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Abstract

Menopause is recognized as a period of increased risk for
coronary heart disease (CHD) and osteoporosis. Vulner-
ability to these conditions is often attributed to the naturally
occurring estrogen deficiency characteristic of this part of
the life cycle. Premenopausal reductions in endogenous
estrogen occasioned by functional ovarian abnormalities or
failure are hypothesized to be similarly pathogenic and
to accelerate development of CHD and osteoporosis
prematurely, thereby increasing the health burden of older
women. These functional abnormalities, which occur along
a continuum from mild, luteal phase progesterone
deficiency to amenorrhea, are relatively common and are
often attributed to psychogenic factors (stress, anxiety, de-
pression, or other emotional disturbance), exercise, or
energy imbalance. Although numerous investigators have
commented on these functional deficits, the abnor-
malities can be difficult to diagnose and are generally
unappreciated for the contribution they may make to post-
menopausal disease. Studies in nonhuman primates con-
firm that these deficits are easily induced by psychological
stress and exercise, and that they accelerate the develop-
ment of cardiovascular disease and perhaps bone loss in the
presence of a typical North American diet. However, func-
tional reproductive deficits are also reversible and are thus
potentially amenable to environmental or behavioral inter-
vention. Data from both women and nonhuman primates
support the hypothesis that functional reproductive deficits
are adaptive when triggered appropriately but are detrimen-
tal when activated in an environment (e.g., sedentary life-
style, high-fat diet) permissive to the development of
chronic disease.

Key Words: amenorrhea; anovulation; CHD; evolution;
monkey; osteoporosis; reproduction; stress

Introduction

Menopause is a prominent event in the lives of
women, because it both signals reproductive se-
nescence and marks a period of increased vulner-

ability to chronic disease. In fact, the menopausal loss of

cyclic ovarian function is believed to contribute signifi-
cantly to two diseases comprising a major portion of the
health burden of older women—coronary heart disease
(CHD1) and osteoporosis. Although both conditions are
relatively rare in premenopausal women, CHD is currently
the largest single cause of death among women over 50 yr
of age, and fully half of all postmenopausal women will
experience an osteoporosis-related fracture and associated
morbidity (Anderson 2001; Melton et al. 1989).

These disease-related sequelae of menopause have been
the focus of extensive investigation and, in many respects,
are now well understood. It is largely unappreciated how-
ever, that ovarian function not only differs distinctly be-
tween discretely differentiated “active” and “inactive”
periods of the life cycle (i.e., pre- and postmenopause), but
also varies appreciably in quality between individuals and
throughout the course of women’s reproductive lives. In this
article, we propose that to the extent cyclic ovarian function
affords protection against CHD and osteoporosis, any re-
duction in endogenous estrogen occasioned by ovulatory
abnormalities or failure in young women will similarly ac-
celerate development of these two diseases of aging. Al-
though affected individuals might not manifest the
aforementioned diseases clinically during their premeno-
pausal years, they may be at greatly increased risk post-
menopausally. Supporting this suggestion is the observation
that the “protection” against CHD and osteoporosis seem-
ingly enjoyed by premenopausal women is largely elimi-
nated if the ovaries are surgically removed and the resulting
estrogen deficiency is not corrected (Rosenberg et al. 1981;
Sowers et al. 1998a). It might be speculated that other tis-
sues dependent on estrogenic stimulation (e.g., the central
nervous system) would also be affected adversely by pre-
menopausal ovarian dysfunction (Berga 2001).

At present, our understanding of the causes, extent, and
pathobiological consequences of premenopausal ovarian
dysfunction is uneven and incomplete. Among the causes,
results of numerous studies suggest that exercise and dieting
can induce reproductive abnormalities. Psychogenic factors
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(e.g., “stress,” anxiety, or depression) also contribute sub-
stantially, although their role remains somewhat controver-
sial owing to difficulties in defining and quantifying such
phenomena. Moreover, exercise, dieting, and psychogenic
factors often coincide, making it almost impossible to dis-
tinguish their independent contributions to any particular
episode of ovarian abnormality. Regarding extent of occur-
rence, emerging evidence suggests that premenopausal
ovarian dysfunction—manifested along a continuum from
mild deficits in the luteal phase of the menstrual cycle to
anovulation and amenorrhea (sustained interruption of men-
ses)—is much more common than is generally appreciated
by either women or their clinicians. Furthermore, although
it is recognized that severe premenopausal ovarian dysfunc-
tion (such as amenorrhea) may accelerate bone loss and
impair fertility, the pathobiological consequences of the
more frequent mild deficits are largely unknown.

Research employing animal models, especially nonhu-
man primates, has long provided a means of untangling the
complexities of human reproduction. The relation between
ovulation and menstruation in women, for example, was
somewhat of a mystery even as late as 1920. It was not until
this time that G. W. Corner, using rhesus monkeys, first
combined anatomical investigation with systematic obser-
vations of menstrual cyclicity (Corner 1923, 1927). That
strategy, used also in the classic studies of C. W. Hartman
(1932) and S. Zuckerman (1930), helped clarify the se-
quence and timing of ovulation, corpus luteum formation,
and menstruation as applied to both women and monkeys.
Experimental investigations relating to human reproduc-
tion increased greatly in number through the rest of the
20th century. Importantly, such studies have now expanded
to consider the role of ovarian hormones in chronic dis-
eases such as osteoporosis and atherosclerosis (the patho-
logical process underlying CHD). The latter investigations
provide important new insights into the influence of pre-
menopausal ovarian function on the health trajectories of
women moving through the pre- and postmenopausal peri-
ods of life.

The following review begins by considering what is
currently known about normal and abnormal reproductive
function in women, with particular emphasis on abnormali-
ties that are environmentally induced and thus not second-
ary to organic conditions (e.g., tumors, congenital
abnormalities, ovarian enzymatic dysregulation). Data de-
rived from studies of nonhuman primates are then used to
address three related issues relevant to women’s health in
the United States: (1) the effect of common stressors—
primarily psychogenic factors, but also exercise and diet-
ing—on premenopausal ovarian function; (2) the extent and
severity of the resulting ovarian deficits; and (3) the influ-
ence of such deficits (mild as well as more severe) on
pre- and postmenopausal health, with special reference to
osteoporosis and CHD. Finally, the nature of individual dif-
ferences in response to psychogenic stress and the pos-
sible adaptive origin of stress-induced ovarian deficiency is
explored.

Normal Reproductive Function in Women

The monthly reproductive cycle of women and other Old
World anthropoid primates is like a well-choreographed
dance, dependent not only on the proper timing of hormonal
events, but also on an appropriate contribution from each of
the components. These components include the hypothala-
mus, anterior pituitary gland, ovaries, and genital tract, the
actions of which are coordinated by neuroendocrines and
ovarian hormones. Several classic references (Ferin et al.
1993; Hotchkiss and Knobil 1994; Knobil 1988) provide
much of the material for the following, abbreviated descrip-
tion of the normal primate reproductive cycle. This cycle
has three ovarian phases: (1) follicular: maturation of a
single, ovum-containing follicle; (2) ovulatory: the rupture
of the follicle and ejection of the ovum; and (3) luteal:
transformation of the follicle into a hormone-producing cor-
pus luteum. The follicular phase of the menstrual cycle
coincides with proliferation in the endometrium (inner
lining of the uterus), which becomes secretory during the
luteal phase. In the nonpregnant state, the luteal phase is
followed by the sloughing of endometrial cells and, hence,
menstruation.

In Figure 1, the major components of the human and
anthropoid reproductive cycle are illustrated, and the source
and major targets of the following primary hormones that
coordinate and regulate the cycle are identified: luteinizing
hormone (LH1), follicle-stimulating hormone (FSH1), estra-

Figure 1 Simplified depiction of hormonal links among central
and peripheral components of the primate reproductive system.
LH, luteinizing hormone; FSH, follicle-stimulating hormone; E2,
estradiol; P, progesterone.
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