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Abstract
Introduction—Anorexia nervosa is a psychiatric illness that results in significant bone loss. Studies
examining the neuroendocrine dysregulation that occurs in AN may increase understanding of
endocrine systems that regulate bone mass. PYY is an anorexigenic peptide derived primarily from
the intestine, with actions mediated via activation of Y-receptors. We have previously shown that
PYY levels are elevated in adolescents with AN. Y2 receptor knockout mice have increased bone
mineral density (BMD) and thus PYY may play a role in regulating bone mass. We hypothesized
that PYY levels would be inversely associated with BMD in women with AN.

Methods—This was a cross-sectional study performed in a General Clinical Research Center of 12
adult women with AN, (mean ± SEM) mean age 30.9 ± 1.8 years, BMI 17.1 ± 0.4 kg/m2, and % ideal
body weight 77.5 ± 1.7%. PYY concentrations were measured hourly from 20:00 h to 08:00 h. BMD
was measured using dual x-ray absorptiometry (DXA).

Results—In women with AN, mean overnight PYY levels strongly inversely correlated with BMD
at the PA spine (r = −0.77, p = 0.003), lateral spine (r = −0.82, p = 0.002), total hip (r = −0.75, p =
0.005), femoral neck (r = −0.72, p = 0.009), total radius (r = −0.72, p = 0.009) and 1/3 distal radius
(r = −0.81, p = 0.002). Body mass index was inversely correlated with PYY level (r = −0.64, p =
0.03). Multivariate stepwise regression analysis was performed to determine the contribution of age,
duration of AN, BMI, fat-free mass, and PYY to BMD. For PA and lateral spine, PYY was the
primary determinant of BMD, accounting for 59% and 67% of the variability, respectively. Fat-free
mass and duration of anorexia nervosa were the primary determinants of BMD at other skeletal sites.

Conclusions—In women with anorexia nervosa, an elevated PYY level is strongly associated with
diminished BMD, particularly at the spine. Therefore further investigation of the hypothesis that
PYY may contribute to the prevalent bone pathology in this disorder is merited.
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Introduction
Recent data suggest that the hypothalamus plays a direct role in the regulation of BMD [1–5].
The discovery of the molecular circuitry that links leptin signaling to alterations in BMD
initiated an active area of investigation [1]. It has been established that leptin receptors are
expressed in high density on neuropeptide Y (NPY)-secreting neurons in the arcuate nucleus
[6] and that suppression of NPY release by leptin mediates anorexigenic effects [7–9].
However, a decline in NPY does not appear to be the mechanism for leptin’s negative effect
on BMD, as intracerebroventricular infusion of NPY also has a deleterious impact on BMD
[1]. These data have inspired studies, primarily via knockout mouse models, to examine the
role of NPY neuron signaling in the regulation of BMD [3,4].

NPY is a member of the neuropeptide Y family of molecules, which additionally includes
peptide YY (PYY) and pancreatic polypeptide (PP). These peptides bind with differing
affinities to receptors of the Y-receptor family (Y1, Y2, Y3, Y4, and Y5 in humans, plus y6 in
rodents) [10]. Whereas Y1 and Y5 receptors are believed to primarily mediate feeding behavior
[11,12], studies of Y2 and Y4 receptors suggest a role in controlling BMD [3,4]. Y2 receptors
are expressed on NPY-secreting neurons in the arcuate nucleus and are believed to act as auto-
receptors to decrease the release of NPY [13–15]. Peptide YY (PYY) is a gut-derived hormone
that is released from intestinal endocrine cells in response to food intake [16]. PYY circulates
in two forms, PYY1–36 and PYY3–36, with PYY3–36 predominating [17]. Whereas PYY1–36
has affinity for Y1, Y2, and Y5 receptors, PYY3–36 is selective for Y2 receptors [18,19]. As
Y2 receptor knockout mice demonstrate an increase in trabecular bone volume and BMD by
increased formation via hypothalamic signaling [3], we hypothesized that an increase in Y2
signaling may lead to a decline in BMD and that Y-receptor ligands may impact bone dynamics
in humans. Thus conditions that increase or are associated with elevated levels of PYY may
lead to detrimental effects on BMD.

Anorexia nervosa is a disease of severe caloric restriction that is commonly associated with
low BMD, such that almost one-third of adults have osteoporosis [21]. Therefore mechanisms
leading to bone loss are important to identify. Several previous studies have suggested that
females with anorexia nervosa have elevated PYY levels relative to normal weight or obese
individuals [22–25]. This is the first study to demonstrate a strong association between elevated
PYY values and lower BMD in women with anorexia nervosa, suggesting a possible
contribution of PYY to the severely low BMD found in this disorder. These data demonstrate
an inverse correlation between body mass index and PYY values and suggest that further
studies are needed to determine whether PYY has an independent deleterious effect on BMD.

Materials and Methods
Subjects

Twelve women with anorexia nervosa, as defined by DSM-IV criteria, were recruited for this
study. Inclusion criteria were a weight less than 85% of ideal body weight as defined by the
1983 Metropolitan Life Insurance Tables, age 18 to 45 years old, normal TSH or free T4 levels,
and BMD T-score < −1.0. Women were excluded if they had a condition known to affect bone,
such as renal failure or alcohol abuse. All but one woman had previously used combination
oral contraceptive pills, and two women were actively taking the medications at the time of
the study. One woman had previously taken a bisphosphonate for 4 months but discontinued
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the medication greater than one year prior to the start of the study. Methods of recruitment
included advertisements in local community newspapers, posted advertisements on local
college campuses, and by referral from local physicians. The study was approved by the
Partners Human Research Committee Institutional Review Board, and all subjects provided
informed consent prior to participation.

Experimental protocol
Eligible subjects underwent an overnight stay at the Massachusetts General Hospital General
Clinical Research Center. Height was measured in triplicate using a stadiometer, and weight
was measured on an electronic scale. BMI was calculated as [weight (kg)/(height (m))2]. Frame
size (small, medium, or large) was determined from a standardized measurement of elbow
width, gender, and age [26]. Blood samples were obtained every hour beginning at 20:00 h and
continuing until 08:00 h the following morning via an indwelling intravenous catheter. BMD
[posterior-anterior (PA) lumbar spine, lateral lumbar spine, total hip, femoral neck, total radius,
and 1/3 distal radius] and fat and fat-free mass measurements were obtained by dual energy x-
ray absorptiometry (DXA) (Hologic 4500, Waltham, MA). Volumetric BMD was calculated
using the following formulas for bone mineral apparent density (BMAD): L2 – L4 spine
BMAD = bone mineral content (BMC) / projected area (Ap)3/2 and femoral neck BMAD =
BMC / (Ap)2 [27].

Biochemical measurements
Serum PYY was measured using a human PYY radioimmunoassay (RIA) (Phoenix
Pharmaceuticals, Inc., Belmont, CA). This assay detects both PYY1–36 and PYY3–36 peptides.
Intra-assay coefficient of variation (CV) of the assay is 6 – 10% and inter-assay CV is 14 –
21%. Serum IGF-I was measured using a solid-phase, enzyme-labeled chemiluminescent
immunometric assay (Immulite; Diagnostic Products Corp.). The intra-assay CV is 3.8% and
inter-assay CV is 5.4% at 169 ng/ml. IGF-I can be converted to SI units (μg/liter) by multiplying
by 1.

Statistical analysis
Data were analyzed using the JMP program (version 4, SAS Institute, Inc., Cary, NC).
Univariate regression models were constructed to determine whether there was an association
between the following variables and BMD at each regional skeletal site: PYY, IGF-1, BMI,
fat-free mass, age, and duration of anorexia nervosa. The three variables with the strongest
association with BMD at each site were entered into a stepwise regression model to investigate
factors associated with the variability of BMD at each site among the group. Because BMI and
fat-free mass were co-linear (r=0.76, p=0.0039), when both variables were among the strongest
correlates with BMD, only the most strongly associated with BMD of the two was entered into
the model. Multivariate regression modeling was used to control for BMI.

Results
Twelve women with anorexia nervosa, as defined by DSM-IV criteria, were studied. Clinical
characteristic data are presented in Table 1.

PYY levels were measured hourly beginning at 20:00 h and ending at 08:00 h. Hourly sampling
enables an integrated measure of PYY levels overnight. A mean PYY value was calculated
over the 12-hour sampling period for each subject. Mean PYY levels were inversely correlated
with BMI (r = −0.64, p = 0.03, n = 12) (Figure 1) and fat-free mass (r=−0.71, p=0.01), but not
fat mass (r=−0.36, p=0.25).
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Correlation coefficients were calculated to determine the association between mean PYY
values and regional BMD. At all sites measured, including PA spine, lateral spine, total hip,
femoral neck, total radius, and 1/3 distal radius, there was a significant inverse correlation
between mean PYY level and BMD (Figure 2). After controlling for BMI, negative correlations
of PYY with PA spine (p=0.05), lateral spine (p=0.01) and distal 1/3 radius (p=0.03) remained
significant. There was a trend toward a correlation at the total hip (p=0.06). Associations
between PYY and both femoral neck (p=0.12) and total radius (p=0.19) were no longer
significant. In addition, correlations remained significant (p < 0.02 for spine and radius and p
< 0.04 for hip measurements) after controlling for exogenous estrogen/progesterone use in two
subjects. Linear regression models were constructed to determine the relationship between
BMD and the following variables: age, duration of anorexia nervosa, BMI, fat-free mass, fat
mass and IGF-1 concentrations. There were no significant associations between BMD at any
site and either fat mass or IGF-1. Linear regression models for all other variables are presented
in Table 2. Table 3 presents the results of stepwise regression modeling to determine the relative
contribution of the strongest correlates on linear regression modeling to the variability of BMD
among the group at each skeletal site (n = 12 for all bone regions except n = 11 for lateral
spine). Mean PYY levels accounted for the largest proportion of the variability in BMD at the
PA and lateral spine, whereas fat-free mass was the most important determinant of the
variability of BMD at the femoral neck and distal radius, BMI accounted for the largest percent
of the variability at the total radius, and the duration of anorexia nervosa was the primary
determinant of BMD at the total hip.

Bone size in individuals with anorexia nervosa may be smaller than in a control population
and thus standard areal BMD may underestimate BMD [28]. To control for potential decreased
bone size in this AN population, volumetric BMD was calculated and compared to mean PYY
levels. At the femoral neck the correlations for areal and volumetric BMD versus mean PYY
were r = −0.72, p = 0.009 and r = −0.65, p =0.02, respectively. At L2 – L4 PA spine, the
correlations for areal and volumetric BMD versus mean PYY were r = −0.81, p = 0.002 and r
= −0.78, p = 0.003, respectively. In stepwise regression analysis, only mean PYY was
significantly associated with the variability of L2 – L4 PA spine volumetric BMD, accounting
for 61% of the variability.

Discussion
While the role of hypothalamic hormones in regulating eating behaviors has received
significant attention over the last decade, the dual function of these hormones in controlling
BMD is a new area of investigation. Previous studies in mice have revealed that leptin signaling
and Y receptor activation are involved in the central nervous system control of BMD [1]. Leptin
has been proposed to activate the sympathetic nervous system and adrenergic activity, via β2
receptors, which in turn inhibits osteoblast activity [2]. The downstream mechanism connecting
Y receptor activation to decreased BMD has yet to be elucidated.

Y receptors are activated by NPY, PYY, and pancreatic polypeptide (PP) and the specificity
of receptor activation is dictated by the affinity of the peptides for each receptor subtype [10].
NPY and PYY1–36 have similar affinities for Y1, Y2, and Y5 receptors, whereas PYY3–36 has
selective affinity for Y2 receptors [18,19]. Pancreatic polypeptide has highest affinity for Y4
receptors [10]. NPY is a neurotransmitter that is synthesized and released from neurons,
whereas PYY and PP are gut-derived hormones that circulate with effects at distant central and
peripheral sites [10]. As NPY and PYY have similar receptor affinity profiles, PYY may be a
link between the periphery and central nervous system for regulating eating behavior and BMD.

Much of the previous research concerning PYY has focused on its role in regulating energy
intake. PYY is released from intestinal cells following caloric intake [16]. Obese individuals
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have lower fasting PYY levels and a suppressed rise in PYY following a meal, compared to
normal weight individuals [29]. Studies in humans and rodents have shown that systemic
PYY3–36 infusion decreases caloric intake, even in obese subjects [29,30]. However, others
have been unable to reproduce the anorexic effects of PYY3–36 central or peripheral infusion
[31]. PYY3–36 binds with high affinity to the Y2 receptor and activation of auto-inhibitory Y2
receptors on NPY neurons potentially provides negative feedback for NPY release [13–15].
The suppression of NPY release is the proposed mechanism for the anorectic effects of
PYY3–36 infusion as Y2 receptor knockout mice do not have appetite suppression with PYY
infusion [30].

Most previous studies have reported elevated PYY levels in subjects with anorexia nervosa
relative to normal weight individuals [22,24,25]. Changes in PYY levels with weight gain are
conflicting, with one reporting a decrease [24] and the other no change [25] in PYY levels
following an increase in weight. Our group has shown that in adolescent girls with anorexia
nervosa, BMI and PYY levels were inversely correlated, and a trend toward a decrease in PYY
levels followed weight recovery [22]. Our data show an inverse association between BMI and
PYY levels in adult women with anorexia nervosa. By examining a time-course of PYY over
12 hours, our data provide a more integrated assessment of PYY values in this population. In
comparing secretion patterns between the extremes of BMI, we found that PYY levels were
persistently elevated throughout the sampling period. Whether PYY plays a role in initiation
or perpetuation of the food-restriction in anorexia nervosa has yet to be determined.

Both leptin and PYY are peripherally-released molecules which are long-term and short-term
signals, respectively, of the energy-replete state [16,32]. Their effects in the central nervous
system are to decrease subsequent caloric intake. Additionally, leptin has been shown to be
catabolic with respect to BMD [1]. As suggested by our data, the elevated levels of PYY in
anorexia nervosa and the associated low BMD characteristic of this disorder suggest that PYY
may act similarly to leptin, as a catabolic signal to bone. Assuming that leptin and PYY both
relay a catabolic signal to bone, the magnitude of their effect may be highlighted by examining
human phenotypes at opposite extremes, obesity and anorexia nervosa. Obese individuals have
elevated leptin and low PYY levels, whereas individuals with anorexia nervosa have low leptin
and elevated PYY levels. Because obesity is associated with increased BMD [33] and anorexia
nervosa with decreased BMD [21], this may imply that, if these peptides exert independent
effects on bone, PYY may have a dominant effect on bone compared to leptin. To our
knowledge, our data are the first to show a significant association between PYY levels and
BMD in osteopenic women. The strong correlation between PYY levels and BMD suggest the
possibility that PYY plays a critical role in the central nervous system regulation of BMD, and
further studies in larger populations are warranted.

Y2 receptor knockout mice have a two-fold increase in trabecular bone volume at the distal
femoral metaphysis with increased trabecular number and thickness, and a trend, but no
statistically significant increase, in cortical bone. Osteoclast surface was not affected but
osteoclast number was reduced. Osteoblast surface, osteoblast number, osteoid surface, and
mineralizing surface were all unaffected but rates of mineral apposition and bone formation
were increased. As there is no detectable Y receptor expression in bone, this was believed to
represent an effect mediated within the central nervous system. These data suggest that
signaling through the Y2 receptor suppresses bone formation, particularly trabecular bone
[3]. As PYY3–36 is a preferential Y2 receptor agonist, we hypothesized that states of PYY
excess, such as anorexia nervosa, may be detrimental to BMD. Our data are in agreement with
this hypothesis, as they demonstrate strong inverse correlations between PYY and BMD in the
spine, a region with an increased proportion of trabecular bone. In addition, in a study by Misra
et al., PYY was found to negatively correlate with markers of bone formation and resorption
[22] supporting a role for PYY in the regulation of BMD. However, in contrast with the data

Utz et al. Page 5

Bone. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regarding the effects of the Y receptor knock-out effects on bone, Wortley et al. have recently
reported a PYY-knock-out mice model with an osteopenic phenotype, including a reduction
in trabecular bone mass and decrease in bone strength [20]. Therefore, an alternative plausible
hypothesis is that the high PYY levels in anorexia nervosa may reflect resistance at the level
of bone to the positive effects of the PYY. Interestingly, in multivariate stepwise analyses,
PYY was more strongly associated with the variability in spine BMD in anorexia nervosa than
any other variables entered into the model. However, the use of regression modeling does not
prove a causal relationship between PYY levels and BMD, and we cannot rule out that the
association observed may simply reflect the strong inverse relationship between PYY and BMI.
However, the fact that such strong associations were seen, even within a relatively small group,
suggests that further research into a possible role for PYY in reducing BMD is warranted.
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Figure 1. PYY is inversely associated with BMI in women with anorexia nervosa
There was a strong inverse correlation between body mass index and mean PYY concentration
over a 12-hour sampling period in this group of women with anorexia nervosa. PYY, peptide
YY; BMI, body mass index.
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Figure 2. PYY is inversely associated with bone mineral density in women with anorexia nervosa
In women with anorexia nervosa, mean PYY is inversely associated with BMD at each of the
following sites: (A) PA spine, (B) lateral spine, (C) total hip, (D) femoral neck, (E) total radius,
and (F) 1/3 distal radius. BMD, bone mineral density; PA, posterior-anterior; PYY, peptide
YY.
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Table 1
Clinical characteristics of women with anorexia nervosa

Mean ± SEM

Age (y) 30.9 ± 1.8
Age at diagnosis (y) 18.1 ± 1.6
Weight (kg) 44.8 ± 1.6
BMI (kg/m2) 17.0 ± 0.4
% IBW (%) 77.5 ± 1.7
Fat-free mass (kg) 35.3 ± 1.1
Fat mass (kg) 8.7 ± 0.7
IGF-1 (ng/ml) 144.7 ± 13.1

BMI, body mass index; IBW, ideal body weight; IGF-I, insulin-like growth factor-I. IGF-1 can be converted to SI units (μg/liter) by multiplying by 1
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