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Abstract

Objective: To develop a model that explains the complex
relationships that ultimately lead to increased rates of
follicle loss and high rates of trisomy in the oocytes of
normal women aged about 38 and older.

Design: Review of the key published findings that contribute
to the diverse literature affecting this phenomenon.

Results: In humans and higher primates, androgen synthesis
is optimised by the specialisation of the andrenal zona
reticularis (ZR). Whilst this allows very high rates of
synthesis of DHEA and related androgens in early post-
pubertal life, it compromises the quality of oocyte
maturation in the later years of female fertility and is linked
to the evolution of menopause. Data from genetics,
endocrinology and lifestyle studies of ovarian physiology
provide substantial evidence for a model of androgen
regulation of human female reproductive ageing.

Conclusions: Human female reproductive ageing and loss of
meiotic fidelity results from a chain of events initiated in the
ZR. Because of inadequate synthesis of DHEA by the
lowered number of cells ZR in the mid-thirties age-group,
there is lowered synthesis of inhibin B and subsequent
reduction in DHEA synthesis by the ovarian theca cells. Low
DHEA lowers both ovarian androstenedione and PPAR
alpha. The latter reduces both fat metabolism and transport
which in turn causes increased rates of apoptosis (lowering
follicle pool size) and other cellular changes in oocytes that
induce high rates of chromosome errors in meiosis.

Short Communication

The phenomena of accelerated ageing and

menopause in human female reproduction

Despite the vast amount of research into human fertility and
the development of highly refined and exquisite technologies
used to treat both male and female infertility, the intrinsic
mechanism underlying female reproductive ageing is yet to be
fully elucidated. This paper attempts to outline the key
parameters underlying female reproductive ageing and puts

forward a model that can be tested and refined by further
research.

Human females differ from most other animals in having an
extended post-fertility lifespan. Even most of the evolutionarily
closest primates die before their reproductive life ceases [1]
whilst in humans the secondary non-fertile lifespan often
exceeds several decades. A key characteristic of the approaching
end of human female fertility is a distinctive phase in which
there is an accelerated rate of decline in oocyte numbers and
loss of meiotic fidelity. This phenomenon was first noted
through the births of infants with Down’s syndrome (trisomy 21)
[2] and through age-related increases in spontaneous abortions
with trisomic karyotypes [3]. Cessation of normal fertility
precedes menopause by about seven to ten years during which
time, menstrual cycles gradually change in length and regularity
[4]. Most animals do not exhibit similar patterns of reproductive
ageing and to date, the cynomolgus macaque is the only other
primate proven to have a naturally occurring menopause [5]
although menopause is suspected in some other primates [6].

The same pattern of reproductive ageing is seen in all human
ethnic groups and apart from tuberculosis, cancer and
hysterectomy, which are all associated with premature ovarian
failure (POF), the only common lifestyle factor associated with
early menopause is smoking.

The effect of smoking on menopause has been thoroughly
assessed and it has been found to be an independent factor
associated with both POF and early menopause [7] and with
early menopause in many large studies. There is an anomaly
with smoking, however, and that is that smokers have fewer
trisomic spontaneous abortions than non-smokers in the later
years of their fertility even though the length of fertility is
compromised [8].

The evolution of the adrenal reticularis, adrenarche
and menopause

The restriction of menopause to humans and a few closely
related higher primates suggests that the explanation for the
phenomenon of accelerated reproductive ageing prior to
menopause lies within the genes associated with the evolution
of menopause. These genes primarily affect steroid metabolism
and the concordant specialisation of the adrenal zona reticularis
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(ZR), a region in the innermost part of the adrenal cortex. At the
stage of evolution of humans and cynomolgus macaques the ZR
is devoted to the synthesis of dehyroepiandrosterone (DHEA) [9]
and its specialisation allows the production of milligram
quantities of DHEA, which in humans is produced in maximum
concentrations at about age 20 [10]. The most well recognised
function of DHEA is that it is the major precursor of androgens
and oestrogens. DHEA itself has a short half-life and is quickly
converted into the sulphated derivative DHEAS, its major
circulatory form. In androgen synthesis, DHEA is converted into
androstenedione, which is converted into estrone or
testosterone.

Specialization of the ZR has been accompanied by the
evolution of a physiological developmental stage called the
adrenarche. In humans adrenarche precedes puberty by a few
years and involves migration of cells into the ZR and
commencement of DHEA synthesis. Concordant with the
evolution of the ZR is an evolutionary change in the gene
sequence of the CYP17A1 gene (the gene that produces the
cytochrome P45017 enzyme). Gene sequencing of the CYP17A1
gene shows most similarity between humans and those
primates where P450c17 and CytB5 are co-localised in three
specialised androgen tissues: namely the ZR in both males and
females, the Sertoli cells in males and theca (ovarian) cells in
females [11]. In embryogenesis, the three cell types arise from
the mesonephros and migrate to either the gonads or ZR [12].
This specialisation of the ZR in higher primates appears to be
essential to the occurrence of both the adrenarche and the
menopause [13] but there is still much to learn about the ZR and
how its dysregulation might be underlying the growing problems
of premature adrenarche [14].

Ageing of the adrenal reticularis and its effects on
serum DHEA-S levels

Ageing of cells in the human ZR occurs relatively early in life.
No telomerase reverse transcriptase (hTERT) activity has been
detected in any cells of the adrenal cortex, telomere length is
reduced and the cells’ replicative ability has reduced to almost
zero by age 40 in both human males and females [15]. The loss
of cells in the adrenal cortex seems mostly to affect the ZR,
which at about age 40 is much reduced in size [16,17]. A
dramatic decline in DHEAS and Androstenedione occurs
between the early 20’s and mid 30’s age groups followed by a
steady decline over the following decades with a slowing of the
rate of decline in the sixth decade [18].

DHEA in the ovary

Although the ZR plays the major role in steroid synthesis
before age 40, ovarian theca cells also synthesise DHEA.
Moreover, given that the theca cells develop from the ovarian
stroma and surround early secondary follicles before the antral
stage, it might be expected that the theca cells would normally
provide all the DHEA required for the early maturation of the
follicle [19].

Androgens are involved in the recruitment of resting
primordial follicles into the actively growing pool [20] and
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recruitment declines with ageing: the number of ‘type B
follicles’, in which ‘the oocytes are surrounded by flattened
granulosa cells’ are greatly reduced with age (r=-0.87, p<0.001)
[21]. Conversely, treatment with DHEA for four months can
increase follicle numbers and quality [22] and is marked by
increases in Anti-Mdillarian Hormone (AMH) [23]. Not all
published studies show success with DHEA treatment but it is
likely that this is because of study design. Two poor designs are
common: in the first DHEA is administered for less than four
months while in the second, DHEA is administered to study
participants having premature ovarian failure (POF) of undefined
cause.

No in depth studies of human theca cell DHEA synthesis in
normal ageing have yet been reported, however in fertile
women studied after autopsy, the P450cl7 protein was
expressed by theca cells of secondary follicles greater than 250
um diameter. DHEA was not present in follicles nor stroma of
perimenopausal women but was present in low levels in the
ovarian stroma cells of postmenopausal women [24].
Furthermore, in histological observations of theca P450c17 and
CytB5 in the cynomolgus macaques, the quantity of DHEA
synthesised by theca cells was reduced with ageing [25].

That follicle recruitment and AMH can be increased by
externally provided DHEA suggests that the observed age-
reduction in both follicle recruitment and androgen synthesis by
theca cells could also be affected by changes external to the
ovary, notably those occurring in the ZR. There are no studies
yet that directly test this concept.

Inhibin B and androgen synthesis

The alpha subunit of Inhibin B is the major stimulator of DHEA
synthesis and is usually expressed by both the ZR cells [26] and
the ovarian granulosa cells [27]. The loss of ZR cells with age can
account for the lowered secretion of inhibin B observed with
ageing [28] and since Inhibin B is a massive up-regulator of theca
cell androgen synthesis [29,30], there will be lowered
stimulation of DHEA synthesis in the remaining follicles. All the
studies performed to date identify the importance of inhibin B in
androgen synthesis and its importance in reproductive ageing is
further emphasised by the finding that genetic variants of the
INH alpha gene are highly significantly associated with
premature ovarian failure [31].

Model for female reproductive ageing involving the
ovary and the adrenal zona reticularis

Recent research has focussed attention on the use of DHEA in
the possible treatment of age-related reduction in fertility [32]
and | have previously published a model that explains how
lowered levels of ovarian DHEA with ageing could account for
both the reduction in the size of the ovarian pool and the
reduction in oocyte quality and susceptibility to meiotic error,
especially trisomy [33]. Correcting androgen levels at an early
enough stage in oocyte maturation should overcome the
cascade of deleterious events and abnormal cell division in older
women with otherwise normal fertility.
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A revision of my model of human reproductive ageing is
presented here. This is similar to the previous model published
[33] but has been modified slightly to account for androgen-
related research not included in the previous publication. The
figure outlines a model for the control of female reproductive
ageing and menopause timing by the ovary and the ZR that is
primarily driven by the evolution of the specialisation of the ZR
in homo sapiens and the higher primates.
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Androgens & the mechanism of human female reproductive ageing
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Figure 1: The alpha subunit of Inhibin B is the major
stimulator of DHEA synthesis by the ovarian theca cells (from
200 microns in diameter) and the adrenal zona reticularis.
The concentration of DHEA is both responsible for the
stimulating the synthesis of ovarian androstenedione and the
synthesis of PPARa which then induces key genes in fat
transport and metabolism and most genes of mitochondrial
oxidative phosphorylation. Low activity of PPARa causes
major changes in the oocyte cytoplasm that compromise
meiosis. Lowered PPARa increases ceramide production and
hence apoptosis.
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Summary of the model (Figure 1):

In normal female fertility, DHEA is synthesised by both the
ovarian theca cells and the adrenal zona reticularis (ZR). The
synthesis of DHEA is stimulated by the alpha sub-unit of Inhibin
B, which is synthesised by both the ZR cells and the ovarian
granulosa cells.

The size of the ZR is markedly reduced with age. The loss of ZR
cells lowers the synthesis of DHEA and Inhibin B.

Adequate DHEA synthesis is critical for female fertility in at
least two ways. First, it is a precursor of androstenedione and
plays a major role in determining the hormonal environment of
the ovary. Second, it is an essential ligand for PPAR alpha which
in turn is the key promoter of genes involved in fat metabolism
and fat transport. Fat metabolism and transport are in turn
critical to preserving normal cytoplasmic function, especially
mitochondrial structure and function, which are critical to
normal meiotic and mitotic cell division.

© Under License of Creative Commons Attribution 3.0 License
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If PPAR alpha is low, the reduced conversion of stearic acid to
oleic acid, through lowered delta-9 desaturase in the Omega 9
fatty acid pathway, promotes conditions that lead to increased
ceramide synthesis. Apoptosis is induced by ceramide and the
rate of follicle loss is accelerated.

Diverse research that supports the proposed
mechanism of human reproductive ageing

Research in four somewhat disparate areas namely polycystic
ovarian syndrome, use of the contraceptive pill, unilateral
ovariectomy and smoking, provides valuable insight into the
mechanism of reproductive ageing. In each, DHEA synthesis is
altered and the fertility of older women is significantly affected.

Polycystic ovarian syndrome and ovarian ageing

Polycystic ovarian syndrome (PCOS) is a common condition
that is characterised by polycystic ovaries and is accompanied by
hyperandrogenisation and infertility. This relatively common
condition with a prevalence of about 6.5% in women of normal
fertile age [34]. Hyperandrogenism is a key characteristic of
PCOS and the condition seems to have at least three different
aetiologies. PCOS is most commonly associated with
overproduction of androgens by the ovarian theca cells [35,36],
and by the adrenal ZR in about 25-30% of affected women [37].
PCOS can also be induced by metabolic changes in severely
overweight or obese women and it has been suggested that this
condition, in which women are at considerable metabolic risk
should be renamed [38].

In high androgen-synthesising forms of PCOS excessive
androgen synthesis overstimulates the follicles as the term PCOS
describes. However, as the women age and at the stage where
normal women are starting to experience inadequate ovarian
androgen stimulation, about 30% of older women with PCOS will
experience normal menstrual cycles and normal fertility [39].
Like normal women in the late thirties and early forties, the
DHEA levels in these PCOS women greatly decline from their
peak levels but in older women with PCOS, the DHEA levels
might now be within the normal fertile range and so normal
conceptions are possible [39]. In a study of older women with
PCOS, 20 women with regular periods had mean Inhibin B levels
of 82 ng/L.

This is higher than the levels found in non-PCOS older women
and closer to the same range as normal young women (Klein et
al., 2004) and gives strong support to the argument that female
fertility is ultimately determined by androgen levels.

The contraceptive pill and ovarian ageing

In women aged 30 or older with normal fertility, the rate of
spontaneous abortion was decreased by approximately 50% in
those who took the pill for nine years or more [15]. Other
studies have also found that women who take the pill for long
periods have reduced rates of reproductive ageing, prolongation
of their fertile period and later menopause e.g [7,40].

Oral contraceptive use is associated with low levels of DHEA.
Highly significant reductions (an average of 35%) in plasma
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DHEA, DHEAS and androstenedione were found in young
women (mean age about 25) when they took any one of three
contraceptive pills for a period of at least six months [41].

There is no research to date that investigates how the
lowered levels of DHEA whilst taking the pill might relate to the
extension of fertility but the finding lends weight to the proposal
that the ZR is involved in the regulation of the timing of
reproductive ageing.

Unilateral ovariectomy and ageing

Unilateral ovariectomy causes only a relatively minor
acceleration of ‘reproductive aging’ in humans [42] whereas in
mice, it causes a significant acceleration of reproductive ageing
[43]. The difference in these results suggests that at least some
of the cause of human reproductive ageing is external to the
ovary.

Smoking and ovarian ageing

Smokers have an earlier than average age at menopause and
a greater chance of premature ovarian failure. The ovarian
failure could be caused by many different mechanisms but is at
least partially attributable to the generation of oxygen radicals,
lowered follicular beta-carotene and destruction of oocytes
[44,45]. However, despite their earlier menopause, smokers do
not show an acceleration of age-related trisomic conceptions in
the later phase of their reproductive life [8,46]. This ‘improved
quality’ of the remaining follicles might be explained by the
involvement of the ZR because amongst its other physiological
effects, smoking elevates the synthesis of DHEA by the ZR and
relatively high levels of DHEA persist until infertility [47].

Further research requirements

There are still many gaps in knowledge in this important area
of research. To date, the literature has been confused both by
the use of unsuitable animal models that do not have the same
specialisation of the ZR and by lack of critical attention to
differences between the human subjects used in observational
and experimental studies. Premature ovarian failure in younger
women is often caused by genes that affect the biochemical
pathways involved in the normal responses to androgens [35]
and such subjects should not be included in the same trials as
women with age-reduced fertility. The role of androgen
depletion in age-related infertility in normal women, and its
possible treatment by DHEA or other androgens has been
greatly compromised by this lack of understanding.

Conclusions and Clinical implications

Both the rapid decline in the follicular pool and the loss of
meiotic fidelity with ageing are explained by lowered androgens
and the secondary effects on fat metabolism. Consequently, for
women whose reproduction has been normal until they reach
the age of about 36, it should be possible to restore normal
fertility with DHEA treatment for a period of four months prior
to desired conception, without the need for other interventions.
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There is clearly a limit to how far normal fertility can be
extended and no doubt this will be established by new research.
To date there has been relatively little research into the ZR and
its role in reproductive ageing. Further research into PCOS is
likely to be helpful in identifying genes in this key metabolic
pathway.
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