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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.
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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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diol, and progesterone. LH and FSH are termed gonadotro-
pins, because they originate in the anterior pituitary and
function to stimulate the female gonads (ovaries).

One additional neuroendocrine factor central to cyclic
regulation is gonadotropin-releasing hormone (GnRH1), a
hypothalamic peptide that conditions the release of LH and
FSH from the pituitary. The hormonal, ovarian, and endo-
metrial events are shown in Figure 2 in the sequence in
which they would normally occur. By convention, the first
day of menstruation is considered day 1 of the menstrual
cycle.

At the start of the menstrual cycle, the timely increase in
FSH above a given threshold promotes further follicular
growth beyond the gonadotropin-independent stage and
leads ultimately to the selection of the dominant follicle.
The growth of follicles is heralded by a geometric increase
in estradiol, whereas the selection of the dominant follicle
typically manifests as an exponential increase in estradiol
that triggers the LH surge. Paradoxically, it is the secretion
of estradiol from the dominant follicle that suppresses FSH
and prevents multifollicular development. The LH surge
fosters ovulation by setting in motion a cascade of intra-
ovarian events that allow for rupture of the follicle wall and
the transformation of granulosa cells into the progesterone-
secreting corpus luteum. During the luteal phase, the large

quantities of estradiol and progesterone made by the corpus
luteum suppress FSH and LH and prevent further gonado-
tropin-dependent folliculogenesis until the corpus luteum
involutes.

As noted above, the follicular release of estradiol not
only affects the pituitary, it also causes the endometrium to
proliferate. The luteal release of progesterone then trans-
forms the proliferated endometrium into a well-vascularized
secretory gland prepared to accept and support implantation
of a fertilized ovum. In the absence of fertilization, the
withdrawal of hormonal support from the corpus luteum
results in ischemia and necrosis of the endometrium, fol-
lowed by menstrual bleeding.

The remaining major component of the primate repro-
ductive system is the group of hypothalamic cells that pro-
duce GnRH. These cells, located in the arcuate nucleus of
the mediobasal hypothalamus, are synchronized to release
GnRH in a pulsatile manner. This set of cells thus comprises
what is termed the GnRH pulse generator, a functional unit
that receives inputs from other parts of the hypothalamus,
higher brain centers such as the cortex, and peripheral or-
gans, including the ovaries and adrenal glands. Such inputs
influence the GnRH pulses, which vary in amplitude and
frequency across the cycle (e.g., the relatively rapid pulsing
of the follicular phase slows in response to the increased

Figure 2 Physiological characteristics of the primate human menstrual cycle, synchronized to the first day of menses and the day of
ovulation. FSH, follicle-stimulating hormone; LH, luteinizing hormone.

Volume 45, Number 2 2004 91

D
ow

nloaded from
 https://academ

ic.oup.com
/ilarjournal/article/45/2/89/791694 by guest on 17 April 2024



amount of progesterone released during the luteal phase).
These pulses, in turn, permit the anterior pituitary to re-
spond to ovarian stimulation by secreting appropriate
amounts of LH and FSH in the follicular, ovulatory, and
luteal phases of the cycle. The GnRH pulse generator is the
final common pathway controlling the ovarian cycle, no-
table in that it integrates signals originating from both the
internal and external milieus.

The preceding description only begins to hint at the
complexity of the reproductive cycle and our incomplete
knowledge concerning its control. For example, although
the late luteal elevation in FSH induces the growth of sev-
eral primordial follicles, only one continues to develop—
presumably because estradiol (and probably the hormone
inhibin) from the most developed follicle inhibits the further
release of FSH, which in turn causes the remaining follicles
to undergo atresia (i.e., degeneration). However, the factors
leading to the choice of any particular follicle for develop-
ment are largely unknown. Moreover, the mechanisms caus-
ing estradiol negative feedback on gonadotropin release
early in the follicular phase (presumably by desensitizing
the pituitary to GnRH stimulation), but positive feedback
just before follicular maturation and ovulation (by increas-
ing sensitivity to GnRH stimulation), are similarly unknown
(e.g., Ferin et al. 1993). Among the greatest of mysteries is
how the numerous factors known to affect the GnRH pulse
generator are integrated to result in (or disrupt) the pulsatile
release of GnRH. Noradrenergic and dopaminergic neurons
colocalize with the GnRH neurons and no doubt influence
their activity. GnRH release is also affected by activation of
the opioidergic and GABAergic systems, which in turn are
influenced by the activity of the hypothalamic-pituitary-
adrenocortical (HPA1) axis.

Functional Reproductive Deficits

Etiology and Epidemiology Overview

The normal reproductive cycle requires the contributions of
the hypothalamus, pituitary gland, and ovaries to be prop-
erly timed and titered, suggesting numerous opportunities
for disruption. Among the most important disruptions epi-
demiologically are those induced by psychogenic and meta-
bolic insults (psychological stress, exercise, diet) in
individuals otherwise capable of normal reproductive activ-
ity. Such deficits are termed “functional” to reflect the ab-
sence of impairment in the reproductive organs and to
suggest that removal of the insult should reverse the deficit.
In women, the primary functional impairment induced by
psychogenic and metabolic factors is hypothalamic in ori-
gin, involving alterations in the activity of the GnRH pulse
generator. The most obvious clinical sign of this abnormal-
ity is the ceasing of menses (amenorrhea) in an individual
who had been cycling regularly; the resulting condition is
referred to as functional hypothalamic amenorrhea (FHA1).

Although FHA represents the single largest cause of

amenorrhea (Hirvonen 1977; Reindollar et al. 1986), it is
often a diagnosis of exclusion after elimination of the pos-
sible organic causes of amenorrhea (Warren 1996; Warren
and Fried 2001). Primary among the other potential causes
of amenorrhea in previously menstruating women is poly-
cystic ovarian syndrome (PCOS1), a heterogeneous patho-
logical condition generally associated with abnormal
elevations in androgens, LH, and insulin, as well as hirsut-
ism and obesity (Ferin et al. 1993; Laven et al. 2002;
Loucks et al. 2000). The etiology of PCOS is uncertain,
although it may originate with dysregulation of the interac-
tion between adrenal and ovarian function after puberty
(Ferin et al. 1993). In contrast, the etiology of FHA is more
clearly environmental, associated with psychophysiological
and behavioral responses to life events. The hormonal pro-
file of FHA is also distinct from that of PCOS and includes
estrogen deficiency, gonadotropin levels that are normal or
slightly below normal, and normal levels of androgens and
prolactin (Berga et al. 1989). The primary deficit is a di-
minished or inappropriately pulsed release of GnRH, which
in turn reduces the amount of LH and FSH available to
support follicle development and ovulation. The undevel-
oped follicles fail to produce estradiol or a functional corpus
luteum, resulting in a quiescent endometrium as well as
estrogen deficiency.

Psychogenic Factors

Psychological stress and emotional disturbances have al-
ways figured prominently in descriptions of FHA (Gregory
1957; Kroger and Freed 1956). Early writings on the topic
relate the ceasing of menses to sudden fright or grief, mental
and physical demands of the workplace or school, and psy-
chiatric illness, especially depression and psychosis (Novak
1931; Ripley and Papanicolaou 1942). Klinefelter was
among the first to attribute the disorder to a hypothalamic
deficit, naming it “hypothalamic hypoestrinism” (Klinefel-
ter et al. 1943). However, Reifenstein (1946) is generally
credited with the classic elucidation of FHA, a syndrome he
termed “psychogenic” amenorrhea in recognition of the
etiological role of psychological disturbances. Reifenstein
speculated that psychic trauma induced a defect in the re-
lease of nerve impulses from the hypothalamus, resulting in
a failure of the pituitary to release adequate amounts of LH.
He also speculated that counseling or improvement of an
adverse environment would ameliorate the syndrome. To a
great extent, these three factors (the importance of psycho-
genic stimuli in etiology, the hypothalamic origin of the
defect, and the potential reversibility of the syndrome) re-
main central features in our understanding of FHA (e.g.,
Berga et al. 2003).

The prevalence of FHA varies considerably, depending
on the population under consideration. In industrialized
countries, for example, the syndrome is estimated to affect
between 2 and 4% of randomly selected women less than 40
yr of age (Drew 1961; Fries et al. 1974; Gregory 1957;
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Münster et al. 1992); this figure may increase to as much as
7% in women younger than 25 (Münster et al. 1992). A
classic review by Drew (1961) documents the rate to be
even higher in certain subgroups, such as women going
away to college for the first time and those joining the
armed forces. It is also high among women with depression,
regardless of age (Bisaga et al. 2002; Harlow et al. 2003).
Even more substantial than the variation observed across
groups under normal living conditions are the effects asso-
ciated with wartime experiences, whether in war factories,
war-related work on farms, or internment camps.

In such circumstances, FHA prevalence, which may sur-
pass 70%, increases proportionately with the degree of
stress (Drew 1961). Wartime data suggest two additional,
fundamental characteristics of FHA: (1) onset of the syn-
drome appears to coincide with the exposure to stress and to
precede any malnutrition or dietary restriction (Whitacre
and Barrera 1944); and (2) as observed in virtually all popu-
lations, there is considerable individual variation in re-
sponse to stress.

Although environments characterized by lack of per-
sonal control and social separation are most potent in dis-
rupting reproductive function, some women—those who are
perfectionists, “eager to please,” and have difficulty cop-
ing—are particularly vulnerable to such effects (Berga and
Girton 1989; Giles and Berga 1993; Marcus et al. 2001).
Unfortunately, most investigations compare women with
established reproductive dysfunction against controls, po-
tentially obscuring the initial contributing factors. However,
a prospective observational study of college students before
and after beginning work on an Israeli kibbutz revealed that
the girls who later became amenorrheic were more anxious,
stubborn, and perfectionist in their approach to life than
were girls who retained normal function (Shanan et al.
1965).

Exercise, Diet, and Energy Balance

The preceding paragraphs emphasize the role of psycho-
genic factors in triggering FHA. However, there is consid-
erable evidence that excessive exercise and disordered
eating also disrupt the GnRH pulse generator and induce
FHA (Hirvonen 1977; Perkins et al. 2001; Warren and Fried
2001). Among athletes, for example, the prevalence of
amenorrhea is typically 25% or more, especially when the
women engage in weight-bearing sports (e.g., ballet, run-
ning) that emphasize lean body mass (reviewed by Warren
and Fried 2001). As with psychogenic amenorrhea, there is
considerable individual variation in the reproductive re-
sponse to physical activity, even among elite athletes;
and some individuals are resistant to cyclic alterations re-
gardless of exercise level (Loucks and Thuma 2003;
Loucks et al. 1989).

Although most data on athletes are observational,
Bullen and colleagues (1985) evaluated menstrual disorders
in untrained women exposed to a progressive program of

strenuous exercise. This landmark study showed menstrual
irregularities to emerge on initiation of the exercise regimen
and to increase in severity with increasing exercise de-
mands. By the end of the 2-mo exercise, 13 of 28 women
had experienced delayed menses and thus were becoming
amenorrheic; within 6 mo after completing the experiment,
all women regained normal cycles, again demonstrating the
reversibility of the syndrome.

An important result in the aforementioned Bullen study
was that the ovarian deficits were more severe and pro-
longed in the subset of women who were also subjected to
mild dietary restriction. Starvation, of course, has long been
linked to cessation of reproductive function (e.g., Keys et al.
1950). Furthermore, anorexia nervosa—the psychiatric dis-
order leading to maintenance of abnormally low body
weight—is generally associated with prolonged amenorrhea
(Ferin et al. 1993). In addition, women with FHA are fre-
quently leaner than age-matched controls (Warren et al.
1999). However, the transition to amenorrhea is not merely
secondary to loss of a specific amount of body fat, as sug-
gested by Frisch and McArthur (1974). Rather, reproductive
abnormalities begin developing in advance of changes in
body composition (Bonen 1994). In fact, emerging evidence
suggests that disordered eating patterns, even those not
causing significant weight loss, contribute substantially to
FHA (Pirke et al. 1985; Warren et al. 1999). For example,
women with FHA consume less fat and fewer carbohydrates
than controls and are physically more active, even if not
engaging in formal exercise (Miller et al. 1998; Warren and
Fried 2001). The combination of altered eating patterns and
increased physical activity may lead to a state of net nega-
tive energy balance that markedly increases vulnerability to
reproductive deficits.

A prospective experiment conducted on normally cy-
cling women whose physical activity (caloric expenditure)
remained constant while caloric intake was altered provides
additional evidence concerning the pivotal role of energy
balance in the conversion of a normal to an abnormal re-
productive state (Loucks and Thuma 2003). In this investi-
gation, LH pulsatility was interrupted abruptly when daily
energy intake was restricted by more than 33% (Loucks and
Thuma 2003). Although this outcome reflects a relatively
intense caloric challenge, the data highlight the role of di-
etary intake in the maintenance of normal reproductive
function.

The foregoing observations have led some investigators
to hypothesize that energy imbalance is the primary media-
tor of FHA, even when psychogenic stress or exercise are
also present (Couzinet et al. 1999; Warren and Fried 2001;
Warren et al. 1999). Such a conclusion, of course, is unsat-
isfying because it does not identify the underlying factors
initiating the changes in diet and physical activity that result
in negative energy balance. There is evidence, for example,
that psychological stress can induce disordered eating and
thus the metabolic alterations capable of destabilizing re-
production (Berga 1996; Brown et al. 1983). Furthermore,
because psychological stress and excessive exercise are fre-

Volume 45, Number 2 2004 93

D
ow

nloaded from
 https://academ

ic.oup.com
/ilarjournal/article/45/2/89/791694 by guest on 17 April 2024



quently accompanied by disordered eating, it is nearly im-
possible to disentangle their independent contributions to
the natural history of FHA.

Clinical Versus Subclinical Manifestations

The prior discussion focused on amenorrhea, the most ob-
vious sign of reproductive dysfunction. By the late 1940s,
however, it had become apparent that functional reproduc-
tive deficits sufficient to cause infertility or recurrent abor-
tion could occur in women who appeared to be having
regular menstrual cycles (Jones 1949). The subtlest of these
abnormalities is a deficit in progesterone secretion during
the luteal phase of the cycle (“luteal phase deficiency”
[LPD1]), initially discovered through careful daily measure-
ment of temperature and urinary pregnanediol (a metabolite
of progesterone) (Ginszberg 1992; Jones 1949; McNeely
and Soules 1988). Later studies revealed that the corpus
luteum in such cases is characterized by multiple hormone
deficits, including low estradiol and inhibin concentrations
(Soules et al. 1989a,b). The absence of an increase in basal
body temperature during the luteal phase is another sign
of LPD.

A more significant reproductive deficit observed in
women appearing to menstruate regularly is anovulation,
indicated by either markedly suppressed luteal progesterone
concentrations or the absence of an LH surge at midcycle
(Berga 1996; De Souza et al. 1998). Technically, anovula-
tion occurs when no follicle fully matures or when a follicle
matures and then dies. Depending on the degree and timing
of follicular maturation, there may be fluctuations in estra-
diol secretion that intermittently stimulate and then desta-
bilize the endometrium and result in vaginal bleeding that is
interpreted as normal menses (Berga 1996; Ferenczy 2003;
Guyton and Hall 2000). Variant anovulatory conditions,
such as luteinized unruptured follicle syndrome, may also
be accompanied by cyclical hormone fluctuations capable
of producing menstruation (LeMaire 1987; Yen 1991). Fi-
nally, anovulation is also sometimes used (inaccurately) to
refer to release of an immature egg from an incompletely
developed Graafian follicle (Vaitakaitus 1997). Fertility
would thus be grossly impaired, although affected women
may still menstruate as if cycles were normal.

Because they are subclinical entities, LPD and anovu-
lation are inherently difficult to study. These syndromes can
only be detected through repeated hormonal evaluation or
accurate daily temperature readings, requirements that gen-
erally preclude investigation in large populations. As a re-
sult, knowledge of the epidemiology of LPD and
anovulation is somewhat limited. The studies of De Souza
and colleagues (De Souza et al. 1998, 2003) suggest that
under some conditions (among women engaged in recre-
ational exercise, for example), these defects are quite com-
mon. In one of these investigations, the reproductive
hormones of 24 recreational runners were compared with
those of 11 sedentary controls across three consecutive

menstrual cycles by means of daily urine samples. All in-
dividuals were cycling regularly. Notably, fully 57% of
cycles in runners were abnormal (45% LPD, 12% anovula-
tory), an outcome related to blunted FSH elevation in the
luteal-follicular transition. A follow-up investigation com-
pared 20 recreational runners and 10 sedentary controls with
respect to reproductive and metabolic hormones across
three consecutive menstrual cycles. Again, more than half
of cycles in exercising women were abnormal, with evi-
dence that the abnormalities were induced by intermittent
negative energy balance.

A study by Prior and colleagues (1990) also suggests an
unexpectedly high incidence of subclinical ovarian deficits.
These investigators assessed menstrual cyclicity in 66
women known to have had two consecutive ovulatory
cycles immediately before entering the study. Approxi-
mately one third of the women were elite exercisers (train-
ing for a marathon), one third ran regularly but less
intensely, and the remainder was relatively sedentary. Men-
strual function was evaluated by daily temperature readings
across a 1-yr period, and abnormalities were defined by
anovulation or brevity of the luteal phase. This study re-
vealed a relatively high incidence of ovulatory disturbances;
approximately 30% of all cycles were either anovulatory or
evidenced LPD. However, unlike the investigations cited
above, menstrual cycles of marathon runners did not differ
from those of the other two groups in the study, perhaps
because all were preselected for good cycle quality. In the
absence of an effect of exercise, it is tempting to suggest
that variation in cycle quality in this study may have been
related to stress or disordered eating, in much the way these
factors contribute to FHA.

Studies such as those by Prior and colleagues and De
Souza and coworkers are too limited in scope to allow an
accurate estimate of the incidence of subclinical ovarian
deficits in the general population. However, they do suggest
that these disorders are more common than might be sus-
pected by either women or their physicians (Ginsburg
1992). Assessment of reproductive status in rural and agri-
cultural populations in South America, Africa, and Asia
provide additional insight into the potential prevalence of
subclinical ovulatory disturbance (Ellison et al. 1993). In
these investigations, women show significant variability in
ovulatory function across seasons, tending to become an-
ovulatory (although still cycling) when workload is high or
energy intake reduced, and regaining normal ovulatory
function when conditions improve (Ellison et al. 1993,
1989). Heavy subsistence workloads and poor diet often
co-occur, making it difficult to identify the primary cause of
abnormality in these instances. In one study of Polish agri-
cultural and domestic workers, however, ovulatory function
was impaired during parts of the year when workload was
heavy, even though the increased energy expenditure was
balanced by greater caloric intake. The authors interpret
these data as indicating that a heavy workload can indepen-
dently disturb ovulation.
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Other factors may also be at work. For example, the
increase in luteal phase basal metabolic rate may tip the
balance from normal to impaired ovarian function, even
when usual energy expenditure appears to be balanced by
caloric intake (Strassman 1996). Psychogenic factors also
may contribute to reproductive deficits under subsistence
conditions, as work-related physical activity itself is known
to be psychologically stressful (Nordstrom et al. 2003;
Rothenbacher et al. 2003). The higher incidence of anovu-
latory cycles among poor Bolivian women compared with
their wealthier counterparts (Vitzthum et al. 2002) could
similarly indicate a psychogenic effect because low socio-
economic status is often considered a form of psychological
stress (Marmot 1999). Although ecological studies such as
these have design and measurement limitations, they none-
theless demonstrate that the human female reproductive sys-
tem is sensitive to environmental perturbation and,
importantly, that ensuing deficits are reversible.

Amenorrhea, then, is like the tip of an iceberg, its inci-
dence signaling the likely presence of a far greater number
of individuals having reproductive deficits that are not eas-
ily discerned, but that nonetheless are indicative of poten-
tially significant physiological disruption. In this context, it
is probably useful to consider the environmentally induced
functional reproductive conditions described thus far as rep-
resenting points along a continuum, from relatively com-
mon but subtle expressions of reproductive deficit (e.g.,
LPD), to more significant but less frequent manifestations
(anovulation and amenorrhea). It is also likely that amen-
orrhea itself is preceded by abnormalities in bleeding pat-
terns, such as frequent, irregular bleeding and long intervals
between bleeding episodes (oligomenorrhea) (Berga 1996).
As environmental stress increases and physiological or psy-
chological coping mechanisms fail, women may move
along this continuum from less to more significant dysfunc-
tion, even though considerable individual variation in resis-
tance to disruption will characterize most populations
(Kelley et al. 1954; Liu 1990).

Mechanisms

Despite decades of study, the physiological causes of func-
tional reproductive deficits are still imperfectly known
(Warren 1996). Ignorance in this arena derives in part from
difficulty in distinguishing causal neuroendocrine changes
from those that occur concomitantly with, or result from,
reproductive dysfunction (Liu 1990). Furthermore, virtually
all studies compare women with established functional defi-
cits (mostly FHA because this syndrome is more easily
recognized than LPD or anovulation) against normal con-
trols. This strategy obscures the temporal order of physi-
ological events and thus represents a significant limitation,
because there is no evidence that factors maintaining re-
duced GnRH drive are the same as those that played a role
in the initiation of the disruption (Berga et al. 2000).

An additional complication is that women with FHA
and their normal controls are not differentiated only by re-
productive characteristics. Rather, FHA is frequently asso-
ciated with global hormonal dysregulation, as reflected in
HPA activation and associated increases in opioidergic
tone, depressed thyroid function, reduced concentrations of
the peptide leptin (released by fat cells), reductions in the
concentration of the neurosteroid allopregnanolone (a me-
tabolite of progesterone), and altered activity of the inhibi-
tory gamma aminobutyric acid-a (GABAa1) receptor
system (Berga 1996; Berga et al. 1989; Dominguez et al.
1997; Laatikainen 1991; Suh et al. 1988). Furthermore, al-
though women with FHA often have a body mass index that
falls within the normal range, fat-to-lean mass ratios are
generally lower that those observed in normal controls.
Studies with anovulatory or LPD women indicate similar,
albeit less pronounced, physiological alterations (e.g.,
Loucks and Thuma 2003). Finally, it should be noted that
different types of stressors or challenges may occasion a
slightly different balance of neurohumoral aberrations, re-
sulting in a presentation that is not uniform across women or
situations (Berga 1996; Berga et al. 1997; Warren 1996).

Perhaps the most prominent and easily assessed neuro-
endocrine correlate of FHA is HPA activation, as indicated
by increased blood concentrations of cortisol, the adrenal
hormone that orchestrates the body’s metabolic response to
stress (e.g., Berga et al. 1997; Liu 1990; Tsigos and Chrou-
sos 2002). This increase in cortisol is initiated by a stress-
induced release of corticotropin-releasing hormone (CRH1)
from the hypothalamus and subsequent pituitary secretion
of adrenocorticotropin hormone (ACTH1). Importantly, a
large body of experimental and observational data shows
CRH and cortisol capable of disrupting the reproductive
axis (Chrousos 2000; Chrousos et al. 1998; Loucks and
Thuma 2003; Tisigos and Chrousos 2002). Furthermore,
metabolic deficits (calorie restriction), strenuous exercise,
and psychological stress—each of which is associated with
FHA—can stimulate HPA activation. In addition, when
FHA reverses, HPA function generally becomes normal be-
fore any improvement in reproductive condition (Berga et
al. 1997). Based on these observations, numerous investi-
gators have suggested that functional reproductive deficits
result primarily from direct actions of the HPA hormones,
probably modulated by a CRH-stimulated increase in the
opioid beta-endorphin (Ferin 1999) (Figure 3).

Research conducted since the early 1990s suggests that
the causal train of events is likely to be considerably more
complicated than that depicted in Figure 3. First, studies of
women with FHA, compared with controls, reveal no dif-
ference in either CRH or beta-endorphin (as measured in
cerebrospinal fluid), despite a significant elevation in cor-
tisol (Berga et al. 2000). This observation indicates that
there is increased sensitivity at the level of the adrenal gland
or dysregulation in glucocorticoid negative feedback to the
hypothalamus rather than simply an increase in central drive
(Berga et al. 2000; Genazzani et al. 2001). Moreover, it
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remains uncertain whether cortisol is directly responsible
for gonadal dysfunction in vivo or is a marker for another
agent, since exogenous administration in a dose approxi-
mating that elicited by significant stress does not acutely
impair reproductive drive (Samuels et al. 1994). Nonethe-
less, reproductive function is apparently an early casualty of
HPA activation, or its concomitants, because gonadal sup-
pression is present in the context of relatively modest cor-
tisol increases (e.g., FHA), as well as in association with
conditions characterized by more substantial elevations (an-
orexia nervosa and melancholic depression) (Gold and
Chrousos 2002; Gwirtsman et al. 1989).

Uncertainties regarding the direct role of the HPA axis
in reproductive suppression have resulted in attempts to
identify other factors that may be involved. Among these is
the neuropeptide arginine vasopressin, which can act syn-
ergistically with CRH to influence both cortisol secretion
and beta-endorphin activity under conditions of stress (Ferin
1999; Chrousos et al. 1998). Moreover, stimulation of
GABAa receptors (e.g., by the agonist alprazolam) can nor-
malize LH pulsatility in FHA women. This effect implies a
role for GABAergic tone in the maintenance of FHA
through its effects on CRH release, GnRH release, or both
(Berga et al. 2000; Judd et al. 1995). The recognition that
mild, intermittent energy imbalance contributes to the ex-
pression of functional reproductive deficits has also focused
much interest on leptin, the hormone that promotes satiety
but that also may act to suppress the HPA axis and poten-
tiate activity of the GnRH neurons (Barash et al. 1996;
Chrousos et al. 1998; Cunningham et al. 1999; Hilton and
Loucks 2000; Miller et al. 1998). Notably, leptin is signifi-
cantly reduced in women with FHA.

As if the picture were not sufficiently complicated, there
are yet more substances that may be acting centrally, either

to affect GnRH activity directly or to modulate the effect of
the aforementioned hormones. The most prominent of these
include allopregnanolone (which can be a GABAa agonist)
(Genazzani et al. 2002; Meczekalski et al. 2000; Robel and
Baulieu 1995), neuropeptide Y (Chrousos et al. 1998;
Falsetti et al. 2002; Hilton and Loucks 2000), and the mono-
amine neurotransmitters dopamine (Liu 1990), norepineph-
rine (Herbison 1997), and serotonin (Berga et al. 1991).
Clearly, a large number of factors potentially interact within
the central nervous system, either to initiate or to maintain
suppression of GnRH pulsatility. It is perhaps not surprising
that a more complete understanding of this phenomenon has
thus far eluded investigators.

Public Health Implications

It is often suggested that the physiological alterations ac-
companying FHA, LPD, and anovulation are adaptive, in
that they maintain homeostasis while shifting energy from
reproductive activities to those that are necessary to combat
life-threatening emergencies (Berga 1996; Chrousos et al.
1998; Dobson et al. 2003; Warren and Fried 2001). For the
most part, however, the environments that give rise to FHA
and other functional reproductive deficits in industrialized
societies do not comprise emergencies. Rather, they repre-
sent everyday challenges, in response to which physical and
psychological coping mechanisms activate central neural
processes sufficient to disrupt ovarian cyclicity in a propor-
tion of individuals.

Emerging evidence suggests that the shift of metabolic
resources away from reproduction is not necessarily benign.
Individuals may benefit in the short run, particularly in ex-
treme circumstances. However, this otherwise adaptive re-
sponse could have harmful consequences if prolonged,
frequent, or activated inappropriately. Most obviously, con-
servation of reproductive energy reduces fertility either by
preventing fertilization or by impairing implantation of a
fertilized ovum (Berga 1996; Ferin 1999). Perhaps less well
appreciated, ovarian hormones target the vasculature, skel-
etal system, and brain in addition to the reproductive tract.
It is now suspected that these systems may also be affected
adversely by recurrent or sustained deficiencies in repro-
ductive hormones (Berga 2001; Khosla and Bilezikian
2003). An additional consequence is that the neuroendo-
crine adjustments accompanying functional reproductive
deficits may themselves cause damage if they are exagger-
ated or protracted. Sustained elevations in cortisol secretion,
for example, have long been implicated in the exacerbation
of cardiovascular disease, osteoporosis, and damage to the
central nervous system (Berga 2001; McEwen 2001; Moses
et al. 2000; Reid 1997; Troxler et al. 1977).

In fact, considerable data support the view that func-
tional reproductive deficits accelerate the development of
chronic disease, thereby adding to the postmenopausal
health burden. For example, osteoporotic fracture is a major

Figure 3 Traditional view of the pathways mediating the disrup-
tion of reproductive function by environmental stressors. CRH,
corticotropin-releasing hormone; GnRH, gonadotropin-releasing
hormone.
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cause of morbidity in older women. The prevention or delay
of fracture depends on the development and maintenance of
adequate bone density. In turn, the development of peak
bone density in women is a process that begins peripuber-
tally and persists late into the third decade of life (Bachrach
2001; Bailey 1997; Ott 1990). That this skeletal develop-
ment is an estrogen-dependent process is evidenced by on-
togenetic and experimental data, and by the significant
positive correlation that exists between bone density and
circulating estradiol in premenopausal women (Dhuper et
al. 1990; Riggs et al. 2002; Sowers et al. 1998b; Warren et
al. 1991). Moreover, there is a significant decline in bone
density after surgical removal of the ovaries (Sowers et al.
1998a). Clinical trials as well as observational studies show
lower bone density to be associated with an increased risk of
fracture, and estrogen replacement after either surgical or
natural menopause inhibits adverse changes in bone density
and prevents fractures (e.g., Writing Group for the Wom-
en’s Health Initiative Investigators 2002).

Of substantial relevance in this context are the numerous
studies linking FHA to reductions in premenopausal bone
density, particularly among athletes (e.g., Cann et al. 1984;
Drinkwater et al. 1984) and ballet dancers (Kaufman et al.
2002; Warren et al. 1986, 1991, 2002). These individuals
are at risk of developing a syndrome known as the “female
athlete triad,” a clinically recognized entity composed of
disordered eating, amenorrhea, and osteoporosis (Beals and
Manore 2002; Golden 2002). Such abnormalities are not
limited only to athletes, because bone density is also re-
duced in women with FHA that is not of athletic origin
(Biller et al. 1991). Notably, the reduction in bone density
associated with the female athlete triad and other types of
amenorrhea is significant enough to increase the risk of
premenopausal fracture (Davies et al. 1990; Warren et al.
1986), which is also associated with increased risk of post-
menopausal fracture (Hosmer et al. 2002). Such observa-
tions have alarmed pediatricians, who have noted a marked
increase in the incidence of functional reproductive impair-
ments among their adolescent and young adult patients (Dh-
uper et al. 1990; Gordon 2000).

Although there is general agreement that FHA is asso-
ciated with a significant reduction in bone density, the risks
posed by subclinical functional deficiencies—LPD and an-
ovulation—are less clear. For example, in the Prior et al.
(1990) premenopausal study described above, loss of bone
density at the end of 1 and 5 yr of follow-up correlated
positively with the extent of LPD observed during the initial
year of evaluation. However, two subsequent studies failed
to confirm an association between subclinical, functional
reproductive deficits, and bone loss (De Souza et al. 1997;
Waller et al. 1996). The numerous differences in study de-
sign and population among these investigations could ex-
plain the different outcomes. Hence, the aforementioned De
Souza et al. study examined women a decade younger than
those assessed by Prior and colleagues, and evaluated these
women for only 3 mo. In the Waller study, baseline bone

density determinations and assessment of menstrual charac-
teristics were not contemporaneous, and LPD was observed
in only 5% of cycles, compared with 30% in the Prior
investigation. Perhaps the most reasonable conclusion from
these studies is that the current data are still inadequate to
determine whether subtle ovarian deficits are associated
with premenopausal bone loss.

Coronary heart disease comprises a second major por-
tion of the postmenopausal health burden, because it is the
largest single cause of death in older women (Anderson
2001). This statistic may be somewhat surprising in view of
the commonly held belief that women enjoy some degree of
protection against CHD compared with men. In truth, this
protection is expressed as a relative, approximately 10-yr
delay in disease onset (Higgins and Thom 1993; McGill and
Stern 1979). Consequently, CHD incidence is relatively low
in premenopausal women, but increases steadily after
menopause. The various vascular and metabolic effects of
endogenous estrogen are believed to account for most of the
sex difference in the rate of development of CHD (Manson
1994; Mendelsohn and Karas 1999). That removal of the
ovaries is accompanied by a dramatic increase in the risk of
CHD, which can be mitigated by estrogen replacement, pro-
vides additional evidence that estrogen is protective pre-
menopausally (Colditz et al. 1987; Rosenberg et al. 1981;
Stampfer et al. 1990).

Irrespective of the relative delay in disease onset, CHD
accounts for significant morbidity and mortality in women
over 60 yr of age. The underlying cause of CHD is athero-
sclerosis, the accumulation of fibro-fatty plaques (athero-
mas) within the artery wall. These lesions develop as a
result of inflammatory and immune reactions provoked by
risk factors such as elevated plasma cholesterol and hyper-
tension (e.g., Greenland et al. 2003; Hansson 2001; Khot et
al. 2003; Libby 2002). Stress-induced activation of the au-
tonomic nervous system and the HPA axis may also con-
tribute to this process (Bairey Merz et al. 2002; Julius 1995;
Knox 2001; Troxler et al. 1997). Inasmuch as the underly-
ing lesions of atherosclerosis progress over decades, it is
likely that the clinical events occurring postmenopausally
have their beginnings in the premenopausal years. This con-
clusion is supported by the most recent report of the Patho-
biological Determinants of Atherosclerosis in Youth
(PDAY) study, an autopsy assessment showing that by 34 yr
of age, at least one third of all women (regardless of race)
have raised lesions in their coronary arteries (Strong et al.
1999). In vivo arterial imaging also demonstrates relatively
extensive focal atherosclerosis in premenopausal women
(Sutton-Tyrrell et al. 1998; Tuzcu et al. 2001). We hypoth-
esize that by reducing endogenous estrogen, functional re-
productive deficits may be responsible for the accelerated
atherosclerosis observed in some premenopausal women,
predisposing affected individuals to the clinical manifesta-
tions of CHD in later years.

Substantial impediments challenge the testing of an hy-
pothesis that FHA or related deficits hasten the development
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of atherosclerosis in young women and thus put them at
increased postmenopausal risk. Perhaps the biggest chal-
lenge for any study is the difficulty in assessing ovarian
status (especially LPD and anovulation) of women in a
group large enough to serve as the basis for a cardiovascular
investigation. Another issue relates to the choice of cardio-
vascular endpoint. Although it might be ideal to study the
relation between premenopausal ovarian status and the oc-
currence of postmenopausal clinical events (e.g., anginal
pain, myocardial infarction, and sudden coronary death),
such investigation would require decades to accomplish.
Direct measures of atherosclerosis extent, as by coronary
angiography or intravascular ultrasound, are also problem-
atic, because they are invasive and would thus be limited to
the relatively small number of premenopausal women re-
ferred for diagnostic evaluation due to symptoms consistent
with myocardial ischemia. Alternatively, surface ultrasound
could be used to evaluate atherosclerosis noninvasively in
the carotid arteries (as a surrogate for the coronary vessels).
This approach was used in the Healthy Women Study to
assess atherosclerosis across the menopausal transition, be-
ginning when women were between 42 and 50 yr of age
(Matthews et al. 2001). To be useful for the purposes de-
scribed here, however, it would be necessary for such mea-
surements to begin at about 25 or 30 yr of age, occur in
combination with reproductive hormone assessments, and
persist for at least 25 yr.

In view of the foregoing difficulties, it is perhaps not
surprising that there are only a few studies that shed light on
the relation between premenopausal hormonal status and
cardiovascular risk. Three of these investigations evaluated
cardiovascular endpoints in relation to a history of men-
strual irregularity. By far the largest of these was the Nurses
Health Study, which for 14 yr followed 121,700 nurses aged
30-55 yr at intake. Women reporting usually irregular or
very irregular cycles had significantly increased risk for
fatal or nonfatal CHD compared with their regularly cycling
counterparts (Solomon et al. 2002). Similar findings were
made in two smaller studies. The first of these reported that
202 premenopausal women with confirmed myocardial in-
farction had a significantly higher lifelong incidence of ir-
regular menstrual cycles than was observed in 374 controls
(La Vecchia et al. 1987). A later, smaller investigation
documented an association between menstrual irregularity
and atherosclerosis extent in the uterine artery of 64 women
undergoing hysterectomy (Punnonen et al. 1997). Unfortu-
nately, the interpretation of these studies is uncertain, be-
cause all were based on patient recall of menstrual history
rather than on hormonal determinations. As a result, it is
unclear whether the menstrual irregularity was secondary to
a functional hypothalamic deficit and thus reflected estro-
gen deficiency, or was due to some other abnormality such
as PCOS, a condition characterized by elevated androgens
rather than reduced estradiol. Of the two, PCOS is generally
thought to be more prominent as a cause of the kind of
irregularity reported in studies using patient recall.

The final and most intriguing evidence in this arena
is derived from two investigations that focused on the
relatively rare situation in which premenopausal women un-
derwent invasive cardiological assessment (cardiac cath-
eterization and cineangiography) owing to suspected CHD.
Albeit small, both studies evaluated estrogen levels with
respect to angiographically confirmed coronary disease. In
one of these investigations, the Women’s Ischemia Syn-
drome Evaluation (WISE1), the estrogen status of 13 pre-
menopausal women with documented coronary disease was
compared with that of their 83 premenopausal counterparts
in whom angiographic evaluation was negative (Bairey
Merz et al. 2003b). Notably, the women with coronary dis-
ease had significantly lower estradiol, estrone, and FSH
levels than controls. This association between estrogen de-
ficiency and the presence of coronary atherosclerosis was
independent of other risk factors. The authors speculated
that stress-induced, hypothalamic disruption caused the
relative estrogen deficiency and contributed to the observed
coronary disease in affected women. Data from the same
study also revealed that postmenopausal coronary artery
disease was less severe among women who previously had
used oral contraceptives than among those who had not,
providing additional evidence that premenopausal estrogen
exposure is cardioprotective (Bairey Merz et al. 2003a).

The second study compared 14 women who had con-
firmed CHD with 14 controls who had not been subjected to
angiography (Hanke et al. 1997). Again, the women with
CHD were estrogen deficient relative to controls, leading
the investigators to suggest that decreased circulating estro-
gen increases risk of cardiovascular disease in premeno-
pausal women. It is perhaps worth noting in this context that
lack of control over the environment—a predisposing factor
for FHA—has also been identified as a primary behavioral
risk factor for CHD in women (Haynes and Feinleib 1980).
The foregoing studies thus provide clinical evidence sup-
porting the hypothesis that premenopausal estrogen defi-
ciency, perhaps induced by psychological stress, accelerates
atherogenesis.

Unanswered Questions

Taken together, the available data suggest that ovarian im-
pairment secondary to psychosocial, metabolic, or exercise
stress may accelerate premenopausal bone loss and athero-
sclerosis. However, existing studies leave several clinically
relevant questions unanswered:

• How prevalent are subclinical reproductive deficits?
The public health significance of these conditions de-
pends, in part, on the number of women affected. Un-
fortunately, there are no studies determining the
incidence of LPD and anovulation in a reference popu-
lation of normal women (Ginsburg 1992). The sub-
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groups typically evaluated (i.e., women experiencing
infertility or habitual abortion, athletes, and recreational
exercisers) exhibit an incidence ranging from 10 to
50%.

• How much do FHA, anovulation, and LPD contribute to
the development of postmenopausal osteoporosis and
CHD? Osteoporosis and atherosclerosis develop rela-
tively slowly. Yet, studies of bone loss in women have
generally been limited to comparisons of bone density
in reproductively impaired, premenopausal women,
relative to controls; these largely retrospective compari-
sons are done either at a single point in time or over a
relatively short period. Studies of heart disease are simi-
larly limited, either by use of imprecise measures of
ovarian function, or by retrospective comparison of es-
trogen status in disease-free controls with estrogen in a
small number of premenopausal women with confirmed
disease. The impact of functional reproductive deficits
(premenopausal) on the risk of postmenopausal osteo-
porosis or CHD is thus largely unknown.

• Do psychogenic factors and exercise contribute inde-
pendently to the etiology of functional reproductive dis-
orders, or is negative energy balance the necessary and
sufficient condition? With few exceptions, relevant
studies have been limited to those comparing the di-
etary, behavioral, and physiological characteristics of
women with functional deficits against controls; etiol-
ogy has generally not been examined. Where such an
evaluation has been done (starting with habitually sed-
entary, nondieting individuals), substantial dietary re-
striction was required to induce a change in LH
pulsatility (Loucks and Thuma 2003).

• Why are some women vulnerable to ovarian disrup-
tion while others subjected to the same environmental
conditions are resistant? Numerous studies of women
engaged in strenuous exercise illustrate this phenom-
enon particularly well: Some individuals become amen-
orrheic rapidly, others develop LPD but continue to
menstruate, and the remainder seems unaffected.
Identifying factors responsible for vulnerability and
resistance could greatly facilitate intervention or
prevention.

The foregoing questions are unlikely to be addressed in
human studies due to logistical challenges and ethical con-
straints. The use of appropriate animal models offers a po-
tential alternative methodology that allows investigators to
exert experimental control over relevant environmental
variables, manipulate suspected risk factors, employ inva-
sive techniques of measurement, and evaluate prospectively
the development of health-related consequences of func-
tional reproductive deficits. The following sections review
contributions made by such studies. These sections focus on
nonhuman primates, which resemble humans in reproduc-
tive characteristics, behavior, and disease susceptibility, and
thus have been particularly useful in such investigations.

Use of Nonhuman Primates to Model the
Etiology and Sequelae of Functional
Reproductive Deficits

Substantial reproductive differences exist among the numer-
ous orders of mammals, making some more useful than
others as human surrogates for investigating the causes and
consequences of reproductive dysfunction. For example,
ovulation in response to mating behavior (“reflex ovula-
tion”) occurs in species as diverse as rabbits, mink, ferrets,
voles, domestic cats, and camels. In contrast, the surge in
gonadotropins resulting in ovulation originates internally in
rats, pigs, sheep, cows, and human and nonhuman primates,
leading to their designation as “spontaneous ovulators”
(Ferin et al. 1993). The development of the corpus luteum
also varies; it may either be induced by stimulation of the
cervix (rats, mice, hamsters) or occur spontaneously irre-
spective of sexual stimulation (sheep, cows, primates).
Menstruation—the monthly reproductive cycle dis-
tinguished by endometrial destruction and several days of
uterine hemorrhage, and persisting in the absence of preg-
nancy—is perhaps the most taxonomically constrained
mammalian reproductive characteristic, because it is limited
to Old World monkeys, apes, and women (Zuckerman
1930; Zuckerman and Parks 1932). A considerable body of
research, especially in the genus Macaca, demonstrates that
the menstrual cycles of women and other Old World an-
thropoid primates are remarkably similar in overall plan,
timing of constituent events, and hormonal profile (Corner
1923; Knobil 1988; Zuckerman 1930).

In view of their many shared reproductive similarities, it
is perhaps not surprising that the same kinds of functional
menstrual deficits observed in women occur also in mon-
keys. In fact, what appears to be the first description of
reversible hypothalamic anovulation was published with
reference to rhesus monkeys, not women (Corner 1927;
Corner et al. 1945). Subsequent studies make clear that
monkeys, like women, experience deficits ranging from
LPD and anovulation to oligomenorrhea and amenorrhea
(Wilks et al. 1976, 1977; Williams and Hodgen 1982). As in
women, disruption of gonadotropin release is thought to be
the usual proximate cause of these reproductive abnormali-
ties (Wilks et al. 1976). Taken together, existing evidence
suggests that macaque monkeys are well suited to model
reproductive phenomena in relation to risk of chronic dis-
ease. Most such studies have been performed in either rhe-
sus (Macaca mulatta) or cynomolgus (Macaca fascicularis)
macaques, which closely resemble each other in reproduc-
tive characteristics (Williams and Hodgen 1982).

Importantly, female rhesus and cynomolgus monkeys
also have been used extensively to model the development
of both osteoporosis and atherosclerosis. As in women,
bone development accelerates peripubertally in these mon-
keys, with final closure of the epiphyses and attainment of
peak bone mass in both rhesus and cynomolgus monkeys
occurring by about 10 yr of age (Cerroni et al. 2000; Hotch-
kiss et al. 2001). At this point in development, the monkeys
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are probably equivalent to 30-yr-old women. After monkeys
have reached peak bone mass, surgical menopause (bilateral
ovariectomy) induces a rapid decline in bone density
(Hotchkiss et al. 2001; Jerome 1998). This loss can be pre-
vented by estrogen treatment, a result similar to that ob-
served in postmenopausal women (Hotchkiss et al. 2001;
Wells et al. 2002).

Rhesus and cynomolgus monkeys are useful in the in-
vestigation of atherogenesis, because when fed diets that
elevate blood lipids, they develop lesions that are similar in
morphological characteristics and location to those seen in
humans (Kaplan et al. 1985). Moreover, lesion development
progresses in macaques through the same stages and occurs
in the same pattern as in humans. Thus, atherosclerosis de-
velops first in the aorta and the proximal portions of the
main branch coronary arteries and later in the common and
internal carotid arteries. Notably, studies in cynomolgus
macaques also reveal that males develop more extensive
atherosclerosis than do reproductively intact (i.e., premeno-
pausal) females (Hamm et al. 1983), and males experience
myocardial infarction at a rate similar to that seen in their
human counterparts (Bond et al. 1980). The smaller size and
greater commercial availability of the cynomolgus monkey
make it somewhat more useful than the rhesus, and it has
become the species of choice in cardiovascular studies.

Conceptually, the behavioral homologies between
people and monkeys are as relevant to understanding the
disease consequences of functional ovarian deficits as are
the reproductive and pathobiological similarities described
in the previous paragraphs. This relevance is based on the
fact that anthropoid primates are obligate social animals,
which reference their behavior to other members of their
social community rather than to a specific location or en-
vironmental resource. As a result, information concerning
quality of life is not derived solely from the physical envi-
ronment, but instead, is also filtered through the constant
social communication that marks the existence of every in-
dividual (e.g., Dittus 1977). Macaque social groups, for ex-
ample, are characterized by elaborate patterns of positive
social interaction, including generation-spanning networks
of affiliation, alliance, and mutual support, as well as promi-
nent and well-defined social status (“dominance”) relation-
ships and hierarchies (Kaplan 1987). Notably, the macaques
(and closely related baboons) are unique among nonhuman
primates in the breadth of environments they occupy (rang-
ing from tropical lowland to desert to temperate montane),
an ecological aggressiveness made possible in part by an
elaborate group-dwelling social adaptation characterized by
intense conflict and confrontation (Kaplan 1977; Rowell
1971). This confrontational social adaptation, in turn, sub-
sumes behaviors (competitiveness and aggressiveness vs.
lack of control and submission) analogous to those thought to
confer increased risk for CHD in humans (Kaplan and Manuck
1999; Kaplan et al. 1985). To the extent that these behaviors
and associated social environments disrupt menstrual cyclicity
in some individuals, they similarly may be associated with
an increased risk of osteoporosis (Gordon 2000).

Etiology of Functional Reproductive
Deficits Observed Experimentally
in Monkeys

Role of Metabolic and Exercise Stress

Severe nutritional restriction (e.g., starvation) and condi-
tions like anorexia nervosa suppress reproduction in mon-
keys as well as women (Drew 1961; Dubey et al. 1986;
Keys et al. 1950). However, the functional reproductive
deficits occurring most frequently in women reflect rela-
tively mild patterns of disordered eating, because adverse
changes in reproductive function occur well in advance of
changes in body mass or composition (e.g., Laughlin et al.
1998; Loucks et al. 1992). In male rhesus monkeys, a sig-
nificant reduction in LH pulsatility occurs after a single
missed meal, indicating that even a mild change in energy
availability can have reproductive consequences for pri-
mates (Cameron 1996; Cameron et al. 1993). Interestingly,
women in the follicular phase of the menstrual cycle and
ovariectomized monkeys are more resistant than males to
the effects of short-term dietary restriction (Cameron 1996).
This resistance appears to extend also to reproductively in-
tact female rhesus monkeys subjected to chronic dietary
stress (Roberts et al. 2001). The most extensive published
study assessed the effects of a 30% energy restriction (com-
pared with controls) maintained for 6 yr in animals averag-
ing 14 yr of age (Lane et al. 2001). This research revealed
that although body weight and fat mass were substantially
lower in the energy-restricted animals, there was no obvious
effect of dietary restriction on bone density, blood markers
of bone metabolism, or follicular phase FSH, LH, estradiol,
or progesterone. Furthermore, the number and length of
menstrual cycles were not altered by the dietary manipula-
tion. However, it is not known whether this degree of en-
ergy restriction can induce mild LPD, because luteal phase
hormones were not assessed and follicular hormones were
evaluated only on day 5 of each cycle.

Among women, the effect of disordered eating on the
reproductive system is most prominent in individuals en-
gaged in recreational or competitive sports. The studies of
Williams and colleagues are particularly informative in this
regard, because they prospectively investigated the impact
of strenuous physical activity (running) on reproductive
function among initially normally cycling cynomolgus
monkeys consuming a constant number of calories daily
(Williams et al. 2001a). The investigators trained eight
monkeys to run on a treadmill for 2 hr per day, 7 days per
week; when fully trained, the animals were running approxi-
mately 12 km/day. Blood samples for the determination of
reproductive hormones were collected from the runners and
their eight sedentary controls every other day while animals
were briefly restrained without anesthesia. Animals were
housed individually, which precluded usual patterns of so-
cial interaction. Amenorrhea occurred in all exercising ani-
mals (but no sedentary controls), although the onset varied
from 7 to 24 mo after the start of training. There were no
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significant differences in cycle characteristics between run-
ning and sedentary animals until two cycles before the oc-
currence of amenorrhea. At that time, the runners exhibited
lengthened cycles that tended to be anovulatory and defi-
cient in luteal progesterone, changes that appeared to be
secondary to suppression of gonadotropin release. The three
notable findings in this study were that (1) the transition to
amenorrhea was abrupt; (2) there was considerable variabil-
ity in the onset of reproductive dysfunction; and (3) the
running monkeys did not lose weight relative to controls
despite consuming the same number of calories, implying a
metabolic adaptation to exercise.

In a follow-up study, the investigators tested the hypoth-
esis that the observed exercise-induced amenorrhea was due
to low energy availability (Williams et al. 2001b). To ac-
complish the test, they assessed the effect of supplementary
feeding in four of the amenorrheic runners from the previ-
ous investigation. All of the animals had been amenorrheic
for at least three cycles before the provision of supplemental
food, which was offered in the form of “treats” (granola
bars, dried and fresh fruit) and commercial monkey chow.
The animals continued exercising throughout the study.
Body weight increased significantly, and recovery of repro-
ductive function occurred in all animals, although the rate of
recovery was bimodal—two of the monkeys recovered
within about 2 wk although the remaining two did not revert
to cyclic hormonal activity for almost 2 mo. Of additional
interest, the exercising monkeys experienced a significant
decrease in circulating triiodothyronine (T31), a hormone
linked to metabolic rate. T3 subsequently increased as diets
were supplemented and animals regained cyclic ovarian
function. Together, the findings of these two investigations
implicate low energy availability as a primary signal that
impairs reproductive function in the context of exercise. The
reduction in T3 and maintenance of stable body weight in
association with running-induced amenorrhea suggest fur-
ther that strenuous exercise occasions a metabolic shift con-
sistent with energy conservation, at least in monkeys
randomly assigned to a running regimen.

Psychosocial Stress

Despite the frequent suggestion that psychogenic factors
(including stressful life circumstances, inappropriate coping
mechanisms, and excessive anxiety or depression) play a
role in the etiology of FHA and related deficits, prospective
studies demonstrating that such factors contribute to repro-
ductive dysfunction in women are almost entirely lacking.
In part, the paucity of direct evidence reflects the difficulty
in determining the initiating cause of reproductive dysfunc-
tion once it is established. An additional problem is that
stress is not easily defined or quantified. Finally, ethical
constraints preclude prospective assignment of women to
stressful procedures of sufficient length and intensity to
cause reproductive deficits.

Studies in nonhuman primates have investigated some

of the factors described above. In a study in which moderate
stress was the scientific object of the study and that involved
11 normally cycling, adult rhesus monkeys, Xiao and col-
leagues (2002) evaluated stressor effects on animals that
were housed in individual cages and accustomed to being
restrained daily without anesthesia for vaginal swabbing
and blood collection. The animals had undergone a brief
surgical procedure, and then had experienced stress consist-
ing of physical restraint by a head cap and tethering system
that in each instance lasted 12 days. The procedure involved
attachment and removal of the head cap, and placement in
a new housing room occupied by social strangers. The ani-
mals were divided into two groups, with one exposed to a
stressor during the follicular phase of the menstrual cycle
while monkeys in the other group were stressed in the luteal
phase. Reproductive hormones, cycle length, body weight,
and cortisol from two prior normal cycles were compared
with data collected during the stress period and two subse-
quent menstrual cycles.

In this investigation, stress imposed in the follicular
phase induced a decline in LH and progesterone concentra-
tions in the luteal phase of the same cycle. Exposure to
stress during the luteal phase led to an immediate reduction
in luteal LH and progesterone that persisted into the next
menstrual cycle. Across all animals, serum cortisol rose on
the first day of stress and remained elevated for 2 wk after
the cessation of stress. There appeared to be no change in
energy availability, because body weight and food con-
sumption remained constant. The authors interpret their re-
sults as demonstrating that stress rapidly induces
reproductive dysfunction similar to LPD. Notably, recovery
from stress was not immediate, because effects persisted at
least into the next cycle. These data provide initial evidence
that psychogenic factors can induce reproductive dysfunc-
tion independently of caloric restriction or alterations in
physical activity.

Intriguingly, Cameron showed that normally cycling,
moderately exercising cynomolgus macaques subjected to
mild dietary restriction became anovulatory after exposure
to social strangers (analogous to the stressor used by Xiao et
al. [2002]). In contrast, neither dietary restriction nor move-
ment to a novel location independently induced reproduc-
tive impairments in these exercising monkeys (Cameron
2003). This latter observation seems particularly salient in-
asmuch as exercise, dietary restraint, and psychogenic fac-
tors often occur simultaneously in women.

The studies described above evaluated female macaques
maintained under controlled conditions that did not allow
for species-typical social interaction. However, there is con-
siderable evidence that certain naturally occurring social
behavior, expressed during everyday encounters, suppresses
reproductive function in some individuals. Most frequently,
females that are subordinate in their groups or genealogies
are at the greatest disadvantage (Abbott 1987; Harcourt
1987). In corral-housed rhesus monkeys, for example, sub-
ordinate animals have a lower total percentage of ovulatory
cycles than do dominants (Pope et al. 1986; Walker et al.
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1983). Observations on captive baboons suggest that the
menstrual dysfunction observed in subordinate females may
relate specifically to extended bouts of harassment received
from dominant individuals (Rowell 1970).

Long-term assessment of menstrual cyclicity in several
studies of captive cynomolgus macaques housed in social
groups each containing four to six animals also illustrates
the occurrence of reproductive dysfunction among subordi-
nate monkeys (Kaplan et al. 1996). In one such investiga-
tion, luteal phase progesterone concentrations evaluated
during every cycle in a 2-yr period among 23 individuals
documented that subordinate females had five times as
many anovulatory menstrual cycles and three times as many
menstrual cycles characterized by luteal phase progesterone
deficiencies as their dominant counterparts; moreover, the
cycles of subordinates tended to be relatively estrogen de-
ficient (Adams et al. 1985b; Kaplan et al. 1996). The syn-
drome appeared reversible—similar to what has been
observed in women—because the few subordinate animals
that became dominant over the course of the study regained
normal ovarian function, whereas dominant females losing
rank experienced subsequent reproductive impairment. No-
tably, the occurrence of amenorrhea was equally uncommon
in subordinates and dominants.

The observation that subordinates experienced a high
incidence of “subclinical” functional deficits and minimal
amenorrhea was replicated in several later studies (Kaplan
et al. 2002a; Shively et al. 1997; Williams et al. 1994).
Relative to dominants, subordinate females also exhibit an
exaggerated cortisol response to adrenocorticotropin chal-
lenge after dexamethasone suppression, and on necropsy are
found to have enlarged adrenal glands (Adams et al. 1985a;
Kaplan et al. 1986; Shively and Kaplan 1984). The latter
observation suggests that subordinate animals experience
substantial stress (e.g., Abbott et al. 2003), which likely
reflects the fact that dominance relationships strongly cana-
lize patterns of social behavior in captivity, with animals of
high social status typically monopolizing access to food,
space, and preferred social partners (Kaplan et al. 2002b).

In studies of captive cynomolgus macaques, subordinate
animals housed in small social groups thus suffer reduced
control over their environment, become hypercortisolemic,
and tend to be (reversibly) reproductively impaired. This
triad of circumstances closely models the conditions char-
acterizing functional reproductive deficits of women as
originally described by Klinefelter and Reifenstein and later
elaborated on by numerous other investigators (e.g., review
by Berga 1996). Use of this animal model under controlled
experimental conditions therefore affords an opportunity to
evaluate potential pathogenic effects of a syndrome analo-
gous to the psychosocially related menstrual deficits affect-
ing women. In contrast to human studies, which link
functional ovarian deficits most clearly to bone loss, the
majority of investigations using monkeys have focused on
the development of atherosclerosis. In the text below, stud-
ies on coronary atherogenesis are considered first, fol-

lowed by a description of preliminary findings relating to
bone loss.

Stress, Functional Reproductive Deficits,
and Atherosclerosis in
Cynomolgus Monkeys

Commonalities of Study Design

The studies described in the ensuing sections share the fol-
lowing investigational strategies relating to diet, housing,
reproductive manipulations, and the assessment of social
status and atherosclerosis:

• The experimental diet mimics that consumed in indus-
trialized societies—the “typical North American diet.”
In response to such a diet, monkeys develop substantial
atherosclerotic lesions in approximately 2 yr, a duration
that provides a compressed time frame within which to
observe the pathogenic effects of behavioral and hor-
monal risk factors.

• Monkeys are housed in numerous small social groups,
each containing four to six individuals. Thus main-
tained, the animals exhibit the species-typical range of
competitive and affiliative behaviors. The most promi-
nent feature of these groups is the dominance hierarchy
or pecking order, which is generally linear and transitive
in structure and which strongly influences the patterning
of most social interactions.

• Studies evaluating menopausal effects on disease use
surgical removal of the ovaries to produce a hormone-
deficient state. This procedure is necessary because the
majority of macaques die before reaching natural meno-
pause (Gilardi et al. 1997). Use of the surgical approach
also allows the effects of hormonal deprivation to be
evaluated apart from aging.

• The social status (dominant or subordinate) of each ani-
mal relative to the others in her social group is based on
the outcome of competitive encounters, which are
highly asymmetric in this species and yield clear win-
ners and losers as judged by specific facial expressions,
postures, and vocalizations (Sade 1973).

• Atherosclerosis extent is quantified morphometrically in
the coronary, carotid, cerebral, and iliac arteries and in
the aorta, after necropsy.

Male/Female Differences: Influence of Social
and Hormonal Status on Atherosclerosis

An initial investigation showed that premenopausal cyno-
molgus females, as a group, had less atherosclerosis than
similarly aged male monkeys when fed fat-containing diets
for an equivalent interval (Hamm et al. 1983). Notably,
females identified as “subordinate” (i.e., those falling below
the median in winning competitive encounters) had signifi-
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cantly more atherosclerosis than their “dominant” (above
the median) counterparts. A subsequent study was designed
to evaluate the potential hormonal correlates of lesion de-
velopment (and its retardation) in females, and to attempt to
replicate the previously observed association between sub-
ordinate social status and atherosclerosis (Kaplan et al.
1984). Here, 23 reproductively intact females were housed
together in groups of four or five animals each and fed the
North American-like diet for 2 yr. Social behavior and go-
nadal hormones were monitored across this period. In ad-
dition to the females, there was a comparison group of 15
socially housed, adult males. As expected, the females de-
veloped significantly less coronary artery atherosclerosis
than similarly treated males. However, this was true only for
dominant females; the atherosclerosis of subordinate fe-
males and males was indistinguishable (Figure 4), thus con-
firming our initial observation that female “protection” does
not extend to animals of subordinate status.

The effects of status on atherosclerosis could not be
explained by concomitant variation in blood lipids. As de-
scribed above, however, subordinate monkeys had fewer
ovulatory cycles, a greater percentage of cycles with LPD,
and reduced circulating concentrations of estradiol com-
pared with dominants (Adams et al. 1985b). Subordinates
also had larger and more responsive adrenal glands than
dominants (Kaplan et al. 1986). These observations raised
the possibility that either the relative ovarian impairment or
adrenal hyperactivity of subordinate animals might explain
their loss of “female protection.”

Relevant in this regard is evidence from two related
studies of animals consuming the same diet for the same
duration. In one study, ovariectomized, dominant monkeys
were found not to differ from subordinates in end-of-study

atherosclerosis. Instead, lesion extent in both was approxi-
mately equivalent to that observed in reproductively intact
subordinates (Figure 5). This finding suggests that ovariec-
tomy eliminates the “protection” against diet-induced ath-
erogenesis typically experienced by dominants (Adams et
al. 1985a). As depicted in Figure 5, we also observed that
repeated pregnancy—a hyperestrogenic state—almost com-
pletely inhibited the development of atherosclerosis, irre-
spective of social status (Adams et al. 1987). The provision
of exogenous estrogen to ovariectomized monkeys similarly
inhibits the development of lesions in both dominant and
subordinate individuals (Adams et al. 1990).

Variation in social and hormonal status is also associ-
ated with functional changes in arteries, as measured by
cineangiography. In a study of premenopausal animals con-
suming the North American diet for over 2 yr, for instance,
the coronary arteries of subordinate monkeys showed an
impaired ability to dilate in response to a vascular challenge
compared with dominants. Moreover, circulating estradiol
correlated inversely with arterial impairment, further impli-
cating estrogen deficiency as a major culprit in the pre-
menopausal acceleration of vascular disease (Williams
et al. 1994).

Influence of Premenopausal Behavioral and
Hormonal Conditions on Pre- and
Postmenopausal Atherosclerosis

If ovarian impairment accelerates atherogenesis in pre-
menopausal females, one might hypothesize that exogenous
estrogen would prove protective, especially among mon-
keys predisposed by estrogen deficiency—namely socially

Figure 4 Coronary artery atherosclerosis extent in socially housed
male and female cynomolgus monkeys consuming an atherogenic
diet for 2 yr. Animals habitually and predictably winning the ma-
jority of their competitive interactions were labeled “dominant.”
The others were “subordinate.” NS, not significant.

Figure 5 Coronary artery atherosclerosis extent in socially housed
female cynomolgus monkeys that for 2 yr consumed an athero-
genic diet and were repeatedly pregnant, reproductively intact, or
ovariectomized. Animals habitually and predictably winning the
majority of their competitive interactions were labeled “domi-
nant.” The others were “subordinate.” NS, not significant.
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subordinate animals. In a test of this hypothesis, 177 pre-
menopausal animals were randomized to consume either the
typical North American diet, or the same diet containing an
oral contraceptive (OC1) (Kaplan et al. 1995). After 2 yr of
diet and OC treatment, atherosclerosis was measured in an
iliac artery biopsy. Monkeys were then ovariectomized and
subsequently studied postmenopausally for 3 yr, during
which time one third of the animals received estrogen re-
placement (conjugated equine estrogens). The premeno-
pausal biopsy data provided in Figure 6 reveal that OC
treatment was protective, but selectively so for the subor-
dinate animals. Untreated subordinates developed consider-
ably more atherosclerosis than did dominants, whereas
treated and untreated dominants did not differ. As in previ-
ous studies, the subordinates experienced more frequent an-
ovulation and greater LPD than dominants, consistent with
the hypothesis that social subordination may potentiate ath-
erogenesis via accompanying ovarian impairment.

Data from the postmenopausal phase of the above study
provided an opportunity to estimate whether premenopausal
behavioral or hormonal status predicts postmenopausal ath-
erosclerosis, and whether any such effect is altered by pre-
menopausal OC exposure or postmenopausal hormone
replacement (Kaplan et al. 2002a). Of particular interest was
the fate of animals at “high risk” (i.e., subordinates not
treated with OC) compared with those at low risk (all oth-
ers). Indeed, coronary atherosclerosis in postmenopausal
monkeys was again predicted by the interaction of social
status and OC treatment, just as it had predicted iliac ath-
erosclerosis in the biopsies taken from the same monkeys
premenopausally (Figure 7; compare with Figure 6). In
other words, the animals at high risk premenopausally (the

non-OC subordinates) continued to be at high risk; in con-
trast, atherosclerosis was inhibited in the low-risk animals
(dominants with or without OC treatment, OC-treated sub-
ordinates). Furthermore, this effect occurred irrespective of
the various postmenopausal interventions. The persistence
of the premenopausal effects despite a prolonged period of
postmenopausal hormone replacement underscores the po-
tential importance of early events in the development of
coronary artery atherosclerosis.

The foregoing results support three conclusions: (1) So-
cial subordination places premenopausal females at high
risk for development of atherosclerosis; (2) exogenous es-
trogen (OC) provides selective protection to high-risk mon-
keys, suggesting that estrogen deficiency mediates the
increased risk experienced by these animals; and (3) the
heightened risk associated with social subordination and the
selective protection offered by estrogen treatment both per-
sist into the postmenopausal period— a persistence that oc-
curs despite the absence of continued OC treatment and the
likelihood that social status is no longer influencing athero-
genesis (because after ovariectomy, dominants and subor-
dinates are equally devoid of endogenous estradiol).

Two caveats condition the interpretation of the monkey
studies. First, although most speculation regarding mecha-
nism has focused on estrogen deficiency, a contribution by
other factors (e.g., excessive HPA activation or its concomi-
tants) to the acceleration of atherosclerosis in subordinate,
“high-risk” individuals cannot be ruled out. This condition
is especially true in light of the observation that sub-
ordinates have larger adrenal glands than dominants and
frequently show an exaggerated cortisol response to adre-

Figure 6 Iliac artery atherosclerosis extent in reproductively in-
tact, socially housed female cynomolgus monkeys that for 2 yr
consumed the typical North American diet that for half of animals
also contained an oral contraceptive. Animals habitually and pre-
dictably winning the majority of their competitive interactions
were labeled “dominant.” The others were “subordinate.” OC, oral
contraceptive. NS, not significant.

Figure 7 Coronary artery atherosclerosis in surgically postmeno-
pausal cynomolgus monkeys stratified by premenopausal social
status and oral contraceptive exposure. Animals habitually and
predictably winning the majority of their competitive interactions
were labeled “dominant.” The others were “subordinate.” OC, oral
contraceptive. NS, not significant.

104 ILAR Journal

D
ow

nloaded from
 https://academ

ic.oup.com
/ilarjournal/article/45/2/89/791694 by guest on 17 April 2024



nocortical stimulation (Kaplan et al. 1986; Wood et al.
2003). Furthermore, the protective effect of pre-and early
postmenopausal estrogen suggested by these observations
must be reconciled with the results of recent studies con-
ducted on postmenopausal women, which indicate that es-
trogen has neutral or adverse effects on atherosclerosis in
that age group (Writing Group for the Women’s Health
Initiative Investigators 2002). In this regard, it has been
suggested that estrogen inhibits the early (pre- and peri-
menopausal) development of atherosclerosis, but is ineffec-
tual or even detrimental in the presence of established
disease (Hodis et al. 2003; Karas and Clarkson 2003).

Influence of Social and Hormonal Status
on Pre- and Postmenopausal
Bone Density

As in humans, aging and menopausal status affect bone
density (and thus risk of fracture) in macaques (e.g., Colman
et al. 1999). However, there are substantial barriers to in-
vestigating the effects of premenopausal behavioral and
hormonal factors on the establishment and maintenance of
postmenopausal bone density, even in nonhuman primates.
First, animals must be evaluated over long periods of time
to detect significant changes in bone density. Furthermore,
a decision must be made whether to conduct studies in the
context of natural or surgical menopause. As stated previ-
ously, natural menopause in a macaque does not occur until
late in life (≈25 yr of age) (Gilardi et al. 1997). A study
involving animals in this age range would pose significant
logistic, husbandry, and statistical challenges, obstacles that
would be amplified by the death of many individuals before
or immediately after menopause.

An alternative strategy involves surgical removal of the
ovaries. Even this approach is not without problems, be-
cause macaques continue accumulating bone until they are
9 or 10 yr of age. It would be difficult to detect effects,
especially subtle ones, if surgical menopause were induced
in younger animals while bone mass was still increasing
(Hotchkiss et al. 2001; Jerome 1998). Ideally, premeno-
pausal assessment would encompass the period after attain-
ment of peak bone mass. Animals could then be
ovariectomized and followed for at least 1 or 2 yr, allowing
the effects of both pre- and postmenopausal conditions to
manifest fully.

Given the numerous challenges, it is perhaps not sur-
prising that the ideal prospective study has not been con-
ducted. Although problematic, in part because many
animals had not yet reached full skeletal maturation at the
start of the investigation and because there was no initial
randomization for bone density, the pre- and postmeno-
pausal “life course” study described above provides initial
data for assessing the effect of premenopausal conditions on
postmenopausal outcome. Toward this end, spinal bone
mineral density was evaluated on several occasions using
dual energy, X-ray absorptiometry. An exploratory analysis

covaried body mass and considered bone density measured
at the end of the postmenopausal phase of the study in
relation to premenopausal social status and OC exposure.

The results of this analysis, shown in Figure 8, indicate
less bone mineral density in subordinates than dominants,
irrespective of OC exposure. This finding was not unex-
pected, at least with respect to the untreated subordinates,
because these animals were estrogen deficient relative to
dominants and thus may have failed to achieve maximum
bone density before ovariectomy. Such an explanation,
however, does not suffice for the subordinates that were
exposed to exogenous estrogen in the form of OCs, a treat-
ment that retarded atherogenesis. It may be that the osteo-
penic effects of the stress-induced hypercortisolemia that
typically characterizes subordinate monkeys offset any ben-
efits from OC exposure. Interestingly, OC treatment also
fails to increase bone density in women with anorexia ner-
vosa, a condition that similarly involves hypercortisolemia
and reproductive suppression (Klibanski et al. 1995).

Assessment and Implications of
Nonhuman Primate Studies

Prevalence of Subclinical Deficits

As stated above, the prevalence of subclinical deficits has
not been assessed to date in a reference population of North
Americans. However, the incidence of LPD and anovulation
increases to a surprisingly high level (more than 50%)
among one selected subset of women—those who exercise
recreationally (De Souza et al. 1998). Although there are no
published studies of monkeys exercising “recreationally,”
cynomolgus macaques running strenuously without an in-

Figure 8 Spinal bone mineral density assessed postmenopausally
in cynomolgus monkeys stratified by premenopausal social status
and oral contraceptive exposure. Animals habitually and predict-
ably winning the majority of their competitive interactions were
labeled “dominant.” The others were “subordinate.” OC, oral
contraceptive.
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crease in caloric intake ultimately become amenorrheic
(Williams et al. 2001a). First, however, they pass through a
stage of LPD and anovulation similar to that observed
among women engaged in recreational running. Moreover,
there is considerable variability in the time course of this
impairment; some monkeys retain normal cyclicity for up to
2 yr whereas others become abnormal in as few as 5 mo.
Perhaps monkeys allowed to run at a reduced pace would
exhibit subclinical reproductive deficits (like women run-
ning recreationally), rather than amenorrhea.

Most North American women do not engage in recre-
ational exercise, even to the extent described above by De
Souza and colleagues, and hence are not accurately modeled
by strenuously trained monkeys. Cynomolgus monkeys
housed in small social groups and consuming a typical
North American diet without restriction may better approxi-
mate the broad population of nonexercising women. Under
such conditions of housing, the incidence of LPD and an-
ovulation is 30%. This average is deceptive, however, be-
cause social status influences menstrual cyclicity in these
monkeys. Hence, the incidence of subclinical deficits is
about 50% among socially subordinate animals, compared
with 10% among their dominant counterparts. Interestingly,
only 4% of animals—regardless of social status—exhibit
FHA, approximating the incidence in randomly assessed
populations of women (Drew 1961).

Extending the current observations in monkeys and se-
lected subsets of women to a reference population suggests
that the overall incidence of subclinical reproductive defi-
cits is approximately 30%, with deviation from this average
related in large part to environmental conditions. Individu-
als at relatively higher risk would include those engaged in
even modest amounts of regular exercise (particularly when
associated with any degree of disordered eating) and those
at the higher end of exposure to the stresses of daily life.
Chronic undernutrition is another factor that greatly in-
creases the incidence of subclinical reproductive impair-
ment, although the impact of this condition is likely greatest
in nonindustrialized countries (Ellison et al. 1989, 1993).
Interestingly, the 30% incidence of subclinical ovarian defi-
cits estimated from the monkey studies approximates the
12-mo incidence of abnormality among women thought to
be cycling normally and selected to represent all levels of
physical activity (Prior et al. 1990).

Contribution of Functional Reproductive
Deficits to the Development of
Postmenopausal Disease

The incidence of heart attacks among women doubles be-
tween the ages of 55 and 65, representing the largest single
cause of death in this age range (AHA 2002). Epidemio-
logical and autopsy studies reveal that the underlying ath-
erosclerosis likely originates during the premenopausal
years (Strong et al. 1978, 1999; Sutton-Tyrrell et al. 1998;
Tuzco et al. 2001). Notably, two clinical studies provide

evidence that functional reproductive deficits and associated
estrogen deficiency contribute to the premenopausal devel-
opment of disease (Bairey Merz et al. 2003b; Hanke et al.
1997), and a third study indicates that premenopausal OC
exposure reduces the severity of postmenopausal coronary
disease (Bairey Merz et al. 2003a).

The studies on female monkeys extend these observa-
tions by demonstrating experimentally that estrogen defi-
ciency (induced endogenously by social subordination or
exogenously by removal of the ovaries) accelerates athero-
genesis among premenopausal animals consuming the
equivalent of a typical North American diet (reviewed in
Wagner et al. 2002). Furthermore, as among the women in
the WISE study (Bairey Merz et al. 2003b), atherosclerosis
is reduced in postmenopausal monkeys treated with OCs
premenopausally (Kaplan et al. 2002a).

Perhaps most importantly, these findings suggest that
subclinical, functional reproductive deficits (LPD, anovula-
tion) contribute to the postmenopausal CHD burden of
women. More generally, the results suggest that premeno-
pausal estrogen deficiency, regardless of etiology, is poten-
tially atherogenic. Of particular concern in this regard is the
period immediately before menopause (the “perimeno-
pause,” approximately 45-50 yr of age), which affects all
women and is marked by follicular exhaustion and abnor-
malities in the production of estrogen and progesterone
(e.g., Burger et al. 2002; O’Connor et al. 1998 and 2001;
Recker et al. 2000). It might be suspected that women ex-
perience a general increase in vulnerability to atherosclero-
sis during this period; the risk might be even greater for
those who also experienced functional reproductive deficits
during their 20s and 30s.

The significance of subclinical reproductive deficits is
less clear for bone health than for CHD. Existing studies in
women are mixed (e.g., De Souza et al. 1997; Prior et al.
1990), and the data from monkeys are suggestive rather than
definitive. As noted above, the life course monkey study
does not resolve this issue, because it was confounded by
the skeletal immaturity of animals at surgical menopause
and by a lack of randomization for this endpoint. It should
be noted, however, that women experience substantial bone
loss during the perimenopausal years, a phenomenon di-
rectly correlated with the increasing estrogen deficiency oc-
curring at the same time (Recker et al. 2000). This
observation supports the hypothesis that estrogen deficiency
experienced in conjunction with subclinical reproductive
deficits may impair skeletal health and thus heighten risk of
postmenopausal fracture.

Taken together, the data from randomized studies of
nonhuman primates and observational investigations of
women raise concern that stress-induced reproductive
impairment represents much more than an isolated loss in
fertility. It may also confer increased risk of future cardio-
vascular disease and fracture, and by implication adversely
affect other targets of estrogenic activity, including the
central nervous system. As a result of their high inci-
dence and potential health consequences, the benefits of
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detecting and correcting subclinical ovarian impairments
could be substantial. However, detection of such deficits is
difficult. Moreover, treatment is not likely to be straightfor-
ward, as evidenced by the failure of OC exposure to reverse
bone loss in stressed monkeys and anorexic women. Recent
studies suggest that a more global approach, including
changes in lifestyle or even cognitive behavioral therapy,
may be necessary to correct the underlying stress and re-
verse its neuroendocrine and endocrine concomitants
(Berga et al. 2003).

Independent Role of Exercise and
Psychological Stress in the Etiology of
Functional Reproductive Deficits

The possibility that exercise or psychological stress might
induce reproductive deficits in the absence of caloric re-
striction, disordered eating, or negative energy balance re-
mains controversial (e.g., Berga 1996; Couzinet et al. 1999;
Jasienska and Ellison 1998; Loucks and Thuma 2003; War-
ren and Fried 2001). In monkeys trained to run on a tread-
mill and consuming a constant number of calories, the
resulting amenorrhea can be reversed by dietary supplemen-
tation (Williams et al. 2001a,b). This observation reinforces
the suggestion that negative energy balance is a necessary
component of exercise-associated, functional reproductive
deficits. However, these monkeys were forced to run every
day, accumulating mileage equivalent to two marathons per
week. Methodologically, it is difficult to control for the
possibility that psychological stress and negative energy
balance may interact to influence the observed reproductive
deficits and their reversal. A subsequent report tends to
confirm this view, because mild caloric restriction was
found to induce anovulation in moderately exercising mon-
keys, but only after exposure to stress (Cameron 2003). It is
tempting to speculate that psychological stress reduces the
threshold at which the LH pulse generator is disrupted by
dietary restriction or exercise.

Although negative energy balance may mediate repro-
ductive deficits in exercising monkeys, it does not appear to
contribute to the subclinical reproductive deficits that occur
in relation to social subordination among sedentary animals.
Numerous studies have shown that stress secondary to so-
cial subordination or physical restraint results in LPD and
anovulation in the absence of caloric restriction or weight
loss (Adams et al. 1985b; Kaplan et al. 2002a; Shively et al.
1997; Xiao et al. 2002). Furthermore, spontaneous reversals
of social status are followed by reversals of ovarian status in
adequately fed cynomolgus monkeys (Adams et al. 1985b).
These data provide evidence that psychosocial stress can
induce subclinical reproductive deficits independently of
other factors. However, caloric intake in such studies is
generally not well controlled, leaving open the possibility
that stressed monkeys subtly alter their dietary intake and
physical activity in ways that affect energy balance and thus
neuroendocrine function. Hence, although stress may be a

prime cause of functional reproductive deficit, it might well
interact with disordered eating and increased physical ac-
tivity in women and other primates to initiate or maintain
hypoestrogenism.

Individual Differences in Susceptibility and
Resistance to Functional Reproductive Deficits

Women and monkeys exposed to psychological, caloric, or
exercise challenges display considerable individual varia-
tion in reproductive response. Some exercising women re-
tain normal cyclicity, some progress to LPD or anovulation
and maintain that status, and others rapidly become amen-
orrheic (e.g., De Souza et al. 1998 and 2003; Loucks et al.
1989; Warren and Fried 2001). Although monkeys that ex-
ercise strenuously all become amenorrheic, some are resis-
tant for years whereas others succumb within a few months
(Williams et al. 2001a). Similarly, women respond variably
to the stresses of everyday life as well as the more extreme
circumstances associated with wartime experiences (Drew
1961). Finally, the studies reviewed above reveal that re-
productive function among socially housed monkeys is in-
fluenced by psychosocial factors, with prominent ovarian
impairment experienced by animals of subordinate social
status (Kaplan et al. 1996).

It remains unclear why situations that induce functional
deficits in some individuals leave others unscathed. Some
investigators have speculated that personality characteristics
such as perfectionism and eagerness to please render
women especially prone to engage in coping behaviors (e.g.,
dieting and exercise) that increase their vulnerability to re-
productive deficits (Berga et al. 1991; Marcus et al. 2001).
For this reason, counseling or cognitive behavioral therapy
is sometimes recommended as a first response to reproduc-
tive dysfunction (Berga 1996; Berga et al. 2003; Domar et
al. 1990). Among subordinate monkeys, a persistent lack of
control over access to social partners, space, and food may
suffice to disrupt reproductive function, irrespective of per-
sonality traits.

Interestingly, depressed women and monkeys resemble
their counterparts with functional reproductive deficits, par-
ticularly with respect to chronic HPA activation (Chrousos
2000; Holsboer 2001; Shively et al. 1997; Young et al.
2000). Such activation directly or indirectly may induce
concomitant reproductive disruption (Chrousos et al. 1998).
It is notable in this regard that a premenopausal history of
depression is an atherosclerosis risk factor in perimeno-
pausal women (Jones et al. 2003), and a predictor of pre-
and postmenopausal bone loss (e.g., Cizza et al. 2001;
Michelson et al. 1996; Yazici et al. 2003). Depression, then,
or its concomitant traits of temperament, may represent an
additional marker of vulnerability to ovarian dysfunction.
Like functional reproductive deficits themselves, individual
differences in susceptibility to ovarian disruption probably
have a multifactorial origin, varying by situation. Although
perhaps not insoluble, the determinants of these differences
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remain poorly understood and provide fertile ground for
future investigation.

Evolutionary Considerations

Biological phenomena are typically explained either by ref-
erencing immediate physiological/developmental precur-
sors (“proximate cause”) or their adaptive value and, thus,
evolutionary origins (“ultimate cause”) (Mayr 1982). This
review has thus far focused on proximate factors—status
and stress, negative energy balance, exercise—which result
in functional reproductive deficits. In this section, we ad-
dress the possibility that these deficits represent an adaptive
response to environmental challenge that reversibly shifts
energy away from reproduction and toward maintenance
and survival (e.g., Berga 1996; Warren and Fried 2001).

Female primates might gain much from such an adap-
tation in a temporarily inauspicious environment, because
reproduction is costly in terms of energy requirements and
the health risks connected with parturition. Furthermore,
Old World anthropoid females give birth only once a year,
almost always to a single offspring. For this reason, sub-
stantial foregone alternatives exist in terms of survival and
successful future reproduction associated with an unsuc-
cessful birth event or infant rearing experience. Individuals
who could respond facultatively to poor environmental con-
ditions by delaying reproduction until more favorable cir-
cumstances obtain would have a selective advantage over
those lacking this ability. The adaptive mechanism hypoth-
esized to encompass such responses to changing environ-
mental conditions in humans and other primates has been
referred to variously as “reproductive suppression,” “repro-
ductive filtering,” and “flexible responsiveness” (Vitzthum
2001; Wasser and Barash 1983; Wasser and Place 2001).

A variety of stimuli theoretically could signal the pres-
ence of an environment unfavorable to reproduction. Inves-
tigators who study nonindustrialized societies often argue
that the quantity and quality of consumed food alerts the
central nervous system to respond adaptively by either per-
mitting or disrupting reproductive activity (e.g., Ellison
2003; Vitzthum 2001). In contrast, scientists working with
nonhuman primates tend to view social interactions and the
psychosocial environment as comprising the primary
stimuli that activate the neural circuits controlling reproduc-
tion (e.g., Wasser and Place 2001). This difference in em-
phasis may relate in part to the relative ease with which food
consumption and psychosocial factors can be quantified in
populations of humans and nonhuman primates. Thus, ca-
loric intake can be estimated by questionnaire or interview
in people but is refractory to approximation in freely inter-
acting monkeys or apes with unrestricted access to food.
However, researchers often document the type, frequency,
and pattern of social interaction occurring in entire groups
of nonhuman primates; such data can be used to quantify
social environments in ways that are difficult to replicate
directly in human studies.

Although there may be disciplinary bias in attributing
cause, current evidence suggests that both diet and psycho-
social conditions influence primate reproduction. Under
some circumstances, however, the psychosocial environ-
ment might comprise a more efficient signaling system than
caloric intake, because it can provide information about
environmental quality that presages sustained changes in
food availability. In a monkey population, for example, a
deteriorating environment might be incapable of supplying
sufficient energy to support successful completion of preg-
nancy and infant rearing by all resident females. In such
situations, aggressive reinforcement of dominance relation-
ships would disrupt menstrual cyclicity and thus prevent
pregnancy in subordinate individuals. Although temporarily
incapable of reproducing, subordinates would gain an im-
mediate benefit to the extent that their energy requirements
would be minimized and their need to compete with preg-
nant, dominant animals in direct contests over food would
be reduced. These subordinates would also gain a long-term
benefit by avoiding likely reproductive failure and the
squandering of resources that could support future repro-
duction on the return of more propitious circumstances. A
strategy that suppresses the energy needs and reproductive
output of subordinates also benefits dominants, in that it
assures their infants of adequate food and increased repre-
sentation in the next generation.

Observational data support the existence of such an
adaptive mechanism. As reviewed previously, dominant fe-
males in macaque and baboon groups aggressively target
their subordinate counterparts and thereby disrupt ovarian
function (Adams et al. 1985b; Rowell 1970). Furthermore,
such targeting is more intense in the context of a worsening
food supply (Dittus 1977). However, dominant females at-
tack subordinates even in the absence of direct competition
over food, possibly as part of a strategy of harassment de-
signed to generate a low, albeit persistent, level of stress in
their victims (Silk 2002). Consequently, reproductive per-
formance is often suppressed in subordinates, as indicated
by reduced fecundity and infant survival, lengthened inter-
birth intervals, and delayed maturation of female offspring;
furthermore, such suppression occurs regardless of whether
individuals live in groups subject to natural fluctuations in
food supplies or those that are artificially provisioned (e.g.,
Altmann et al. 1988; Dittus 1977, 1980; Drickamer 1974;
Harcourt 1987; Sade et al. 1976; Wasser 1999). In this
regard, it has been suggested that competitive and antago-
nistic interactions initiated by women toward their peers
reflect the high value that they, like their monkey counter-
parts, place on the acquisition and defense of resources that
secure their own and their offsprings’ survival (Campbell
1995). Perhaps this self-interested investment strategy also
explains why females are less likely to reconcile after fights
than males (e.g., De Waal 1989). Male social relationships
are relatively transient and serve the moment, whereas in
females, status is for the duration of offspring rearing.

The evolution and persistence of a mechanism that re-
productively disadvantages a predictable subset of the popu-
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lation (e.g., subordinates) would seem to require that, over
time, environments vary in quality, or that individuals ex-
perience a change in status that alters their access to re-
sources. Only in such instances would a strategy of deferred
reproduction be worthwhile. Long-term studies of ma-
caques and baboons suggest that both conditions are met.
Hence, the natural environments of these species often vary
radically within the course of a generation (Altmann and
Alberts 2003; Dittus 1977; Rhine et al. 2000). Furthermore,
female social status may also change, either through group
fission and dispersal or spontaneous reversal of pairs or
entire genealogies (Chepko-Sade and Sade 1979; Chika-
zawa et al. 1979). Such changes are not surprising, given the
evidence that social status reflects relationships among ani-
mals cohabiting in a specific environment rather than an
unvarying trait of an individual (Kaplan et al. 2002b). Im-
portantly, changes in reproductive function follow changes
in status; hence, a decline in status is followed by ovarian
dysfunction and vice versa (Adams et al. 1985b; Shively
and Clarkson 1994). The foregoing observations are con-
sistent with the hypothesis that reproductive suppression
represents an adaptive mechanism allowing females, dom-
inant and subordinate, to maximize their long-term repro-
ductive output.

Women who live under a variety of ecological condi-
tions undergo similar reproductive suppression and reversal
in response to environmental change, although they are per-
haps driven by a more variable set of proximate signals. In
nonindustrialized, agricultural settings, menstrual cycle
quality changes in relation to the seasonal availability of
food. Reproduction may be deferred over even longer pe-
riods in nomadic societies in which women must carry their
immature children over great distances (Lee 1984). As sug-
gested above, investigators typically relate such alterations
in reproductive condition to caloric intake rather than psy-
chogenic factors, which may be more difficult to quantify.
Moreover, these studies generally focus on the reproductive
characteristics of populations rather than on individual dif-
ferences within populations (Ellison 2003). Notably, in one
instance in which individual differences were considered,
anovulation was noted to be more frequent in women of low
(vs. high) socioeconomic status (Vitzthum 2001). In indus-
trialized countries, where food is normally available in
abundance throughout the year, research interest centers on
subsets of individuals with functional reproductive deficits;
such deficits are usually attributed to stress and other be-
havioral factors, including disordered eating and recre-
ational exercise (Berga 1996).

Interestingly, progesterone concentrations in all phases
of the menstrual cycle are significantly lower among agri-
culturalists living in Africa, Asia, and South America than
in North American women (Ellison et al. 1993). Ovulation
and pregnancy occur in these populations at gonadal hor-
mone levels that would impair reproductive function in
North American women. This observation has led some
investigators to speculate that early exposure to adverse
environmental conditions (e.g., as experienced among agri-

culturalists) alters hormonal setpoints and may even result
in a “live fast, die young” life strategy that favors short-term
reproductive investment at the cost of long-term survival
(Promislow and Harvey 1990; Vitzthum 2001). The fore-
going hypothesis is somewhat at odds with data from non-
human primates, which indicate that disadvantaged
juveniles are slower to mature and are less fecund than their
advantaged counterparts (Altmann et al. 1995; Drickamer
1974; Harcourt 1987; Sade et al. 1976). Although perhaps
not representing an intractable problem, it is ultimately nec-
essary to explain interpopulation variability in human go-
nadal hormone characteristics in a manner consistent with
the known reproductive biology of other primates.

Although the life strategy consequences of reproductive
suppression manifest in people and other primates are still a
matter of some debate, the hypothesized adaptive mecha-
nism appears to operate similarly across many anthropoid
species. Hence, proximate stimuli that either directly or in-
directly signal environmental quality induce reversible
changes in ovarian function consistent with an hypothesis
postulating “conservation of energy.” The widespread taxo-
nomic distribution of this phenomenon, in turn, suggests an
evolutionary history that predates the appearance of modern
humans and associated developments such as the domesti-
cation of plants and animals. It might be posited that the
physiological concomitants of reproductive suppression—
including temporary estrogen deficiency—would be most
advantageously expressed in environments analogous to
those that conditioned its evolution. For humans, this envi-
ronment might include situations in which individuals are
subjected to significant periodic shortfalls in energy avail-
ability, either in relation to seasonal variation or as a con-
sequence of an unpredictable condition like warfare.
However, reproductive suppression may also result in an
unanticipated increase in vulnerability to chronic disease,
particularly when provoked by psychogenic factors and ex-
perienced in combination with a sedentary lifestyle and ex-
cessive exposure to a fat-laden diet.

The idea that mechanisms evolving in response to one
environment may have maladaptive health consequences in
another has been applied to many phenomena other than
reproductive suppression. The defense reaction, for ex-
ample, involves activation of numerous bodily systems in
preparation for fight or flight as a response to perceived
external threats. Although adaptive in circumstances requir-
ing explosive bursts of energy for survival, it has been spec-
ulated that accompanying increases in blood pressure and
heart rate can promote hypertension and vascular damage
when triggered inappropriately by everyday psychosocial
stressors (Curtis and O’Keefe 2002; Julius 1995). Similarly,
the capacity for insulin resistance, which may have evolved
in response to the high protein/low carbohydrate diet that
characterized the Pleistocene environment of early humans,
contributes to the development of the metabolic syndrome
(a major cardiovascular risk factor) when individuals are
exposed to a modern diet high in simple carbohydrates (Co-
lagiuri and Miller 2002). Finally, there is emerging appre-
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ciation that the inflammatory and immune responses critical
for surviving trauma and warding off infection under primi-
tive conditions accelerate the development of atherosclero-
sis in an environment where individuals live longer and
consume large amounts of fats susceptible to oxidation
(Ridker 2002). However, although these other presumably
adaptive phenomena can adversely affect women and men,
reproductive suppression represents an additional and
unique potential health burden for women.

Conclusion

This article highlights the significance of premenopausal
reproductive dysfunction, social status, and psychological
stress in relation to the risk of postmenopausal diseases such
as CHD and osteoporosis. Although numerous investigators
have commented on functional reproductive deficits, these
abnormalities can be difficult to diagnose and are generally
unappreciated for the contribution they may make to the
health burden of postmenopausal women. Studies in non-
human primates reveal these deficits to be both common
and pathogenic to organ systems targeted by ovarian hor-
mones, especially the vasculature and skeletal systems.
However, such investigations are still in their infancy, leav-
ing many questions unanswered. The primary areas of un-
certainty include the following:

• Identification of the neuroendocrine mechanisms lead-
ing to the initial disruption of the GnRH pulse generator,
as well as those maintaining reproductive abnormalities;

• Comparison of the pathways mediating the reproductive
effects of psychological stress, caloric restriction, and
excessive physical activity;

• Evaluation of the reproductive effects of psychological
stress, caloric restriction, and excessive physical activ-
ity, in combination and at varying levels of insult; and

• Determination of the extent to which functional repro-
ductive deficits—clinical and subclinical—adversely af-
fect the vascular and skeletal systems and whether such
effects extend also to the central nervous or immune
systems.

Old World female monkeys are well suited to such in-
vestigations, because they so closely resemble women in
behavior and biology and because prior research in these
species demonstrates that psychosocial conditions, physical
activity, and caloric intake can be successfully manipulated
to model human situations.

Finally, functional reproductive deficits are also revers-
ible and are thus potentially amenable to intervention by
alteration of lifestyle, a fact that has been known for at least
200 yr. Late in the 18th century, for example, the prescrip-
tion for a woman suffering from ovarian dysfunction in
response to “grief, sudden fear, anxiety or any of the pas-
sions which tend to obstruct the menstrual flux” was to
“. . . place her in a situation where she can enjoy the benefit

of free air and agreeable company. There let her eat whole-
some food, take sufficient exercise, and amuse herself in the
most agreeable manner; and we have little reason to fear,
but Nature, thus assisted, will do her proper work” (Buchan
1785).
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Yazici KM, Akinci A, Sütçü A, Özçakar L. 2003. Bone mineral density in
premenopausal women with major depressive disorder. Psychiatry Res
117:271-275.

Yen SSC. 1991. The human menstrual cycle: Neuroendocrine regulation.
In: Yen SSC, Jaffe RB, eds. Reproductive Endocrinology Physiology,
Pathophysiology and Clinical Management. 3rd ed. Philadelphia: WB
Saunders Company. p 273-308.

Young EA, Midgley AR, Carlson NE, Brown MB. 2000. Alteration in the
hypothalamic-pituitary-ovarian axis in depressed women. Arch Gen
Psychiatry 57:1157-1162.

Zuckerman S. 1930. The menstrual cycle of the primates. I. General nature
and homology. Proc Zool Soc Lond p 691-754.

Zuckerman S, Parks MA. 1932. The menstrual cycle of primates. V. The
cycle of the baboon. Proc Zool Soc Lond p 138-191.

Volume 45, Number 2 2004 115

D
ow

nloaded from
 https://academ

ic.oup.com
/ilarjournal/article/45/2/89/791694 by guest on 17 April 2024


