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Abstract

Anorexia nervosa (AN) is a condition of severe low weight that is associated with low bone mass,
impaired bone structure and reduced bone strength, all of which contribute to increased fracture
risk., Adolescents with AN have decreased rates of bone accrual compared with normal-weight
controls, raising addition concerns of suboptimal peak bone mass and future bone health in this
age group. Changes in lean mass and compartmental fat depots, hormonal alterations secondary to
nutritional factors contribute to impaired bone metabolism in AN. The best strategy to improve
bone density is to regain weight and menstrual function. Oral estrogen-progesterone combinations
are not effective in increasing bone density in adults or adolescents with AN, and transdermal
testosterone replacement is not effective in increasing bone density in adult women with AN.
However, physiologic estrogen replacement as transdermal estradiol with cyclic progesterone does
increase bone accrual rates in adolescents with AN to approximate that in normal-weight controls,
leading to a maintenance of bone density Z-scores. A recent study has shown that risedronate
increases bone density at the spine and hip in adult women with AN. However, bisphosphonates
should be used with great caution in women of reproductive age given their long half-life and
potential for teratogenicity, and should be considered only in patients with low bone density and
clinically significant fractures when non-pharmacological therapies for weight gain are ineffective.
Further studies are necessary to determine the best therapeutic strategies for low bone density in
AN.
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Introduction

Anorexia nervosa (AN) is a condition of severe low weight associated with impaired body
image and an intense fear of gaining weight that is reported in 0.2-1% of women (Lucas, et
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al. 1991). Although most commonly diagnosed in women, in one study, 5-15% of all
individuals diagnosed with AN were male (Andersen and Holman 1997). The 2013 DSM V
criteria eliminated the requirement of amenorrhea for the diagnosis of AN. With the revised
diagnostic criteria, the prevalence of AN in women is expected to increase to as much as 4%
(Smink, et al. 2013). Subtypes of AN include the restrictive and the binge-purge subtypes,
both of which are associated with low body weight. Most available data on effects of AN on
bone metabolism are based on studies that used DSM 1V criteria for diagnosis of AN, and
the effect of the use the new DSM V criteria remains unknown. This review will discuss the
impact of AN on bone density, microarchitecture and strength estimates, as well as fracture
risk. We will also discuss the determinants of impaired bone metabolism in AN, and
possible therapeutic interventions to optimize bone health in this condition.

Impact of Anorexia Nervosa on Bone

Numerous studies have reported the deleterious effects of AN on bone health (Bachrach, et
al. 1990; Biller, et al. 1989a; Grinspoon, et al. 2000; Jagielska, et al. 2002; Misra, et al.
20044a) associated with increased fracture risk (Espallargues, et al. 2001; Faje, et al. 2014;
Lucas, et al. 1999). Whereas earlier studies examined effects of AN on bone density
parameters, more recent studies have reported on the effects of this disorder on measures of
bone microarchitecture and strength estimates using state-of-the-art methodologies.

Bone Mineral Density

Low bone mineral density (BMD) is characteristic of AN and affects both adults (Biller et
al. 1989a; Grinspoon et al. 2000) and adolescents (Bachrach et al. 1990; Jagielska et al.
2002; Misra et al. 2004a) with this condition. Both trabecular and cortical bone sites are
affected in AN, although data overall suggest that in females sites of trabecular bone (such
as the lumbar spine) are affected more severely than sites of predominantly cortical bone
(such as the hip and whole body). This has been attributed to the profound estrogen
deficiency that typically accompanies this disorder. In community dwelling adult women
with AN, more than 90% have T-scores of < -1, and close to 40% have T-scores of < -2.5
at one or more sites (Grinspoon et al. 2000). Adolescent girls with AN are also at high risk
for low bone density (Figure 1), and in one study, more than 50% had BMD Z-scores of <
-1 at one or more sites (Misra et al. 2004a). In addition to cross sectional reports of low
BMD, adolescents with AN have significant reductions in bone accrual rates over time
compared with controls (Misra, et al. 2008b; Soyka, et al. 2002) (Figure 2). Reduced bone
accrual is a major concern during the adolescent years because this is a time when marked
increases occur in bone accrual in healthy teenagers towards attainment of peak bone mass
(Bachrach 2001; Theintz, et al. 1992), an important determinant of future fracture risk.
Adolescence thus represents a window in time during which bone accrual needs to be
maximized in order to attain an optimal peak bone mass, and deficits incurred during this
time may be permanent. In fact, women with AN who develop AN during the adolescent
years tend to have lower bone density than those who develop this condition in adult life,
despite a similar duration of amenorrhea (Biller, et al. 1989b).

In addition to women, males with AN are at high risk for low bone density, and we have
reported BMD Z-scores of < —1 at the femoral neck and lumbar spine in 65% and 50% of
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boys with AN 12-19 years old, compared with only 18 and 24 % of normal-weight boys in
the same age range (Misra, et al. 2008a). Therefore, in contrast to women, males with AN
have greater involvement of sites of predominantly cortical bone.

Most earlier studies used dual energy x-ray absorptiometry (DXA) to measure BMD, and
DXA reports ‘areal’ BMD (aBMD) (bone mineral content/cross-sectional area of bone),
rather than ‘volumetric’ BMD (vBMD) (bone mineral content/bone volume). Areal BMD is
susceptible to artifactual changes based on body size, such that shorter individuals have
lower reported aBMD than taller individuals, even when volumetric BMD (vBMD) is
similar. Surrogates for vBMD, such as lumbar bone mineral apparent density (BMAD) are
also significantly lower in AN than in a normal-weight control population (Misra et al.
20044a; Misra et al. 2008b).

Quantitative computed tomography (QCT) is a methodology that allows measurement of
vBMD invivo, and in 2014 remains a research tool. QCT can measure vBMD at the spine
and hip, while peripheral QCT (pQCT) and high resolution pQCT (HRpQCT) have been
used to measure vBMD at the distal radius in both adult women and adolescent girls with
this disorder. Adult women with AN have decreases in cortical vBMD (Milos, et al. 2005),
and we have reported lower total and trabecular vBMD at the distal radius in adolescent girls
with AN compared with controls (Faje, et al. 2013b)(Figure 3).

Bone Geometry and Microarchitecture

Both pQCT and HRpQCT can measure size parameters of bone, and adult and adolescent
women with AN have reductions in cortical thickness and cortical area, with coincident
increases in trabecular area (Faje et al. 2013b; Lawson, et al. 2010; Milos et al. 2005). This
is likely consequent to estrogen deficiency in AN. Estrogen prevents endosteal bone
resorption (Riggs, et al. 2002), and low estrogen levels would thus be expected to lead to an
increase in endosteal bone resorption and reductions in cortical area, exactly what is
observed in AN. Because cortical thickness is an important determinant of bone strength
(Faje et al. 2013b), reductions in cortical thickness likely contribute to increased fracture
risk.

HRpQCT can assess bone microarchitecture, and we have reported that adolescent girls with
AN have increased cortical porosity and decreased trabecular thickness compared with
normal-weight controls (Faje et al. 2013b). Similarly, adult women with AN have reductions
in trabecular number and thickness with increased trabecular separation (Lawson et al. 2010;
Milos et al. 2005). Abnormalites in microarchitecture may precede changes observed using
DXA scanning. Using flat panel ultra-high resolution volumetric CT, we reported that bone
microarchitecture may be affected in adolescent girls with AN even before significant
reductions occur in DXA reports of aBMD (Bredella, et al. 2008).

Data are currently lacking regarding bone geometry and microarchitecture changes using
QCT in males with AN. However, hip structural analysis (HSA) (from DXA) is a validated
technique to measure bone geometry at the hip and assess fracture risk (Schousboe, et al.
2013). Using HSA we have reported lower cross-sectional area, cross-sectional moment of
inertia and section modulus in boys with AN at the narrow neck, trochanteric region and
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femoral shaft, compared to normal-weight controls after controlling for age and height
(Misra, et al. 2013). Lower cortical thickness at the narrow neck and trochanteric region, and
greater buckling ratio at the trochanteric region were also shown (Misra et al. 2013). These
changes suggest reduced bone strength at the hip and femoral neck in males with AN. Future
studies using QCT techniques are necessary to confirm these findings.

Bone Strength Estimates and Fracture Risk

Micro finite element analysis (UFEA) allows estimation of bone strength using data from
HRpQCT and advanced engineering modeling techniques. Strength estimates (stiffness and
failure load) of the distal radius assessed using WFEA are markedly lower in adult and
adolescent women with AN compared with normal-weight controls (Faje et al. 2013b; Milos
et al. 2005). Consistent with these studies, an increase in fracture risk has been reported in
both adults and adolescents with AN (Espallargues et al. 2001; Faje et al. 2014; Lucas et al.
1999). In adolescents, we have reported historical occurrence of one or more fractures in
31% of girls compared with 19% of normal-weight healthy controls (Faje et al. 2014).
Interestingly, we found that fracture risk was increased in girls with AN compared with
controls even at relatively normal BMD Z-scores of < -1 (and not just < —2) (Faje et al.
2014), raising concerns that changes in bone geometry and structure occur at relatively
‘normal’ BMD Z-scores in adolescents with AN to increase fracture risk. Consistent with
these findings, another study reported that spine areal BMD and measures of disease
duration and severity did not predict occurrence of incident vertebral fractures in adolescents
and young adults with AN using the Genant semiquantitative technique. Of note, in this
study, 12.5% of the women developed incident vertebral fractures over 18 months of follow-
up (Divasta, et al. 2014b).

Surrogate Markers of Bone Turnover

In order to better understand the pathophysiology underlying changes in bone density and
structure in AN, it is important to examine surrogate markers of bone turnover. Normal
adults and adolescents differ in patterns of biochemical markers of bone turnover and
patterns are different in AN as well. Adult women with AN have a decrease in markers of
bone formation (Grinspoon, et al. 1996; Hotta, et al. 1998) and an increase in markers of
bone resorption (Grinspoon et al. 1996; Hotta et al. 1998; Zipfel, et al. 2001), consistent
with an uncoupling of bone turnover leading to impaired bone metabolism. In contrast,
adolescent girls and boys with AN have a “low turnover state” with decreases in both bone
formation and bone resorption markers (Misra, et al. 2011; Soyka et al. 2002), reflective of a
coupled decrease in bone turnover. These findings are in contrast to the increased bone
turnover state of normal adolescence (Mora, et al. 1999).

Effects of Weight Gain and Menstrual Recovery on Bone Parameters

Recovery from AN is key to improving bone health. In adults with AN, our studies have
shown increases in bone density following weight gain and/or menstrual recovery. Weight
gain leads to increases in bone density at the total hip, a predominantly cortical site, whereas
menstrual recovery leads to increases in bone density at the spine, a predominantly
trabecular site (Miller, et al. 2006) (Figure 4). Weight gain with menstrual recovery results
in a mean annual increase in BMD of 3.1% at the spine and 1.8% at the hip (Miller et al.
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2006). In adolescents with AN, we have demonstrated a modest improvement in bone
accrual rates following weight gain and menstrual recovery, and not to the extent seen in
normal-weight healthy controls (Misra et al. 2008b). This, however, is an improvement to
the reductions in bone density observed over time in those who do not gain weight and/or
recover menses (Misra et al. 2008b) (Figure 2). Thus, while bone density Z-scores continue
to decrease in non-recovered adolescents, the decrease in Z-scores is attenuated in those who
gain weight and resume menses. We have also shown that biochemical markers of bone
turnover increase with weight gain in adolescents with AN, and an improvement in bone
turnover markers over the initial six months predicts increases in bone mineral content in the
subsequent six months (Soyka et al. 2002). These data suggest that with persistent weight
recovery, one is likely to see a significant improvement in bone parameters. Data are
currently lacking regarding the impact of weight gain and/or resumption of menses on bone
geometry, microarchitecture, strength estimates and fracture risk.

Factors Contributing to Impaired Bone Metabolism in Anorexia Nervosa

This section discusses the body composition, nutritional and hormonal changes that
contribute to poor bone health in AN. Knowing the determinants of low bone density and
impaired bone structure in AN is essential to develop the appropriate therapeutic strategies
to optimize bone density and structure in adults and adolescents with AN.

Changes in Body Composition

AN is characterized by marked reductions in fat mass, and less marked but significant
reductions in lean mass (Faje et al. 2013b; Miller et al. 2006; Misra et al. 2004a; Soyka et al.
2002). Lower lean mass is an important determinant of lower bone density and impaired
bone structure in adults and adolescents with AN (Faje et al. 2013b; Miller et al. 2006;
Misra et al. 2004a; Soyka et al. 2002). We have also shown that increases in lean mass
following weight gain are strongly predictive of coincident increases in bone density in
adolescents with AN (Soyka et al. 2002). Similar to females, lean mass is an important
determinant of bone density in males with AN, and of HSA parameters (Misra et al. 2013;
Misra et al. 2008a).

Recent studies have examined compartmental fat stores in AN, and our group has reported
higher marrow adiposity using magnetic resonance spectroscopy in women with AN
compared with normal-weight controls (Figure 5) and women who have recovered from AN
(Bredella, et al. 2009; Fazeli, et al. 2012). Increased marrow adiposity in AN is associated
with lower aBMD (Bredella et al. 2009), consistent with reports of a reciprocal relationship
between marrow fat and bone in studies of healthy children and adults (Lewiecki, et al.
2008). Preadipocyte factor-1 (Pref-1) is a member of the epidermal growth factor like family
of proteins that inhibits differentiation of the mesenchymal progenitor stem cell along the
osteoblast pathway, and women with AN have higher Pref-1 levels than controls and
recovered women (Fazeli et al. 2012; Fazeli, et al. 2010a). Higher Pref-1 levels in AN are
associated inversely with aBMD and positively with marrow fat (Fazeli et al. 2010a).
Increased marrow adiposity is believed to reduce biomechanical strength of bone (compared
to hemopoietic marrow) (Schellinger, et al. 2001), and may contribute to increased fracture
risk in AN.
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Cold induced brown adipose tissue (BAT) activity can now be assessed using PET-CT and
PET-MRI scans, and young women with AN are less likely to have cold induced BAT
activity than controls (Bredella, et al. 2012). Because BAT increases energy expenditure and
shivering thermogenesis, reductions in BAT activity likely represent an adaptive mechanism
to conserve energy in AN, a state of very low energy stores (as indicated by marked
reductions in body fat mass). Of importance, BAT activity has also been demonstrated to be
bone anabolic (Lee, et al. 2013; Ponrartana, et al. 2012), thus reductions in BAT activity in
women with AN may also contribute to lower BMD. In fact, positive associations of lower
BAT activity and lower BMD are reported in women with AN (Bredella et al. 2012).

Exercise Activity

There are limited data regarding the impact of exercise activity on bone metabolism in AN.
Although mechanical loading is known to be beneficial to bone health, because exercise
typically leads to increases in energy expenditure, management of AN includes limiting
exercise activity to conserve energy stores.

Calcium and Vitamin D Status

Although it is clear that optimizing calcium and vitamin D status are essential to optimize
bone mineralization, most adults and adolescents with AN have a higher calcium and
vitamin D intake than a control population due to increased use of supplements (Hadigan, et
al. 2000; Misra, et al. 2006b). In adolescents with AN, we have shown that vitamin D intake
is lower than the RDA in only 23% of girls with AN compared with 50% controls, and
calcium intake is lower than the RDA in 41% girls with AN compared to 70% of controls
(Misra et al. 2006b). Consistent with increased supplement intake, 25-hydroxy vitamin D
levels are higher in AN than in controls (Misra et al. 2011). One study has reported that a
daily calcium intake of <600 mg is associated with lower bone density (Castro, et al. 2000).
However, most studies have failed to demonstrate a relationship between calcium or vitamin
D intake and bone parameters in AN.

Changes in Hormonal Axes

AN is associated with marked changes in almost every endocrine axis, and most of these are
adaptive changes that help conserve energy for vital functions, stimulate food intake or
maintain euglycemia. Many of these hormonal changes, however, have potential deleterious
effects on bone. This section will discuss the impact of known hormonal changes in AN on
bone.

Hypothalamic-Pituitary- Gonadal (HPG) Axis—Although amenorrhea is no longer
required for the diagnosis of AN per DSM V criteria, hypothalamic amenorrhea is a
common finding in women with AN. Suppression of the HPG axis is advantageous in a state
of very low energy availability, as reproduction would divert available energy from that
required for maintenance of vital body functions. In adolescents with AN, menarche may be
delayed, and menarchal delay is an important determinant of low bone density (Misra et al.
2004a).
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The gonadal steroids, both estrogen and testosterone, are critical for bone accrual during
adolescence, and for maintaining bone density in adults. Estrogen inhibits osteoclastic bone
resorption (Riggs 2000), and also inhibits sclerostin and Pref-1 (Divasta et al. 2014b; Faje, et
al. 2013a), effects that should lead to an increase in bone density. Sclerostin is a product of
osteocytes which inhibits wnt signaling and thus osteoblastic activity (Modder, et al. 2011).
Pref-1, as previously discussed, decreases differentiation of the mesenchymal progenitor
stem cell along the osteoblast pathway (Wang and Sul 2009). Testosterone acts primarily to
prevent osteoclastic bone resorption following its aromatization to estrogen, and also has
proposed direct bone anabolic effects (Riggs et al. 2002). During adolescence, rising
estradiol levels in girls and aromatization of testosterone to estradiol in boys inhibit
endosteal bone resorption leading to increased cortical thickness, while rising testosterone
levels in boys [along with rising levels of growth hormone (GH) and insulin like growth
factor-1 (IGF-1)] contribute to periosteal bone apposition. In women and adolescent girls
with AN, lower estradiol levels and duration of amenorrhea (Bachrach et al. 1990; Baker, et
al. 2000; Biller et al. 1989a; Castro et al. 2000; Misra et al. 2004a) are key determinants of
low bone density. In boys with AN, low testosterone levels predict low spine BMD whereas
BMI and lean mass predict total hip and femoral neck BMD (Misra et al. 2008a).

Growth Hormone- Insulin like Growth Factor-1 Axis—Puberty is characterized by
increases in GH and IGF-1, both of which are bone anabolic and facilitate periosteal bone
apposition. In contrast, AN is associated with marked reductions in IGF-1 levels in both
adolescents and adults, and low IGF-1 levels correlate with lower levels of bone formation
markers and lower BMD (Grinspoon, et al. 2002; Misra, et al. 2003a; Soyka et al. 2002).
Furthermore, IGF-1 levels correlate positively with measures of bone microarchitecture
(Faje et al. 2013b; Lawson et al. 2010). Despite low IGF-1 levels, GH concentrations are
increased in AN, indicative of a nutritionally acquired hepatic GH resistance (Argente, et al.
1997; Misra et al. 2003a; Scacchi, et al. 1997; Stoving, et al. 1999). Whereas GH
concentrations are strongly associated with concentrations of biochemical markers of bone
turnover in normal-weight adolescents, these associations are lost in girls with AN,
suggesting GH resistance in bone (in addition to the liver) (Misra et al. 2003a). Furthermore,
administration of supraphysiologic doses of recombinant human (rh) GH to adult women
with AN fails to increase IGF-1 levels or levels of bone turnover markers (Fazeli, et al.
2010b), further corroborating the concept of GH resistance.

Hypothalamic-Pituitary-Adrenal Axis—Both adults and adolescents with AN have
higher serum and urinary cortisol levels compared with normal-weight controls (Lawson, et
al. 2009; Misra, et al. 2004b). This state of relative hypercortisolemia may be an adaptive
mechanism in AN, as cortisol is a gluconeogenic hormone. However, hypercortisolemia has
multiple deleterious effects on bone, and girls and women with AN and higher cortisol
levels have lower measures of bone formation markers and lower BMD (Lawson et al. 2009;
Misra et al. 2004b).

Adipokines—Leptin is an adipokine that is anorexigenic and has effects on bone. Whereas

central leptin is deleterious to the axial skeleton (Ducy, et al. 2000; Hamrick, et al. 2004),
peripheral leptin has bone anabolic effects (with possible osteoclast inhibitory effects as
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well), particularly on the appendicular skeleton (Hamrick, et al. 2005; Hamrick et al. 2004).
Levels of leptin are low in AN (Mehler, et al. 1999; Misra, et al. 2005b), likely an adaptive
mechanism to increase appetite, and lower leptin levels are associated with lower fat mass
and bone density measures (Lawson et al. 2010). Adiponectin is another adipokine that is
deleterious to bone based on studies in post-menopausal women and adult men (Biver, et al.
2011; Jurimae, et al. 2008). Levels of adiponectin have been variably reported to be high,
normal or low in adults and adolescents with AN (Amitani, et al. 2013; Housova, et al.
2005; Misra, et al. 2007; Tagami, et al. 2004). At least one study reported that all
adiponectin isoforms should be evaluated in AN (in addition to total adiponectin) and that
percent high molecular weight adiponectin correlates positively with body mass index
(Amitani et al. 2013). We have reported that higher adiponectin levels corrected for fat mass
in girls with AN predict lower spine BMD and BMAD (Misra et al. 2007).

Enteric Hormones—Insulin and amylin are bone anabolic, and levels of both hormones
are reduced in AN and are associated with lower levels of bone formation markers and lower
BMD (Misra et al. 2007; Wojcik, et al. 2010). Ghrelin is an orexigenic hormone and GH
secretagogue, secreted by the gastric fundus (Kojima, et al. 1999). Ghrelin increases
osteoblastic activity in cell cultures, suggestive of bone anabolic effects (Kim, et al. 2005).
Levels of ghrelin are increased in AN compared with normal-weight controls (Lawson, et al.
2011b; Misra, et al. 2004a; Misra, et al. 2005a), likely an adaptive change to increase
appetite and thus caloric intake. Whereas ghrelin levels positively predict bone density in
healthy individuals, we found no associations of ghrelin levels with bone measures in girls
with AN, likely representing a state of ghrelin resistance in AN (Misra et al. 2005a). Finally,
peptide YY (PYY) is an enteric anorexigenic hormone secreted by the endocrine L-cells of
the distal gut (Batterham, et al. 2002) that inhibits osteoblast activity and is thus deleterious
to bone (Wong, et al. 2012). PY'Y levels are paradoxically higher in girls with AN than
controls (Misra, et al. 2006a) and therefore may not be adaptive to the low energy state. In
addition, in contrast to many endocrine abnormalities which reverse with weight gain, PYY
levels may be persistently abnormal even with weight recovery. Higher PYY levels are an
independent predictor of lower levels of bone turnover markers in adolescents and lower
bone density measures in adults with AN (Misra et al. 2006a; Utz, et al. 2008).

Other Hormones—Oxytocin is now known to have anorexigenic and bone anabolic
effects (Tamma, et al. 2009), and oxytocin levels are lower in women with AN than
controls, and are associated with lower BMD (Lawson, et al. 20113).

Figure 6 summarizes the various hormonal contributions to low bone density in AN.

Treatment Strategies to Optimize Bone Density in Adults and Bone Accrual

in Adolescents

All individuals with AN should be assessed for bone density by DXA at diagnosis and at
periodic intervals thereafter depending on disease course. However, DXA results should be
adjusted for body size and interpreted carefully based on guidelines from the International
Society of Clinical Densitometry (Lewiecki et al. 2008; Schousboe et al. 2013). The future
role of clinical role of assessment of bone microarchitecture and strength remains to be
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determined, but is likely important based on the poor correlation of areal BMD measures
with fractures. Management strategies include behavioral modifications, hormone
replacement, and pharmacological therapy.

Weight Gain and Restoration of Menstrual Function

The most important and most effective strategy to improve bone density in AN is
normalization of weight and restoration of menstrual function. We have reported increases
in spine and hip BMD by 3.1 and 1.8% following weight gain and menstrual recovery in
adult women with AN (Miller et al. 2006). Adolescents with AN also have an improvement
in bone density measures following weight gain and menses restoration, although complete
catch-up does not occur (Misra et al. 2008b). This may be because of intermittent relapses or
because of persistence of certain hormonal alterations (such as hypercortisolemia (Misra et
al. 2004b)) that are deleterious to bone.

Calcium and Vitamin D Supplementation

Because calcium and vitamin D intake is typically higher in girls and women with AN than
in controls (Hadigan et al. 2000; Misra et al. 2006b), calcium and vitamin D
supplementation alone is not effective in increasing bone density in this condition
(Klibanski, et al. 1995; Soyka et al. 2002). However, given the known beneficial effects of
calcium and vitamin D (which increases gut absorption of calcium) on bone mineralization,
it is important to optimize intake of these micronutrients in AN if suboptimal.

Hormonal Strategies

An important consideration in managing low bone density in AN is the replacement of
hormones that are low in AN, such as the gonadal steroids and IGF-1. Other hormones that
are low in AN and contribute to low BMD include insulin, leptin, amylin and oxytocin.
However, replacement of these hormones is not currently indicated because of associated
deleterious effects, such as hypoglycemia with amylin, and because of the anorexigenic
effects of leptin. Increases in cortisol, adiponectin and PY'Y are more challenging to address.
Medications that reduce cortisol levels are associated with various adverse effects including
the risk of hypocortisolemia, and there are currently no PY'Y or adiponectin antagonists
available for use in humans.

Gonadal Steroid Replacement—Several studies have examined the effects of estrogen
replacement on bone density in adults and adolescents with AN. Most studies have
demonstrated that oral estrogen replacement as the estrogen-progesterone combination pill is
not effective in increasing bone density in AN in adults or adolescents (Golden, et al. 2002;
Klibanski et al. 1995; Strokosch, et al. 2006). This has variably been attributed to the IGF-1
suppressive effects of oral estrogen from its hepatic first pass effects, and to the dose and
type of estrogen used. In contrast, we have demonstrated in an 18-month randomized
controlled trial (RCT) that physiologic estrogen replacement as transdermal 17-p-estradiol,
which is not IGF-1 suppressive, with cyclic progesterone, increases bone accrual rates at the
spine and hip in adolescents with AN to approximate rates in normal-weight controls, even
after controlling for age and weight changes over time (Misra et al. 2011) (Figure 7). This
results in the maintenance of BMD Z-scores in girls with AN, whereas there is a decrease in
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BMD Z-scores over time in girls with AN randomized to placebo. However, physiologic
estrogen replacement does not lead to an increase in BMD Z-scores; thus “catch-up’ does
not occur, likely because other hormonal alterations persist.

Women with AN are also deficient in testosterone, and in adolescent girls with AN, we have
shown that increases in testosterone levels following weight gain are strongly predictive of
increases in bone density (Soyka et al. 2002). However, testosterone replacement using the
low dose patch to attain testosterone levels in the upper half of the normal range was not
effective in increasing bone density over a one-year period in adults with AN, despite
increases in lean mass and an initial increase in bone formation markers (Miller, et al. 2011).

Finally, some (Gordon, et al. 1999), though not all (Soyka et al. 2002), studies have reported
low levels of the adrenal hormones, DHEA/S, in women with AN, and one study reported
maintenance of BMD Z-scores (Divasta, et al. 2012) and an improvement in femoral cross
sectional area, section modulus, and cortical thickness (by hip structural analysis) (DiVasta,
et al. 2014a) using a combination of oral estrogen-progesterone (anti-resorptive) and DHEA
(weakly bone anabolic) for 18-months in young women with AN.

Low testosterone levels are an important determinant of low bone density in young men and
boys with AN (Misra et al. 2008a), suggesting a role for testosterone replacement in males
with this disorder. However, data are lacking regarding the effects of testosterone
replacement on bone in males with AN.

Supraphysiological Doses of Recombinant Human Growth Hormone or IGF-1
Replacement—Women and girls with AN are in a state of GH resistance with high
concentrations of GH, but low levels of IGF-1 (Argente et al. 1997; Misra et al. 2003a;
Scacchi et al. 1997; Stoving et al. 1999). We performed a RCT to determine whether
administration of supraphysiologic doses of rhGH vs. placebo to adult women with AN
would be effective in overcoming the state of GH resistance and lead to an increase in IGF-1
levels and bone formation markers (Fazeli et al. 2010b). We found that supraphysiologic
doses of rhGH were not effective in increasing IGF-1 levels or levels of bone turnover
markers in adult women with AN. Conversely, these high GH doses led to a further
reduction in fat mass, likely consequent to the direct lipolytic effects of GH. A better
strategy to address the GH resistant state in AN is to administer rhIGF-1 to normalize IGF-1
levels. Utilizing this strategy, we have demonstrated that rhIGF-1 replacement in the short-
term leads to an increase in bone formation markers in adults and adolescents with AN
(Grinspoon et al. 1996; Misra, et al. 2009), and when given for 9-months with oral estrogen-
progesterone is effective in increasing bone density significantly in adult women with AN
compared with double placebo (Grinspoon et al. 2002) (Figure 8). We are currently
conducting an RCT to determine whether addition of rhIGF-1 to transdermal estradiol
replacement (vs. transdermal estradiol alone) is effective in increasing BMD Z-scores in
adolescent girls with AN, and whether this will enable them to ‘catch-up’ such that their
BMD Z-scores approximate that in normal-weight healthy controls.

Recombinant Human Leptin—Because individuals with AN are leptin deficient and
leptin has bone anabolic, a potential strategy to improve bone density in AN is to administer
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rh-leptin. This strategy is intriguing because metreleptin administration has been
demonstrated to also restore menses in 60—70% of normal weight women with hypothalamic
amenorrhea because of its effects on kisspeptin neurons and therefore GnRH pulsatility
(Sienkiewicz, et al. 2011; Welt, et al. 2004). In fact, a study has examined effects of
metreleptin administration on bone in a 9-month RCT in adult women with hypothalamic
amenorrhea, and reported a significant increase in bone mineral content (but not BMD) with
metreleptin (Sienkiewicz et al. 2011). However, leptin administration leads to reductions in
appetite and significant reductions in body weight and fat mass (Sienkiewicz et al. 2011;
Welt et al. 2004), which would be of major concern in AN.

Other Therapeutic Options for Treating Low Bone Density

Other options to treat low bone density in AN include pharmacological therapies such as
bisphosphonates, teriparatide and denosumab.

Biphosphonates—These drugs inhibits osteoclastic bone resorption, and we have
reported a significant increase in BMD in adult women with AN with risedronate compared
with placebo in a one-year RCT (Miller et al. 2011) (Figure 9). In this study, spine and hip
BMD increased by 3% and 2% in women with AN following use of risedronate. However,
in adolescents with AN, a one-year RCT of alendronate vs. placebo reported no
improvement in spine BMD with alendronate (Golden, et al. 2005). These differing results
in adults vs. adolescents with AN may reflect differences in bone turnover in the two age
groups. Whereas bone resorption is increased in adult women with AN (Golden et al. 2005)
(which would suggest that anti-resorptive therapies such as bisphosphonates may be
effective in improving bone density), bone resorption is decreased in adolescents with AN
with an overall reduction in bone turnover (Misra et al. 2011; Misra, et al. 2003b). Thus,
further reductions in bone turnover with bisphosphonates may not be as effective in
improving bone density in an adolescent population. Also, bisphosphonates have an
extraordinarily long half-life, which has raised concerns regarding their use in adolescents
and young women of reproductive age. At this time, bisphosphonate use should be limited to
women with osteoporosis who are having fractures, and should not be used for low bone
density alone.

Teriparatide—Teriparatide is known to be effective in increasing bone density in post-
menopausal women, and we have recently reported an increase in spine BMD following 6-
months of teriparatide vs. placebo in an RCT in older adult women with AN (Fazeli, et al.
2014). This was the first study to show the effectiveness of teriparaptide in this population
and after only 6 months had an effect much greater than all prior therapies used to increase
bone mass in this population. Teriparatide, however, has a black box warning related to
reports of osteosarcoma in animal studies, and should not be used in those with an increased
baseline risk of osteosarcoma, such as children with open epiphyses, individuals with
unexplained elevations of ALP, Paget’s disease, a prior history of external beam radiation
therapy or implant radiotherapy of the skeleton (Product Information: FORTEO(R). Eli Lilly
and Company, Indianapolis, IN, 2004).
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Denosumab—Denosumab is effective in treating post-menopausal osteoporosis (Diab and
Watts 2013a, b). However, at this time, no data are available regarding use of denosumab in
AN.

General Guidelines for Treating Low Bone Density in Anorexia Nervosa

All individuals with AN should have a structured treatment team that includes (at the very
least) a therapist, nutritionist and a physician who is an eating disorder specialist. Every
effort should be made to optimize caloric intake and thus induce weight gain and restoration
of menses. Family based therapies and cognitive behavioral therapy should be implemented
as necessary.

In addition, all individuals with AN should be supplemented with calcium and vitamin D
such that they meet the RDA for these micronutrients (1300 mg of elemental calcium and
600 1U of vitamin D). While it is important to optimize calcium and vitamin D intake,
patients should be cautioned that supplementation alone will not be effective in increasing
bone density in this condition.

Pharmacological therapy may be considered in women with AN with low bone density and a
clinically significant fracture history (per ISCD guidelines) (Lewiecki et al. 2008) if weight
gain strategies are not effective despite best efforts. In addition, hormone replacement
therapy using transdermal 17p-estradiol (100 mcg daily) with cyclic progesterone
(micronized progesterone 100-200 mg daily for 12 days of every month) (Misra et al. 2011)
may be considered in adolescents with AN whose bone density Z-scores are low and are
decreasing over time despite all efforts at weight gain, given that the adolescent years are a
very narrow window in time during which to optimize bone accrual, and deficits incurred at
this time may be permanent.

Conclusion

Low bone density is an important consequence of AN in adults and adolescents and affects
both sexes. Important causes of low bone density include body composition changes and
hormonal alterations. The most important strategy to improve bone density in AN is weight
gain and menstrual recovery. However, this can be difficult to attain in some women,
leading to persistent reductions in bone density over time. Physiologic estrogen replacement
(with cyclic progesterone) has been demonstrated to be effective in increasing bone accrual
rates in adolescents with AN and to maintain bone density Z-scores, although “catch-up’
does not occur. Bisphosphonates are effective in increasing bone density in adult women
with AN, but must be used with caution in women of reproductive age given their very long
half-life and potential for teratogenicity. These medications should be reserved for women
with low bone density and a clinically significant fracture history when weight gain
strategies are ineffective despite best efforts. Studies are ongoing to determine the impact of
other therapeutic strategies to improve bone density in adults and adolescents with AN.
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Figure 1.
Z scores for lumbar spine, hip, and femoral neck bone mineral density (BMD) in girls with

anorexia nervosa (AN) (black bars) and healthy control subjects (white bars). Girls with AN
had significantly lower Z-scores at each site than healthy adolescents. *P< .01; **P<.001.
From Misra et al. Pediatrics 2004;114:1574-1583 Copyright © 2004 by the American
Academy of Pediatrics.
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Figure2.
Change in lumbar bone mineral apparent density (BMAD) and whole body bone mineral

content/height (WB BMC/Ht) measures in anorexia nervosa (AN)-not recovered (black
bars), AN-recovered (gray bars), and healthy adolescents (white bars) over 1-year. AN-not
recovered continued to lose bone mass over the 1-year follow-up period, and change in bone
density measures was significantly lower in this group compared with controls (Tukey-
Kramer test for multiple comparisons). AN-recovered did not differ from controls for
change in bone density parameters and differed significantly from AN-not recovered for
change in whole body bone density Z-scores. *, P <0.05. From Misra et al. J Clin Endocrinol
Metab 2008;93: 1231-1237. Copyright © 2008 by The Endocrine Society.
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Figure 3.

Volumetric bone mineral density (BMD) assessed by HRpQCT in adolescent girls with
anorexia nervosa (black bars) and normal-weight controls (white bars). Girls with anorexia
nervosa had significantly lower total and trabecular volumetric BMD than controls. *
p<0.05. Adapted from Faje et al. J Clin Endocrinol Metab 2013; 98(5):1923-9. Copyright ©
2013 by The Endocrine Society.
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Figure4.
Impact of weight and/or menstrual recovery on bone density parameters in adult women

with anorexia nervosa not receiving oral contraceptives.

A. Women who both improved weight and resumed menses increased BMD at the PA spine
and hip, compared with those who neither improved weight nor resumed menses.

B. Women who resumed menses increased PA spine BMD (but not hip BMD), compared
with those who did not improve menstrual function.

C. Women who improved weight increased hip BMD (but not PA spine BMD), compared
with those who did not improve weight.

Black bars, PA spine BMD; white bars, hip BMD. *, P< 0.05.

From Miller et al. J Clin Endocrinol Metab 91: 2931-7; 2006. Copyright © by The
Endocrine Society 2006.

J Endocrinol. Author manuscript; available in PMC 2014 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Misra and Klibanski

Page 23

\ — Lipids

i

~ -
(o))
o -
N
w
N
-
(@)

Figureb5.
1H-magnetic resonance spectra of L4 marrow obtained at 3.0T from a subject with anorexia

nervosa (A) and a age-matched healthy control (B). The prominent lipid resonance in (A)
indicates a relatively higher marrow fat content. From Bredella et al. J Clin Endocrinol
Metab 2009; 94(6): 2129-2136. Copyright © 2009 The Endocrine Society.
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Figure6.
Pathophysiology contributing to impaired bone metabolism in adolescents and adults with

anorexia nervosa (Adapted and reprinted with permission from Curr Opin Endocrinol
Diabetes Obes, 2011; 2011;18(6):376-82. Copyright © 2011 Wolters Kluwer Health |
Lippincott Williams & Wilkins.
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Figure7.

Impact of physiologic estrogen replacement on bone density in adolescent girls with
anorexia nervosa (AN). Girls with AN randomized to physiologic estrogen administration
(AN-E+) had significant increases in bone density at the lumbar spine over 6, 12 and 18
months compared with those randomized to placebo (AN-E-), to approximate bone accrual
rates observed in controls (C) (adjusted for baseline age and weight). From Misra et al. J
Bone Mineral Metab. 26; 2430-2438; 2011. Copyright © by The American Society for
Bone and Mineral Research, 2011.
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Figure8.

Effect of rhIGF-I +/- OCP on BMD. Administration of recombinant human insulin like
growth factor-1 (IGF-1) (30 mcg/kg b.i.d. subcutaneously) increased bone density in adult
women with anorexia nervosa. The effect was most marked when IGF-1 was given with a
birth control pill (Reprinted with permission from the Journal of Clinical Endocrinology and
Metabolism, 2002;87:2888. Copyright © 1999 The Endocrine Society. All rights reserved)
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PA spine BMD increased in women receiving risedronate (solid lin€) over a 12-month
period compared with those receiving placebo (dotted line) (P< 0.0001). Z-scores are
shown. (Reprinted with permission from the J Clin Endocrinol Metab. 2011 July; 96(7):
2081-2088. Copyright © 2011 The Endocrine Society. All rights reserved).
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