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Abstract

Purpose of review—Anorexia nervosa is among the most prevalent chronic medical conditions
in young adults. It has acute as well as long-term consequences, some of which, such as low bone
mineral density (BMD), are not completely reversible even after weight restoration. This review
discusses our current understanding of endocrine consequences of anorexia nervosa.

Recent findings—Anorexia nervosa is characterized by changes in multiple neuroendocrine
axes including acquired hypogonadotropic hypogonadism, growth hormone resistance with low
insulin-like growth factor-1 (likely mediated by fibroblast growth factor-1), relative
hypercortisolemia, alterations in adipokines such as leptin, adiponectin and resistin, and gut
peptides including ghrelin, PYYY and amylin. These changes in turn contribute to low BMD.
Studies in anorexia nervosa have demonstrated abnormalities in bone microarchitecture and
strength, and an association between increased marrow fat and decreased BMD. One study in
adolescents reported an improvement in BMD following physiologic estrogen replacement, and
another in adults demonstrated improved BMD following risedronate administration. Brown
adipose tissue is reduced in anorexia nervosa, consistent with an adaptive response to the energy
deficit state.

Summary—Anorexia nervosa is associated with widespread physiologic adaptations to the
underlying state of undernutrition. Hormonal changes in anorexia nervosa affect BMD adversely.
Further investigation is underway to optimize therapeutic strategies for low BMD.
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INTRODUCTION

Anorexia nervosa is a condition of severe under-nutrition that occurs in 0.3% of adolescents
in the USA and affects primarily girls but is reported increasingly in boys. The prevalence is
likely to increase with liberalization of diagnostic criteria in the Diagnostic and Statistical
Manual of Mental Disorders V (DSM-V), which excludes amenorrhea as a diagnostic
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criterion, and disregards ‘intentions’ such as ‘refusal to maintain weight’ that are difficult to
assess. As of now, however, available endocrine and bone data are based on studies that
used DSM-1V criteria for diagnosis of anorexia nervosa. The importance of this is that
DSM-1V has strict weight criteria for diagnostic inclusion. Adolescence is a critical time of
physiological development, particularly with respect to growth, maturation of the
reproductive axis and bone accrual and is a common time for onset of anorexia nervosa.
Detrimental effects of severe chronic undernutrition on bone development have long been
recognized. When these changes begin during adolescence, they are often not completely
reversible even after resolution of anorexia nervosa. This review discusses the impact of
anorexia nervosa on endocrine axes and bone.

BODY COMPOSITION AND FAT DISTRIBUTION IN ANOREXIA NERVOSA

Lean and fat mass

Anorexia nervosa is characterized by low BMI, fat and lean mass. Adolescent and adult
women with anorexia nervosa have lower trunk fat and trunk to extremity fat ratio compared
with controls [1,2], with reductions in visceral and subcutaneous fat [1,3]. Anorexia nervosa
is now being increasingly identified in males, who in contrast to females have increased
trunk and lower extremity fat than controls, attributed to low testosterone levels [4]. Lower
lean mass affects bone mineral density (BMD) adversely independent of other factors,
attributable to the mechanical effect of muscle pull.

Marrow adipose tissue

Women with anorexia nervosa have increased marrow adipose tissue (MAT) compared with
normal-weight controls, associated with lower BMD [5]. This is consistent with emerging
knowledge regarding the bone—fat connection, and reports of inverse associations of MAT
with BMD in other populations. Adipocytes and osteoblasts originate from a common
marrow progenitor mesenchymal stem cell (MSC), and studies suggest that increased
differentiation along the adipocyte lineage may affect differentiation along the osteoblast
lineage [6,7]. Preadipocyte factor-1 (Pref-1) is a member of the epidermal-like growth factor
family that reduces MSC differentiation along the osteoblast lineage. Pref-1 is higher in
women with anorexia nervosa than controls, associated with lower areal BMD (aBMD) [8],
and Pref-1 and MAT decrease with recovery from anorexia nervosa [9®]. Pref-1 also
decreases following transdermal estrogen administration in adolescents with anorexia
nervosa, associated with improvement in spine BMD [10™™]. These data indicate a
favorable impact of Pref-1 reductions on bone.

Brown adipose tissue

Brown adipose tissue (BAT) is important for cold and diet-induced thermogenesis,
facilitated by its unique uncoupling protein, uncoupling protein (UCP)-1. BAT activity is
associated with energy expenditure, and women with anorexia nervosa have lower BAT
activity than controls [11], likely an adaptive, energy-conserving measure. Lower BAT
activity (‘beige adipose tissue’ as measured by FDG- PET scanning induced by cold) in
anorexia nervosa is also associated with lower BMD and higher Pref-1. This suggests that
BAT may influence regulation of MSC differentiation toward the osteoblast lineage.

ENDOCRINE CHANGES IN ANOREXIA NERVOSA

Anorexia nervosa is characterized by changes in multiple endocrine axes. These changes are
mostly adaptive to the low energy state, but can have deleterious skeletal consequences.
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Growth hormone—insulin-like growth factor-1 axis

Anorexia nervosa is a state of acquired nutritional growth hormone resistance. Girls and
women with anorexia nervosa have increased growth hormone secretion [12,13] subsequent
to increased ghrelin, a growth hormone secretagogue [14,15], and decreased systemic
insulin-like growth factor-1 (IGF-1). Nadir growth hormone following an oral glucose load
is higher in anorexia nervosa than controls [16]. Fibroblast growth factor-1 (FGF-21) levels
in anorexia nervosa correlate positively with growth hormone levels and negatively with
IGF-1 and may mediate growth hormone resistance [17,18]. FGF-21 is produced by
hepatocytes via peroxisome proliferator-activated receptor (PPAR)a stimulation and white
adipocytes via PPARg [19]. It is induced by fasting and reduces IGF-1 by inhibiting
STAT-5, a mediator of intracellular growth hormone effects. Growth hormone favors
gluconeogenesis, and increased growth hormone in anorexia nervosa may maintain
euglycemia despite severe undernutrition. Changes in growth hormone and IGF-1 in
anorexia nervosa are at least partially reversed during refeeding and with recovery. [20]
Administration of supraphysiologic doses of recombinant human (rh) growth hormone to
women with anorexia nervosa fails to increase IGF-1, although it does decrease fat mass,
likely a direct growth hormone effect [21].

Hypothalamic-pituitary-adrenal axis

The hypothalmic-pituitary-adrenal axis is stimulated in anorexia nervosa [22-25], with
increases in cortisol secretion that correlate inversely with BMI and fat mass [22]. Increases
are reported in 24-h urinary free cortisol, overnight and 24-h serum cortisol, late night
salivary cortisol, and abnormal overnight dexamethasone suppression [22-25]. Similar to
growth hormone, cortisol is gluconeogenic, and increases in cortisol and growth hormone
may together maintain euglycemia in anorexia nervosa. Greater trunk fat accumulation with
recovery is attributed to higher baseline cortisol [1], which also predicts menstrual recovery
in adolescents with anorexia nervosa [22]. There are conflicting reports of normal or
decreased dehydroepiandrosterone/sulfate (DHEA/S) secretion in anorexia nervosa [26,27].

Hypothalamic-pituitary-thyroid axis

Adipokines

Severe weight loss in anorexia nervosa is characterized by the sick euthyroid syndrome.
Total T3 is low and reverse T3 elevated from increased peripheral deiodination of T4 to
reverse T3. Thyroid-stimulating hormone (TSH) is normal or slightly low, and the TSH
response to exogenous thyrotropin releasing hormone (TRH) administration is blunted [28].
During recovery, total T3 rises with the rising metabolic rate [28]. Reductions in T3 are
likely adaptive to the starved state to reduce metabolic rate.

Leptin is anorexigenic, and basal and pulsatile leptin secretion is reduced in anorexia
nervosa [29] associated with reductions in subcutaneous fat [29], an appropriate adaptive
response to starvation to reduce appetite suppressive effects. Leptin also stimulates GnRH
secretion, and low leptin may contribute to hypogonadism in anorexia nervosa. Adiponectin
increases insulin sensitivity by modulating PPARg, and adiponectin is increased in anorexia
nervosa after controlling for fat mass [30,31], particularly the low-molecular-weight
multimer [32®]. Levels are higher in women with the binge-purge subtype of anorexia
nervosa compared with the restrictive subtype [33]. Irisin is a novel myokine and adipokine
induced by exercise [34] and involved in the browning of white adipose tissue, making it
metabolically active and capable of increasing thermogenesis. Irisin is lower in women with
anorexia nervosa than controls, associated with lower BMI [35®]. Decreased irisin likely
represents another adaptive mechanism to conserve energy by reducing browning of white
fat.
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Gut neuropeptides

Ghrelin is an appetite-stimulating peptide secreted by the stomach that is a growth hormone
and adrenocorticotropic hormone (ACTH) secretatogue and an inhibitor of gonadotropin
secretion. Acylated ghrelin stimulates appetite, whereas both acylated and deacylated forms
inhibit gonadotropins [36,37]. Girls with anorexia nervosa have higher ghrelin than controls,
associated with lower BMI and fat mass [15], another adaptive response to a starved state. In
a pilot study in five women with restrictive anorexia nervosa who were motivated to gain
weight but could not because of gastrointestinal discomfort, preprandial ghrelin infusion
increased appetite and decreased postprandial bloating [38™]. Randomized controlled
studies are necessary to confirm these findings. Peptide YY (PYY) is an anorexigenic
hormone secreted by L-cells of the gut, whose levels correlate inversely with fat mass across
the BMI spectrum [39]. Unlike other endocrine changes, higher PYY in anorexia nervosa
compared with controls is not an adaptive response, and levels persist high despite weight
gain. Amylin is secreted by pancreatic b cells in a 1:1 molar ratio with insulin, and levels are
lower in anorexia nervosa than controls [30,31,40]. Glucagon like peptide (GLP)-1, which
induces satiety, is decreased in anorexia nervosa [41].

Hypothalamic-pituitary-gonadal axis

Hypothalamic amenorrhea is common in anorexia nervosa, and can be primary or
secondary. Earlier studies have shown immature luteinizing hormone (LH) pulses in
anorexia nervosa [42], including a prepubertal pattern of low amplitude pulses or an early
pubertal pattern of night-time entrainment of LH pulses, which reverse with weight gain.
Estradiol and total and free testosterone levels are low [27,43].

Leptin stimulates, whereas ghrelin inhibits gonadotropin secretion. Decreased leptin and
increased ghrelin levels in anorexia nervosa may thus contribute to the hypogonadal state
[29]. Weight gain is associated with increases in leptin; however, this does not always
predict menstrual recovery [22,44]. Administration of metreleptin causes resumption of
menses in up to 70% of women with hypothalamic amenorrhea and induces ovulatory cycles
in about 40%. However, metreleptin causes reductions in fat mass [45], even when the dose
is carefully titrated to prevent weight loss observed in an earlier study [46].
Hypercortisolemia, known to suppress GnRH secretion, may also contribute to
hypogonadism in anorexia nervosa. Menstrual recovery in girls with anorexia nervosa
depends on many factors, including changes in fat mass, leptin and cortisol [22,47,48].

BONE CONSEQUENCES IN ANOREXIA NERVOSA

Low BMD is characteristic of anorexia nervosa. This is especially critical in adolescence, a
time when bone accrual peaks. Higher rates of fractures are reported in anorexia nervosa
compared with controls [49]. Low BMD in girls with anorexia nervosa is associated with
decreased bone turnover [43,50], unlike adult women with anorexia nervosa who have an
uncoupling of bone turnover with an increase in bone resorption but a decrease in bone
formation [50].

Both cortical and trabecular bone are affected in anorexia nervosa, although trabecular bone
is more severely affected than cortical, which may reflect the dramatic impact of estrogen
deficiency [51]. Evaluation of bone microarchitecture using ultra-high-resolution peripheral
quantitative computed tomography (QCT) corroborates dual energy x-ray absorptiometry
(DXA) reports of impaired bone status. In girls, bone trabecular volume and trabecular
thickness are decreased, whereas trabecular separation is increased [52]. Adolescents with
anorexia nervosa have lower cortical area and thickness, and increased cortical porosity
[53™™], and finite element analysis estimates of bone strength, such as stiffness and failure
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load, are lower than in controls [53™™]. Abnormalities in bone microarchitecture may
precede changes in aBMD in anorexia nervosa [52].

Hip structural analysis (using DXA) in boys demonstrates lower cross-sectional area and
cross-sectional moment of inertia at the narrow neck, trochanteric region and femoral shaft
in anorexia nervosa than controls, after controlling for age and height [54®]. They also have
lower cortical thickness and greater buckling ratio at the trochanteric region. These changes
suggest reduced strength at a predominantly cortical site.

Hypogonadism and later menarchal age are important contributors to low BMD in anorexia
nervosa. Estrogen decreases osteoclastic bone resorption by inhibiting secretion of
proinflamma-tory cytokines, and reducing receptor activator of nuclear factor x-B ligand
(RANKL) activity by increasing osteoprotegerin (OPG) [55]. In anorexia nervosa, levels of
proinflammatory cytokines are high [56,57] and may increase bone resorption. Despite low
estrogen, OPG levels are high in anorexia nervosa associated inversely with BMD [58].
Effects of estrogen on bone are also attributed to reductions in sclerostin, a product of the
SOST gene and a glycoprotein secreted by osteocytes. The SOST gene has estrogen response
elements in its promoter region [59]. Sclerostin inhibits osteoblast activity by inhibiting Wnt
signaling, and stimulates osteoclasts by increasing receptor activator of nuclear factor x-B
(RANK) activation by RANKL [60]. Whereas higher sclerostin is associated with increased
levels of bone turnover markers in controls, this relationship is disrupted in anorexia nervosa
[61™]. Of note, physiologic estrogen replacement in anorexia nervosa girls causes an
improvement in BMD without changes in sclerostin [61®].

Another important hormonal determinant of low BMD in anorexia nervosa is growth
hormone resistance with low IGF-1. Although growth hormone is bone anabolic, girls with
anorexia nervosa have low BMD in the setting of high growth hormone, consistent with
skeletal growth hormone resistance [12]. This is further supported by a lack of increase in
bone turnover markers in anorexia nervosa following supraphysiologic doses of rhGH [21].
Small studies have shown an increase in bone formation markers following recombinant
human insulin like growth factor-1 (rhIGF-1) administration in girls with anorexia nervosa
[62], and an improvement in BMD when administered with estrogen in adults [63]. Larger
trials are necessary to conclusively determine the impact of IGF-1 replacement on bone.

Other hormonal determinants of low BMD in anorexia nervosa include relative
hypercortisolemia [25,64], low leptin, insulin, amylin and oxytocin [30,40,65], and high
PYY and adiponectin [30,64—66]. Leptin affects BMD independent of weight in anorexia
nervosa [67]. Rodent studies suggest variable paracrine and endocrine effects of adiponectin
on bone [68], and adiponectin is inversely associated with BMD in anorexia nervosa [30].
Ghrelin receptors are present on osteoblasts and ghrelin may inhibit osteoclastogenesis [64].
The positive association between ghrelin and BMD in healthy girls is not observed in
anorexia nervosa, suggestive of ghrelin resistance [15]. PY'Y acts through the Y2 receptor,
and Y2 receptor knockout mice [69,70] and PY'Y null mice [71] have increased trabecular
bone mass, whereas PY'Y transgenic mice have decreased bone mass [71]. Consistent with
this, elevated PY'Y in anorexia nervosa is associated with lower levels of bone turnover
markers in adolescents [64,66], and lower BMD in adults [66]. Furthermore, oxytocin is
bone anabolic and nocturnal oxytocin is decreased in anorexia nervosa compared with
controls associated with decreased BMD [65].

Current therapeutic strategies for low body mineral density in anorexia nervosa

In girls, increases in weight and lean mass predict improvements in aBMD, emphasizing the
importance of recovery [43]. In adults, menstrual recovery increases spine aBBMD whereas
weight recovery causes preferential increases in hip aBMD [72].

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2015 February 01.
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Despite the important role of hypogonadism in causing low BMD, oral estrogen is not
effective in increasing aBMD in anorexia nervosa [73—75]. This may be because oral
estrogen decreases IGF-1 production by the liver, an important bone trophic hormone
already low in anorexia nervosa. However, physiologic estrogen replacement as the 100-pg
transdermal estradiol patch (with cyclic progesterone) increases spine and hip aBMD and
allows maintenance of BMD z scores [76]. Although physiologic estrogen replacement
prevents ongoing bone loss in anorexia nervosa, it does not result in complete catch-up,
likely because other hormonal deficiencies persist. Administration of DHEA with oral
estrogen also maintains aBMD in women with anorexia nervosa [77]. Preliminary data
indicate that IGF-1 replacement may improve BMD in an estrogen replete state [62,78], and
long-term studies are underway to evaluate the efficacy of transdermal estradiol with
rhiGF-1 on bone accrual in girls with anorexia nervosa.

Bisphosphonates do not increase spine aBMD in girls with anorexia nervosa after
controlling for weight changes [79], likely because bisphosphonates act by decreasing bone
turnover, already reduced in adolescents with anorexia nervosa. A recent trial in adults with
anorexia nervosa reported that risedronate decreased bone resorption and increased aBMD
[80]. Owing to their long half life and potential teratogenicity, bisphosphonates should not
be used in reproductive age women until their efficacy and safety are established.

CONSEQUENCES OF ENDOCRINE CHANGES IN ANOREXIA NERVOSA ON
NEUROCOGNITION, ANXIETY AND MOOD

Adults with adolescent-onset anorexia nervosa and menstrual dysfunction have cognitive
impairment across a wide range of domains, and menstrual recovery (spontaneous or
estrogen induced) results in improvement in certain domains, suggestive of an impact of
estrogen on cognition [81]. Also, physiologic estrogen replacement in adolescents with
anorexia nervosa improves trait anxiety without influencing eating attitudes and body shape
perception, and prevents increases in body dissatisfaction scores with weight gain observed
with placebo [82®™®], |n addition, decreased testosterone levels are related to anxiety,
depression and disordered eating behavior in anorexia nervosa [83], and very low-dose
testosterone therapy improves depression scores in treatment resistant adult women [84].
The degree of cortisol elevation is also related to anxiety scores in anorexia nervosa [25].
Finally, oxytocin has anxiolytic and antidepressant effects. Although nocturnal oxytocin is
lower in anorexia nervosa than controls, postprandial levels are higher [85,86™], associated
with higher anxiety and depression [86™]. Because food intake can be stress-provoking in
anorexia nervosa, higher post-prandial oxytocin may be adaptive to cope with the stress of
food intake.

CONCLUSION

Anorexia nervosa is a state of chronic undernutrition with multiple adaptive endocrine
changes that affect bone adversely. The most effective strategy to increase BMD is weight
gain and menstrual recovery. However, this can be difficult to attain and maintain; relapses
are common. Physiologic estrogen replacement, primarily transdermal, improves BMD in
adolescent anorexia nervosa, and studies are underway to evaluate the impact of IGF-1
replacement on bone density and structure. Further investigation is necessary to clarify the
bone—fat connection in anorexia nervosa, and develop additional therapeutic options.
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