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Abstract
Adolescent female athletes are at increased risk for low bone mineral density (BMD) secondary to
exercise-induced hypogonadism. Of particular concern is that the adolescent years are also a
critical time for bone accrual, and deficits incurred during this period could lead to suboptimal
peak bone mass acquisition and subsequent fracture risk in later life. Although weight bearing
exercise is typically associated with an increase in BMD, amenorrheic athletes have lower BMD
than eumenorrheic athletes and non-athletic controls as a consequence of low energy availability
and subsequent hypogonadism. It is important to recognize that critical interactions exist between
net energy availability and the hypothalamo-pituitary-gonadal (H-P-G) axis that are key to the
development of a hypogonadal state when energy intake cannot keep pace with expenditure.
While the link between energy availability and gonadtotropin pulsatility patterns is well
established, the actual metabolic signals that link the two are less clear. Decreased energy
availability in athletes is associated with decreases in fat mass, and alterations in adipokines (such
as leptin and adiponectin) and fat-regulated hormones (such as ghrelin and peptide YY). These
hormones impact the H-P-G axis in animal models, and it is possible that in athletes alterations in
fat-related hormones signal the state of energy availability to the hypothalamus and contribute to
suppression of gonadotrophin pulsatility, hypothalamic amenorrhea and consequent decreased
BMD. A better understanding of pathways linking low energy availability with functional
hypothalamic amenorrhea and low BMD is critical for the development of future therapeutic
strategies addressing these issues in amenorrheic athletes.

Introduction
The adolescent years are characterized by marked increases in bone mass accrual in
association with rising levels of growth hormone (GH), insulin like growth factor-1 (IGF-1)
and gonadal steroids. Of importance, more than 90% of peak bone mass is achieved by 18
years of age, and peak bone mass is an important determinant of bone health and fracture
risk in later life (1). A lower than expected rate of bone accrual leads to not only low bone
mineral density (BMD) Z-scores, but also suboptimal peak bone mass and possibly
increased fracture risk in later years.

Conditions associated with decreased rates of bone mass accrual in adolescence include
those characterized by decreased secretion of hormones such as GH, IGF-1 and gonadal
steroids, and increased secretion of hormones such as cortisol and thyroxine. In addition,
alterations in certain adipokines, such as leptin and adiponectin, and peptides that are
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impacted by changes in BMI and fat mass, such as ghrelin, peptide YY (PYY) and insulin,
can impact bone metabolism. Physical exercise is a positive determinant of bone mass
accrual in healthy adolescents. However, excessive exercise, particularly in the setting of
associated hypogonadism, leads to low BMD in adolescents as well as in adults. Marked
alterations in adipokines and fat-regulated hormones have been described in amenorrheic
athletes (2, 3), and these alterations and their impact on the hypothalamo-pituitary-gonadal
(H-P-G) axis and on bone metabolism are described below.

Bone metabolism in adolescent amenorrheic and eumenorrheic athletes
and non-athletic controls

Many studies have reported that adult amenorrheic athletes have lower bone density than
normally menstruating athletes (4–7), and in adolescents, endurance activities such as
running have been associated with an increased risk of fractures (8). There are limited data,
however, regarding bone metabolism in adolescent athletes.

Within adolescent endurance athletes, we have shown that amenorrheic athletes have
significantly lower bone density compared with eumenorrheic athletes and also non-athletic
controls (9). In a study of 21 amenorrheic adolescent athletes, 18 eumenorrheic athletes, and
18 controls, we demonstrated that amenorrheic athletes had lower bone density Z-scores at
the spine and whole body compared with eumenorrheic athletes and non-athletic controls
(9). The amenorrheic athletes also had lower hip bone density Z-scores compared with
eumenorrheic athletes. In addition, Z-scores for height adjusted measures of bone density,
such as spine bone mineral apparent density (BMAD) and whole body bone mineral content
for height (WB BMC/Ht) were lower in amenorrheic athletes compared with eumenorrheic
athletes and controls. Lower spine bone density in amenorrheic athletes was a consequence
of lower BMC for bone area indicative of lighter bones, whereas, lower WB bone density
was a consequence of lower bone area for height, indicative of thinner bones. Importantly,
levels of bone formation and bone resorption markers were lower in amenorrheic athletes
compared with controls, suggestive of a reduced bone turnover state. This is in contrast to
normal adolescence, which is a state of increased bone turnover (at least in early
adolescence).

The two groups of athletes in the study did not differ for activity level, suggesting that
factors other than intensity and duration of exercise determine which athletes will develop
amenorrhea. The amenorrheic athletes did have lower body mass index (BMI) and fat mass
than the eumenorrheic athletes, and the prevalence of disordered eating was much higher in
the amenorrheic (62%) compared with the eumenorrheic group (11%). These data suggest
that decreased energy availability from decreased caloric intake may contribute to lower
BMI and fat mass and subsequent functional hypothalamic amenorrhea in amenorrheic
athletes. In a regression model that included the diagnostic category, IGF-1 levels, activity
level, bone age, BMI and lean mass, most of these covariates (except activity level) were
independent determinants of bone density measures. These data emphasize the impact of the
hypogonadal state and overall state of nutrition on bone metabolism in female adolescent
athletes.

Similarly, in adult athletes, amenorrhea has been associated with lower bone density (4–7),
and lower energy availability (as evidenced by higher scores for disordered eating) has been
determined to be an important predictor of lower bone density measures (4). Importantly,
not all forms of excessive activity are associated with low bone density even when there is
associated amenorrhea. For example, amenorrheic gymnasts do not have lower bone density
than non-exercising controls (10, 11). This has been postulated to be a consequence of
differences in the nature of exercise. Gymnastics is a non-repetitive impact loading sport, as
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opposed to running, which is associated with repetitive impact and an endurance sport. The
latter is less likely to manifest beneficial effects of mechanical loading on bone, and is more
likely to be associated with low bone density, particularly when associated with low energy
availability and hypogonadism.

Recent studies in anorexia nervosa, a state of severe negative energy balance, have shown
that low bone mass accrual during the adolescent years can be followed by increases in bone
mass after recovery of weight and menses (12). However, catch-up is not complete, and this
further raises concerns of a suboptimal peak bone mass despite subsequent attainment of a
positive state of energy balance in adolescent athletes. Given this incomplete catch-up,
therapeutic strategies may be necessary to optimize bone mass accrual, even while recovery
from the low energy availability state is being optimized. In order to develop the appropriate
therapeutic strategies, it is critical to develop a better understanding of the pathophysiology
underlying low bone density in conditions of reduced energy availability, and of factors that
contribute to hypogonadism, as well as other determinants of low bone density.

Factors contributing to low bone density in amenorrheic adolescent
athletes

The early adolescent years are characterized by increased bone turnover as a consequence of
rising levels of GH and IGF-1, both of which are bone anabolic hormones (13, 14) and cause
endocortical bone formation. Subsequently, rising levels of estrogen have anti-resorptive
effects and reduce endosteal bone resorption. These pubertal changes are responsible for
bone modeling and the bone mass accrual that is so characteristic of puberty. Low IGF-1
levels in athletes who are in a state of markedly reduced energy availability and the
associated hypogonadism could cause marked decreases in rates of bone accrual, leading to
low bone mineral density. Of concern, as many as 23.5% of adolescent athletes are at risk
for amenorrhea (15). In our studies, we have noted that low IGF-1 levels and hypogonadism
are important determinants of low bone density in athletes (9). Similarly, other studies in
adults have indicated that hypogonadism in athletes is associated with decreased bone
density and increased fracture risk (4, 16–19).

There are strong data to indicate that patterns of gonadotropin pulsatility change when
energy availability falls below a critical threshold of 30 kcal/kg lean body mass/day (20).
Recent endeavors have aimed at examining metabolic signals that link low energy
availability and impaired gonadotropin secretion, and fat mass and fat-related hormones are
possible candidates. In our study, amenorrheic athletes had significantly lower fat mass than
eumenorrheic athletes (2, 3). We have also previously shown that increases in fat mass
predict recovery of the H-P-G axis in girls with anorexia nervosa, a more severe state of
energy deficit (21). Therefore, it is likely that hormones that are secreted by fat or regulated
by fat have an impact on the H-P-G axis. Interestingly, many hormones that are secreted or
regulated by fat also have an impact on bone metabolism in in vitro and animal studies.
Adipokines, such as leptin (22–25) and adiponectin (26–29), and hormones that are altered
when body fat changes, such as ghrelin (30, 31) and PYY (32–34), can impact both the H-P-
G axis and bone metabolism, and may be important links between net energy availability,
reproductive status and bone mineral density.

Adipokines in female athletes
Decreased energy availability can result from increased energy expenditure, decreased
energy intake or both (20), and is associated with low fat mass and a suppression of the H-P-
G axis. This leads to low levels of gonadal steroids and a decreased rate of bone mass
accrual. Associated with low fat mass are low levels of the adipokine, leptin (35–37), and
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high levels of another adipokine, adiponectin (38, 39); hormones that likely signal
information about available energy stores to the hypothalamus.

Leptin is primarily produced in adipocytes and its circulating levels are highly correlated
with body fat content (35). Levels decrease with weight loss and increase as BMI and body
fat increases (36, 37, 40). Sufficient fat mass is thought to be necessary for normal
reproductive function, although the threshold of fat mass necessary for normal menses may
differ from individual to individual. Leptin deficient animals and humans who fail to
undergo pubertal development have pubertal onset once leptin is administered (41). This
suggests that leptin facilitates GnRH stimulated gonadotropin and gonadal steroid
production, and that low leptin levels, as seen in athletes, could lead to hypogonadism and
associated bone mineral density deficits. We have shown that leptin levels are significantly
lower in adolescent amenorrheic athletes when compared with eumenorrheic athletes and
controls (2), and low leptin levels are a positive predictor of levels of gonadal steroids,
particularly estradiol, even after controlling for potential confounders. These data are also
consistent with a study by Welt et al. in which the authors demonstrated a resumption of
ovulatory cycles following recombinant human leptin administration in three out of eight
women with hypothalamic amenorrhea despite an overall reduction in body weight (22).

While low leptin levels in amenorrheic athletes can impact bone density through induction
of a hypogonadal state, a direct role of leptin on bone cannot be ruled out. Leptin deficient
ob/ob mice have a decrease in trabecular bone mass when leptin is administered
intracerebroventricularly (23), an effect mediated by beta 2 adrenergic activation. However,
there appears to be a dichotomy in the effect of leptin on bone depending on whether it is
administered centrally or peripherally. Contrary to central effects, peripherally administered
leptin causes an increase in cortical bone mass (24, 25). In addition, central leptin may also
positively impact cortical bone by inducing GH secretion. In humans, studies examining
associations of leptin and bone have shown variable results. Overall, leptin deficiency has
been associated with increased (23), decreased (25), or site variable (24) bone mass. Figure
1 shows a speculated pathway of leptin induced effects on gonadal steroids and bone
mineral density.

Adiponectin is the most abundant product secreted from adipocytes. In contrast to leptin,
adiponectin levels are low in obesity (38) and variable in low weight conditions (42, 43).
Adiponectin gene expression within adipocytes typically increases with weight loss and is
associated with improved insulin sensitivity (39). In vitro studies have demonstrated that
adiponectin suppresses gonadotrophin secretion (29) and activates both osteoblasts and
osteoclasts (27, 28). A common progenitor cell in bone marrow gives rise to adipocytes and
osteoblasts (44, 45). When adiponectin binds to the AdipoR1 receptor, mesenchymal
progenitor cells within the marrow undergo osteoblast proliferation and differentiation,
while adipogenesis is inhibited (28). However, adiponectin can also increase RANKL and
decrease OPG levels causing an increase in osteoclastic activity (27). In adult men and
women, as well as in postmenopausal women and adolescents with anorexia nervosa, high
adiponectin levels have been associated with low bone density (42, 46, 47), suggesting that
bone resorptive effects may trump bone formation effects. We did not find significant
differences in adiponectin levels in adolescent amenorrheic athletes compared with
eumenorrheic athletes and non-athletic controls (3). However, adiponectin was a significant
predictor of levels of testosterone. Contrary to our expectations and in vitro studies (29), the
association between adiponectin and testosterone was positive (and not negative). We found
no association between adiponectin and bone density measures in our athletes and non-
athletic controls.
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Hormones that may be regulated by body fat content
Appetite-regulating hormones such as ghrelin and PYY are predicted inversely by BMI and
fat mass. Ghrelin, one of the first orexigenic hormones to be discovered (48, 49), is secreted
primarily by the P/D1 cells in the fundus of the stomach. Levels rise during periods of
fasting and are low following food intake and in obesity, suggesting that ghrelin may signal
the state of energy availability. Ghrelin levels rise in adults following exercise (50, 51) and
are also high in anorexia nervosa (52, 53). We evaluated ghrelin levels in amenorrheic
adolescent athletes, eumenorrheic athletes, and nonathletic controls, and found that
amenorrheic athletes had significantly higher ghrelin levels than eumenorrheic athletes and
controls even after controlling for BMI (2). In addition, we found an inverse relationship
between levels of ghrelin and gonadal steroids leading us to postulate that ghrelin levels may
differentiate between athletes who will or will not develop functional hypothalamic
amenorrhea. These data are also consistent with studies in animals and humans that
demonstrate a suppression of gonadotropin pulsatility following ghrelin administration (31,
54). Figure 2 demonstrates the effect of food intake on ghrelin levels.

Ghrelin binds to and activates the neuropeptide Y (NPY) and agouti-related peptide-
producing neurons in the arcuate nucleus of the hypothalamus, and therefore stimulates
appetite and food intake (48, 55). It is also a GH secretagogue (56, 57), and GH promotes
bone formation. Therefore, ghrelin may have an effect on bone mass accrual by stimulating
GH secretion. In addition, osteoblasts express the ghrelin receptor (GHS-R1a), and ghrelin
can stimulate osteoblast proliferation and differentiation (30). Therefore, ghrelin may affect
bone mass accrual through mechanisms independent of the GH-IGF-1 axis. In a study of
adolescent girls with anorexia nervosa and controls, we previously reported that serum
ghrelin levels predicted bone mineral density independent of body composition, the GH-
IGF-1 axis, and estradiol in healthy adolescent girls but not in girls with anorexia nervosa
(58). Thus, ghrelin appears to be involved in pathways that are both detrimental and
beneficial to the process of bone mass accrual. While high ghrelin levels may contribute to
the hypogonadal state and subsequently to low bone density, ghrelin may stimulate
osteoblastic activity through GH dependent or independent mechanisms. The overall impact
of these processes is still not clearly understood. In our study of adolescent amenorrheic and
eumenorrheic athletes, ghrelin was not an independent predictor of bone density measures,
but did emerge as an independent and negative predictor of markers of bone formation and
bone resorption, suggesting that high ghrelin levels may contribute to the low bone turnover
state in amenorrheic athletes (3).

PYY is another peptide hormone secreted by gut neuroendocrine cells involved in the
signaling of energy availability. It is anorexigenic and secreted by the L cells of the distal
intestine (59) following food intake (60), and promotes satiety by binding to the Y2 receptor
of NPY in the hypothalamus and inhibiting NPY secretion (61). PYY levels are low in
obesity (62) and elevated in low energy availability states such as anorexia nervosa (34). We
have reported elevated levels of PYY in adolescent athletes with amenorrhea compared with
eumenorrheic athletes and nonathletic controls (3). Importantly, animal studies suggest that
PYY may suppress gonadotropin secretion, and in our cohort, PYY was an inverse and
independent predictor of levels of gonadal steroids. Importantly, the Y2 receptor knockout
mouse, which would be PYY resistant, has increased bone mass (32). Consistent with this
model, PYY excess has been associated with low bone density in models of low energy
availability such as anorexia nervosa (34). In our study of adolescent athletes, PYY was a
negative and independent predictor of the bone formation marker PINP and of lumbar bone
mineral apparent density Z-scores (3). Thus, high PYY levels in adolescent athletes may
contribute to low bone density by suppressing the H-P-G axis and also by reducing bone
formation.
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Conclusion
Adolescent female athletes are at increased risk for incurring bone mineral density deficits at
a critical period of bone mass accrual. Interactions between energy balance, reproductive
function and bone mass accrual are interlinked and complex. Hormones produced by
adipocytes and gut neuroendocrine cells are important signals of energy balance and play a
major role in the control of the H-P-G axis and bone metabolism. Current research to better
understand the complex pathways involved in these processes is promising, and with
improved understanding of the metabolic and hormonal links between energy availability,
reproduction and bone, new therapeutic options should become possible to treat the
hypogonadism and low bone density characteristic of amenorrheic athletes.
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Figure 1.
Proposed Impact of Leptin on Gonadotropin Secretion and Bone in Conditions of Normal
versus Low Fat Mass
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Figure 2.
Effect of Energy Balance and Ghrelin on Gonadotropin Secretion and Bone
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