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Abstract Anorexia nervosa (AN), a condition of severe
undernutrition, is associated with low bone mineral density
(BMD) in adults and adolescents. Whereas adult women
with AN have an uncoupling of bone turnover markers with
increased bone resorption and decreased bone formation
markers, adolescents with AN have decreased bone turn-
over overall. Possible contributors to low BMD in AN
include hypoestrogenism and hypoandrogenism, undernu-
trition with decreased lean body mass, and hypercortisole-
mia. IGF-I, a known bone trophic factor, is reduced despite
elevated growth hormone (GH) levels, leading to an acquired
GH resistant state. Elevated ghrelin and peptide YY levels
may also contribute to impaired bone metabolism. Weight
recovery is associated with recovery of BMD but this is often
partial, and long-term and sustained weight recovery may be
necessary before significant improvements are observed.
Anti-resorptive therapies have been studied in AN with
conflicting results. Oral estrogen does not increase BMD or
prevent bone loss in AN. The combination of bone anabolic
and anti-resorptive therapy (rhIGF-I with oral estrogen),
however, did result in a significant increase in BMD in a
study of adult women with AN. A better understanding of the
pathophysiology of low BMD in AN, and development of

effective therapeutic strategies is critical. This is particularly
so for adolescents, who are in the process of accruing peak
bone mass, and in whom a failure to attain peak bone mass
may occur in AN in addition to loss of established bone.
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1 Introduction

Anorexia nervosa (AN) is becoming increasingly common
in affluent societies, and occurs in 0.2–1.0% of adolescent
girls and 1.0–4.0% of college aged young women [1, 2].
The condition also occurs in males, and the prevalence of
AN in adolescent boys and men appears to be increasing
[3]. The association of AN with low bone mineral density
(BMD) has been conclusively and consistently demon-
strated in adult women [4–8] as well as in adolescent girls
[9–15] and boys [16]. Of concern, the adolescent years,
which are a critical time for bone mass accrual [17], are
also a common time for the onset of this disorder. Maximal
increases in bone mass accrual occur between 11–14 years
of age in girls and 13–16 years in boys [17], with more than
90% of peak bone mass being achieved by the end of the
second decade [18]. Evidence suggests that insults occur-
ring during these critical adolescent years may well result in
permanent deficits.

Bachrach et al. demonstrated that 12 out of 18 girls with
AN had BMD more than two SDs below that in controls at
the lumbar spine, and importantly, more than 50% of these
12 girls had been diagnosed with AN for less than a year
[9]. Thus, not only was the extent of low BMD profound in
this young population, but appeared to have occurred over a
relatively short period of time. Subsequent studies have
continued to report low BMD in adolescent girls with AN
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[10–15]. We reported BMD z-scores of <−1 at one or more
sites in 41% of 60 adolescent girls with AN, and BMD
z-scores of <−2 in another 11% [11]. Similarly, Castro et al.
reported that 35% of adolescent boys with AN had reduced
BMD at the lumbar spine and femoral neck [16]. In
addition, subsequent BMD is lower when AN begins in
the adolescent years than when it occurs in adult life, even
when the duration of illness is comparable [19]. Low BMD
occurs at all skeletal sites, thus both trabecular and cortical
bone are affected, although the spine is more likely to be
affected than the hip [11, 20]. In adolescents, AN is
associated with a decrease in levels of surrogate markers
of bone turnover in comparison to the high levels of these
markers in healthy adolescent girls, with particularly a
marked suppression of bone formation [12, 13]. The net
result is decreased bone mass accrual and low BMD.

In adult community dwelling women with AN, osteo-
porosis at one or more sites occurs in as many as 38% and
osteopenia in 92% [20]. More than 50% of all women with
AN have BMD below the fracture threshold [21], and there
is a seven fold greater fracture risk compared with matched
healthy controls [5]. Lucas et al. reported a 57% cumulative
incidence of fractures at the spine, hip and radius 40 years
after diagnosis of AN [1]. An uncoupling of surrogate
markers of bone turnover occurs, with a decrease in bone
formation and an increase in bone resorption markers,
resulting in overall bone loss [21].

2 Pathogenesis of low bone density in anorexia nervosa
and treatment options

Multiple factors contribute to low BMD in AN, and these
include hypogonadism, undernutrition, low levels of nutri-
tionally dependent insulin-like growth factor-I (IGF-I), an
acquired resistance to growth hormone (GH), excessive
exercise and hypercortisolemia. A critical role may also be
played by alterations in hormones regulating food intake.

2.1 Hypogonadism

Undernutrition may be associated with acquired hypogona-
dotropic hypogonadism, and amenorrhea is currently a part
of the DSM-IV criteria for the diagnosis of AN in females.
The gonadal hormones, estrogen and testosterone, have a
critical role to play in optimizing BMD. At the onset of
puberty, release of inhibitory control of the hypothalamo–
pituitary–gonadal axis is associated with increasing night-
time pulsatility of gonadotropins followed by daytime
pulsatility [22]. Rising levels of gonadal hormones are
followed closely by increases in GH and IGF-I, which peak
about a year after attainment of maximal pubertal growth
velocity [23]. Bone anabolic effects of GH and IGF-I, and

anti-resorptive effects of estrogen are postulated to cause
the marked increase in bone mass accrual that is typical of
the adolescent years. The anti-resorptive effects of estrogen
are mediated at least in part by (1) suppression of secretion
of certain proinflammatory cytokines that stimulate osteo-
clast differentiation and action and prolong osteoclast
survival, such as interleukin (IL)-1β, IL-6 and tumor
necrosis factor (TNF)-α, and (2) an increase in secretion
of transforming growth factor (TGF-)-β and osteoprote-
gerin (OPG), which suppress osteoclast activity and ac-
celerate osteoclast apoptosis [24]. Estrogen may also inhibit
osteoblast apoptosis [25, 26]. In both genders, aromatiza-
tion of androgens to estrogen accounts for decreased bone
resorption, and testosterone also has direct anti-resorptive
and bone anabolic effects [27].

In AN, abnormalities in gonadotropin releasing hormone
(GnRH) secretion cause gonadotropin pulsatility patterns to
revert to pre- or early pubertal levels [22], and low estrogen
levels are characteristic in both adults and adolescents [11–
13, 28]. Adolescent girls and women with AN also have
low testosterone levels [13, 29], and low levels of the
adrenal androgen dehydroepiandrosterone (DHEA) have
been reported in young women with AN [30]. Delayed
menarche occurs in as many as 35% of adolescents with
AN, and age at menarche is an important and independent
predictor of low BMD in this population [11, 15]. Duration
of amenorrhea predicts the extent of low BMD in
adolescents [8, 9, 11, 12, 15, 31] as well as adults [4, 8,
19, 32] with AN. In addition, we have demonstrated a
direct association between changes in testosterone levels
and changes in bone formation markers in AN [13]. The
contribution of hypogonadism to low BMD in AN
independent of direct effects of undernutrition is indicated
by lower bone density T-scores in women with AN who are
amenorrheic and low weight compared with eumenorrheic
women of similar weight [33]. However, the importance of
nutritional factors is evident from the significantly lower
BMD in amenorrheic women with AN compared to women
with hypothalamic amenorrhea and normal weight with
comparable estradiol levels [8].

Data regarding pro-inflammatory cytokines in AN are
contradictory, with reports of increased [34, 35] or nor-
mal levels of IL-6 [36–40], normal [36, 38, 40] or decreased
levels of IL-1β [39], and normal [34, 36, 40] or increased
levels of TNF-α [35]. We observed high IL-6 levels in AN,
however, IL-6 did not predict BMD or levels of bone
markers in our subjects. Hypogonadism should cause a
decrease in OPG levels associated with an increase in bone
resorption markers and a decrease in BMD. However,
levels of OPG are elevated in adolescents with AN and
correlate inversely with nutritional markers and BMD [41].
This is likely a compensatory response rather than a
contributor to low BMD.
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2.1.1 Estrogen replacement

Although hypogonadism is an important cause of lowBMD in
AN, studies of estrogen replacement on bone metabolism
have yielded disappointing results, and are consistent with the
concept that other nutritionally dependent factors are impor-
tant in bone loss and recovery in this population. In a cross-
sectional analysis of 130 women with AN, we observed no
differences in BMD at multiple sites in women with or
without estrogen exposure [20]. In addition, in a randomized
study, our group observed no increase in BMD at the spine
in adult women with AN following 18 months of estrogen–
progesterone replacement with calcium and vitamin D
supplementation, compared with calcium and vitamin D
supplementation alone (Fig. 1) [28]. A post hoc analysis did,
however, indicate some beneficial effects in women with the
lowest bone densities. Although a low dose of estrogen was
used in this study, a subsequent randomized study for
9 months using an oral contraceptive showed no differences
in BMD compared to no estrogen [42]. Similarly, in
adolescents with AN, two studies have reported no increases
in BMD with use of oral estrogen–progesterone combination
pills for a year [43, 44]. Neither of the studies was ran-
domized or placebo controlled. Definitive studies of effects
of estrogen replacement on bone metabolism in adolescents
with AN are thus lacking. Although estrogen use causes a
suppression of bone resorption, the lack of observable effects
on BMD may stem from (1) persistence of decreased bone
formation, (2) IGF-I suppressive effects of oral estrogen, and
(3) persistence of factors other than hypogonadism that
contribute to low BMD in AN.

2.1.2 Androgen replacement

Low testosterone levels are characteristic of AN [13], and
we have reported in a pilot study that testosterone
replacement to approximate levels in healthy women is
associated with an increase in the C-terminal propeptide
of type 1 procollagen (PICP), a bone formation marker
(Fig. 2) [29]. Gordon et al. reported an increase in bone
formation markers following 3 months of DHEA adminis-
tration in young women with AN [30]. However, a
subsequent yearlong study of DHEA administration failed
to demonstrate an increase in BMD in AN after controlling
for effects of weight gain (Fig. 3) [45]. Effects of androgen
replacement on bone metabolism need to be further
characterized, and of importance, the effect of androgen
replacement in males with AN needs to be examined.

2.2 Undernutrition and low levels of IGF-I

Undernutrition and nutritionally dependent factors play a
critical role in low BMD in AN. Effects of undernutrition

on bone independent of hypogonadism are indicated by
significantly lower BMD in AN, a condition of hypogonad-
ism and undernutrition, than in conditions of hypogonadism
not associated with undernutrition such as hyperprolactine-
mia [8]. Strong correlations are observed between BMD
and nutritional indices such as BMI [8, 9, 31, 46], fat mass
[11], lean body mass [8, 11, 12, 15, 47] and IGF-I [8, 12].
Lean body mass, in particular, is a strong and independent
predictor of BMD in adults [8] and adolescents [11, 12].
Effects of lean body mass on bone are attributed to bone
remodeling stimulated by biomechanical forces exerted by
the pull of muscles on growing bone. Surrogate markers of
bone formation are predicted by nutritional indices such as
IGF-I [12, 13], BMI, body fat [21] and lean body mass
[13], and short term fasting results in a 50% reduction in
bone formation markers in healthy volunteers [48]. Simi-
larly, weight recovery in AN is associated with a marked
increase in bone formation markers, and an increase in bone
formation markers predicts a subsequent increase in lumbar
spine bone mineral content [13].

2.2.1 Weight recovery

An increase in BMD was reported with weight recovery,
even before menstrual recovery, by Bachrach et al. in
adolescent girls with AN [49], demonstrating the critical
role played by nutritional status on bone mass accrual.
However, one third of girls recovering weight continued to
have BMD z-scores more than two SDs below the mean in
this study, indicating that improvement in BMD was not

Fig. 1 Effects of administration of estrogen–progestin with calcium
and vitamin D vs administration of calcium and vitamin D alone on
bone density in women with anorexia nervosa. No differences in bone
mineral density were observed before and after 18 months of
estrogen–progestin administration in a group of women with anorexia
nervosa in a randomized, prospective trial. (Reprinted with permission
from the Journal of Clinical Endocrinology and Metabolism, 1995; 80:
900. Copyright © 1995 The Endocrine Society. All rights reserved).
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complete. In fact, many studies have been unable to
demonstrate a significant increase in BMD despite short-term
weight recovery. We reported a persistence of low BMD
despite weight recovery in adolescents with AN followed for a

year [13], and in half of all weight recovered adults with AN
followed for an 18 month period [28]. In both studies,
however, persistence of low weight led to a further decline in
BMD. Thus, weight recovery protected against further bone
loss. A longer period of weight recovery may be necessary
before significant increases in BMD are observed. Indeed, in
one study of adolescents with AN, BMD at the lumbar spine
decreased at 7 months follow-up despite improved nutrition-
al status, and an increase in BMD was observed only after an
average of 21 months of sustained weight recovery [10].

Of concern, long-term follow-up studies indicate that
despite some improvement in BMD with weight recovery,
residual deficits may persist. For example, in one study of
women with AN, BMD at the femoral neck was lower than
in controls even after 21 years of weight recovery [50]. In
another study, prevalence of osteopenia decreased from 35
to 13% and of osteoporosis from 54 to 21% with weight
recovery, yet, low bone mass persisted in a large proportion
of these women [51]. These data indicate that AN may
result in permanent deficits in BMD despite recovery, and
underscore the importance of timely diagnosis and treat-
ment of AN.

2.2.2 Recombinant human IGF-I

IGF-I is secreted by the liver in response to GH, and is also
nutritionally regulated. Undernutrition is associated with
low levels of IGF-I despite normal [52] or elevated [53–57]
GH levels, indicative of a nutritionally acquired resistance
to effects of endogenous GH secretion. This is attributed to
a downregulation of GH receptors in the liver with
undernutrition. The increase in GH concentrations stem
from increased basal GH secretion, as well as an increased

Fig. 3 Initial and final BMD in
recovered and non-recovered
adolescent girls with AN. No
differences were observed be-
tween initial and final bone
mineral density in adolescent
girls with anorexia nervosa who
did not recover weight (a) and
who recovered weight (b) in a
yearlong prospective study.
(Reprinted with permission from
the Journal of Clinical Endocri-
nology and Metabolism,
2002;87:4180. Copyright©
2002 The Endocrine Society. All
rights reserved).

Fig. 2 Changes in PICP levels after testosterone or placebo administra-
tion in adult women with anorexia nervosa. (a) PICP levels were higher
during testosterone administration (black line) than with placebo (gray
line) (*P = 0.03). (b) Change in PICP correlated with change in serum-
free testosterone (r = 0.50, P = 0.02). (Reprinted with permission from
the Journal of Clinical Endocrinology and Metabolism, 2005; 90:1431.
Copyright © 2005 The Endocrine Society. All rights reserved).
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frequency of GH secretory bursts [54]. GH and IGF-I are
bone anabolic and stimulate osteoblast differentiation and
proliferation [58]. Consistent with these effects on bone
formation, IGF-I is an important predictor of bone
formation markers such as osteocalcin and bone specific
alkaline phosphatase [12, 13]. We have demonstrated that
GH levels strongly predict levels of bone turnover markers
in healthy adolescents, but not in AN, suggestive of resis-
tance to GH effects not only at the level of the liver, but
also at the level of bone [54].

Because IGF-I functions as a bone trophic factor,
administration of recombinant human (rh) IGF-I was
hypothesized to cause an increase in bone formation
markers and in BMD. Indeed, we have demonstrated a
dose dependent increase in bone formation markers
following short-term administration of rhIGF-I at a dose
of 30 mcg/kg twice daily, without any change in bone
resorption markers (Fig. 4) [21]. We have also shown that
chronic rhIGF-I administration for 9 months at the same
dose causes a significant increase in BMD, when given
together with estrogen–progesterone combination pills [42].
Presumably, bone trophic effects of rhIGF-I couple with
anti-resorptive effects of estrogen to cause this observed
increase in BMD. Difficulties in obtaining rhIGF-I for this
indication, lack of FDA approval, and twice daily injections
currently limit the use of rhIGF-I to optimize BMD in AN.

2.2.3 Calcium and vitamin D intake

Abrams et al. demonstrated through calcium kinetic studies
that calcium absorption is decreased and calcium excretion

increased in AN [59], and Castro et al. recently reported
that calcium intake of less than 600 mg is an important
predictor of low BMD in AN [16, 31]. However, other
studies have failed to demonstrate any relationship between
calcium intake and BMD in this condition [11, 13]. In fact,
we observed that more girls with AN than healthy
adolescents met the RDI for calcium (47 vs. 33%) and
vitamin D (47 vs. 22%) [12]. In addition, administration of
calcium and vitamin D does not result in an increase in
BMD in adults or adolescents with AN [13, 28]. Neverthe-
less, we do recommend optimizing calcium and vitamin D
intake, and suggest a daily intake of 1,200–1,500 mg of
elemental calcium and 400 IU of vitamin D.

2.3 Physical activity

The contribution of physical activity to low BMD in AN is
unclear. Castro et al. did report that less than three hours/
week of physical activity was a risk factor for low BMD in
AN [16, 31]. Other studies, however, have not been able to
demonstrate a relationship between physical activity and
bone metabolism in this condition [4, 9, 12]. Muscle
contractions generate strain signals that are picked up by
the ‘mechanostat’ (presumed to be osteocytes) in bone, and
this is postulated to activate remodeling resulting in an
increase in BMD. A permissive role for estrogen appears
necessary for this pathway to function intact [24]. Hypo-
gonadism in AN may result in impaired functioning of the
‘mechanostat’, and lack of substrate availability may lead to
a catabolic state, both of which would impair bone mass
accrual. In addition, low BMD in AN predisposes this

Fig. 4 Effect of rhIGF-I and oral contraceptive pills on bone density
(left) and PICP levels (right). Administration of recombinant human-
insulin-like growth factor-I (IGF-I) (30 μg/kg b.i.d. subcutaneously)
increased bone density and PICP in adult women with anorexia

nervosa. The effect on bone density was most marked when IGF-I was
given with an oral contraceptive pill. (Reprinted with permission from
the Journal of Clinical Endocrinology and Metabolism, 2002; 87:2888.
Copyright © 2002 The Endocrine Society. All rights reserved).

Rev Endocr Metab Disord (2006) 7:91–99 95



population to fractures, and excessive activity may increase
the risk of stress and other fractures.

2.4 Hypercortisolemia

High cortisol levels affect bone metabolism at many levels,
the net effect being low BMD [60–64]. Hypercortisolemia
stimulates osteoclastic bone resorption, inhibits osteoblast
differentiation and action, and has an inhibitory effect on
the GH–IGF–I axis, calcium absorption from the gut, and
renal handling of calcium. AN is associated with increased
cortisol secretory burst frequency resulting in increased
cortisol concentrations [65]. Decreased clearance of cortisol
may also contribute to hypercortisolemia in AN [65, 66].
Serum and urinary cortisol concentrations have been
reported to be elevated in both girls [65, 66] and adults
[6, 57, 66, 67] with AN. We have demonstrated strong
inverse correlations between high cortisol levels and low
levels of bone formation markers in AN, and an inverse
association between cortisol and BMD [65]. Grinspoon et
al. however, noted hypercortisolemia in only 22% of all AN
women with bone loss as assessed by 24-h urinary free
cortisol levels, suggesting that high cortisol levels are not a
major cause of low BMD in AN [48].

2.5 Leptin, ghrelin and peptide YY

The appetite regulating peptides, leptin, ghrelin and peptide
YY (PYY), have all been implicated in the regulation of
bone metabolism. Leptin is an anorexigenic adipocytokine
[68, 69], levels of which are low in AN [13, 70–76]. In
rodent models, leptin deficient and leptin resistant animals
are obese and hypogonadal, yet have high BMD. Leptin
administration is known to decrease bone formation in
these animals through its actions on the central nervous
system [77]. Conversely, leptin deficiency in AN is asso-
ciated with low BMD [8, 13], and leptin is not an in-
dependent predictor of BMD after controlling for other
nutritionally dependent factors such as body mass index.

Ghrelin is an orexigenic peptide [78, 79] that is also a
GH [80–84] and ACTH [80, 82, 85] secretagogue. In
addition, ghrelin suppresses LH pulsatility [85] and thus
may cause a decrease in secretion of sex steroids. Ghrelin
administration has been reported in one study to increase
osteoblast proliferation in vitro [86]. Levels of ghrelin are
elevated in AN [73, 87–89], and we have demonstrated that
ghrelin is an important predictor of BMD at the spine and
the hip. This relationship between ghrelin and BMD may
be mediated via effects of ghrelin on GH and cortisol
secretion, which in turn have known effects on bone
turnover [90].

PYY is an anorexigenic peptide secreted by L-cells of
the colonic mucosa [91, 92], and PYY levels are elevated in

AN [93]. The first indication of a role for PYY in bone
metabolism came from a study demonstrating that selective
deletion of the receptor for PYY (the Y2 receptor) results in
increased bone formation [94]. Since then, we have
reported that high PYY levels predict low levels of bone
formation and bone resorption markers in adolescent girls
with AN and healthy adolescents, and PYY is an in-
dependent predictor of markers of bone turnover on
regression analysis [93]. Further studies are necessary to
better characterize the role of PYY in bone metabolism.

2.6 Bisphosphonates and other options for increasing
bone density

Bisphosphonates increase BMD by suppressing osteoclastic
bone resorption, and the role of bisphosphonates in
increasing BMD has been examined in adults and adoles-
cents with AN. Golden et al. reported no effects of alen-
dronate on BMD in adolescents with AN after controlling
for effects of weight gain [95]. In adult women, our group
has reported a 4% increase in BMD at the spine after
6 months and a 5% increase after 9 months of treatment
with risedronate (Fig. 5) [96]. However, this study was not
randomized and used historical controls. Longer-term
studies are now underway. The absence of IGF-I suppres-
sive effects of bisphosphonates (unlike oral estrogen)
confers an advantage to this medication in treatment of
low BMD in conditions associated with increased bone
resorption. The rationale for the use of bisphosphonates in
adolescents with AN is less clear given that bisphospho-
nates suppress bone turnover, whereas healthy adolescents
are in a state of increased bone turnover. As a consequence,
these medications may further aggravate pathology in AN.

Fig. 5 Percent change in AP spine bone density in women with
anorexia nervosa receiving risedronate (black bars) vs controls (gray
bars) at 6 and 9 months of treatment. Bone density at the AP spine
increased with risedronate use at 6 and 9 months. *P < 0.05 compared
with baseline and controls. (Reprinted with permission from the
Journal of Clinical Endocrinology and Metabolism, 2004; 89:3905.
Copyright © 2004 The Endocrine Society. All rights reserved).
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3 Conclusions

Low BMD is an important co-morbid condition associated
with AN, and is of particular concern in adolescents, who are
in the process of accruing peak bone mass. The pathogenesis
underlying low BMD includes an uncoupling of bone
turnover in adults with AN, with a decrease in bone formation
and an increase in bone resorption markers, whereas in
adolescents with AN, there is an overall decrease in bone
turnover, in contrast to the state of increased bone turnover in
healthy adolescents. Contributors to low BMD in AN include
hypogonadism, undernutrition, an associated state of GH
resistance, hypercortisolemia, and possibly high ghrelin and
PYY levels. Oral estrogen is not effective in improving BMD,
however, rhIGF-I with estrogen has been shown to cause an
increase in BMD in adults with AN. A potential for
therapeutic use of low dose testosterone and bisphosphonates
also exists in adults with AN. Currently, there are no
therapeutic options for improving BMD in adolescents with
AN with the exception of sustained weight recovery. Weight
recovery and adequate calcium and vitamin D intake should
be encouraged in all patients with AN, and the possible
detrimental effects of excessive exercise emphasized.

4 Key unanswered questions

These include the following:

& Role of androgens in optimizing BMD in adults with
AN

& Role of gonadal hormone replacement in adolescents
with AN

& Development of strategies with bone anabolic effects,
unlike the anti-resorptive effects of estrogen and
bisphosphonates

& Role of ghrelin and PYY in bone mass accrual in
healthy individuals, and in low BMD in AN
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