells via suppressing the phos-
phorylation and nuclear translocation of Smad 1/5/8
[48]. These data taken together indicate that, in hu-
man ovaries, AMH may represent a mechanism by
which vitamin D causes a relative increase in apo-
ptosis. This further supports the role of AMH as an
anti-apoptotic agent (Fig. 1).

Similar to vitamin D, leptin appears to act as a promoter
of apoptosis [49]. For instance, in porcine ovarian granulo-
sa cell, leptin treatment in vitro increased the accumulation
of p53 and of apoptosis related (bax) and proliferation-
related (PCNA, cyclin B1) substances [49]. This study
demonstrated that leptin could be involved in control of
porcine ovarian cell proliferation and apoptosis. The simi-
larity of p53 and leptin’s actions on bax and cyclin B1, and
the inability of p53 to further promote leptin’s action on this
parameter suggest that p53 can be a mediator of leptin’s
action on ovarian cell apoptosis. Interestingly, we have
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shown in human granulosa cells that leptin suppresses
AMH action (via JAK2/STAT3 pathway) and its receptor
gene expression [27]. Although it needs to be determined as
a cause-effect relationship, AMH could represent a path-
way by which leptin induces apoptosis, i.e., leptin promotes
apoptosis by suppressing the anti-apoptotic action of AMH.

Conclusion

We present herein direct and indirect evidence that AMH
is a critical growth factor which inhibits follicular atresia.
If this hypothesis is true, it may provide insight for treat-
ment strategies for prevention and treatment of premature
ovarian insufficiency, slowing natural ovarian aging or
ovarian failure (menopause). These findings support the
need to develop 1) AMH agonists for retarding the onset
of menopause and/or as a chemoprotectant prior to cancer
therapy and 2) AMH antagonists which could be useful in
treating PCOS - a state where AMH is abnormally elevat-
ed reflecting abnormal follicular development. It needs to
be highlighted that although the role for AMH in regula-
tion of follicular atresia may be important, it is quite
likely that other hormones/growth factors as well as ge-
netic factors play a role. Further research to quantify the
relative contribution of AMH in the regulation of atresia
will likely yield a more complete understanding of this
fundamental biological process.
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