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Abstract

Objective—Adolescents with anorexia nervosa (AN) are amenorrheic and have decreased bone
mass accrual and low bone mineral density (BMD). The regulation of mesenchymal stem cell
differentiation is an important factor governing bone formation. Preadipocyte factor 1 (Pref-1), an
inhibitor of adipocyte and osteoblast differentiation, is elevated in states of estrogen deficiency. In
this study, we aim to (i) investigate effects of transdermal estradiol on Pref-1 in adolescent girls
with AN, and (ii) examine associations of changes in Pref-1 with changes in lumbar BMD and
bone turnover markers.

Design—Adolescent girls with AN and normal-weight controls were studied cross-sectionally.
Girls with AN were examined longitudinally in a double-blind study and received transdermal
estradiol (plus cyclic medroxyprogesterone) or placebo for twelve months.

Patients—=69 girls (44 with AN, 25 normal-weight controls) 13-18 years were studied at
baseline; 22 AN girls were followed prospectively.

Measurements—~Pref-1 levels, bone formation and resorption markers, and BMD.

Results—Pref-1 levels decreased in girls with AN after treatment with transdermal estradiol
compared with placebo (-0.015+0.016 vs. 0.060+0.026 ng/ml, p=0.01), although at baseline,
levels did not differ in AN versus controls (0.246+0.015 vs. 0.267+0.022 ng/ml). Changes in
Pref-1 over twelve months correlated inversely with changes in lumbar BMD (r=-0.48, p=0.02)
and positively with changes in CTX (r=0.73, p=0.006).

Conclusions—For the first time, we show that Pref-1 is negatively regulated by estradiol in
adolescent girls with AN. Inhibition of Pref-1 may mediate the beneficial effects of transdermal
estradiol replacement on BMD in girls with AN.
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Introduction

Mesenchymal stem cells (MSC) are the progenitor cells for osteoblasts and bone marrow
adipocytes.! Differentiation of MSC into an osteoblast or adipocyte lineage may influence
bone formation depending on whether there is increased osteoblastogenesis or increased
adipogenesis. Recent studies have demonstrated an inverse relationship between bone
mineral density (BMD) and bone marrow fat content in adolescents and adults.2~® Several
studies have suggested that age-related bone loss may be linked to higher levels of marrow
adiposity.>® Pathologic conditions characterized by bone loss, such as prolonged
immobilization increase marrow adiposity’ and we have reported higher marrow fat content
in women with anorexia nervosa (AN) compared with normal weight controls.®

Multiple hormones regulate MSC differentiation. Whereas estrogen promotes
osteoblastogenesis,® insulin-like growth factor 1 (IGF-1) may dually stimulate adipocyte and
osteoblast differentiation.1? Glucocorticoids have also been shown to stimulate adipocyte
differentiation.1! Most individuals with AN have low BMD1213 and are typically estrogen
deficient due to hypogonadotropic hypogonadism, relatively IGF-1 deficient due to acquired
growth hormone resistance secondary to undernutritionl4 and are hypercortisolemic.1®

Pref-1 is a member of the epidermal growth factor (EGF)-like protein family that is highly
expressed by adipocyte precursor cells and inhibits adipocyte and osteoblast
differentiation.16-18 In recent studies in adult women with AN, we showed that Pref-1 levels
were elevated compared to normal weight women and normalized in AN after weight
recovery. In those studies Pref-1 levels correlated positively with bone marrow fat content
and inversely with BMD.19:20 Women with exercised-induced hypothalamic amenorrhea
also have elevated levels of Pref-1, and these levels inversely correlate with BMD.2! These
studies in women with AN and hypothalamic amenorrhea, pathologic states of
hypogonadism, are consistent with data in postmenopausal women regarding the effects of
estrogen deficiency on Pref-1 levels. In a large comparison study of pre- and
postmenopausal women, Pref-1 levels were elevated in the postmenopausal group and
decreased significantly with estrogen replacement therapy.22

Adolescence is a period characterized by marked increases in bone accrual in healthy
individuals, and bone marrow fat content is inversely related to bone mineral density in
adolescence.23 Girls with AN have reduced bone accrual during adolescence compared to
healthy controls.23 Bone metabolism and bone turnover in adolescents differs from adults.
Adolescence is normally a period of high bone turnover subsequent to bone modeling and
remodelling, and bone formation exceeds bone resorption as peak bone mass accrues.24
Although adult women with AN have decreased bone formation and increased bone
resorption, adolescents with AN have decreases in both bone formation and resorption.
Pref-1 levels and the effect of estrogen administration have not been investigated in
adolescents with AN. We hypothesized that Pref-1 levels would be elevated in girls with
AN, a state of estrogen deficiency.

In addition, we have previously reported that transdermal estradiol increases BMD in
adolescents with AN,25 and this effect is not mediated by sclerostin,26 an osteocyte derived
hormone that inhibits osteoblasts and decreases with estrogen use in postmenopausal women
and elderly men.27:28 Mediators of estrogen effects on BMD in AN remain to be
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characterized and may involve a decrease in Pref-1. Utilizing this previously described
cohort?® we examined the effects of 12 months of treatment with transdermal estradiol or
placebo on Pref-1 levels in adolescents girls with AN. We hypothesized that treatment with
transdermal estradiol would reduce Pref-1 levels and that changes in levels of Pref-1 would
correlate inversely with changes in BMD and bone formation markers, and directly with
changes in bone resorption markers.

Subjects and Methods

The study was performed at the Clinical Research Center of Massachusetts General Hospital
(MGH), Boston, MA, USA, and the Clinical Investigation Unit at the Hospital for Sick
Children (SickKids), Toronto, ON, Canada. The study was approved by the Institutional
Review Board of Partners HealthCare, Boston, and the Research Ethics Board at SickKids,
Toronto, Canada. Written informed consent or assent, if the subject was <18 years old, was
obtained from all subjects prior to their participation. Parental consent was obtained for
subjects under the age of 18 years.

Study subject selection was previously described.28 A subset of adolescent girls with AN
and normal-weight controls 13-18 years of age were selected from a prior study?® according
to lumbar spine BMD Z-scores [AN: BMD Z-scores of less than —0.5 (n=44); normal-
weight controls BMD Z-scores between +1.0 and —1.0 (n=25)]. The BMD cutoffs were
chosen in order to investigate the hypothesis that Pref-1 is elevated in adolescents with AN
and low BMD compared with normal-weight controls with normal BMD. The diagnosis of
AN was confirmed by a study psychiatrist according to DSM-IV criteria. All subjects with
AN were actively enrolled in clinical treatment by their health care providers during the
course of the study. Study exclusion criteria have been previously described.2>

Data from a subset of twenty-two AN subjects with lumbar spine BMD Z-scores of < -0.5
and a bone age of > 15 years were available for longitudinal analysis over 12 months. The
treatment protocol has been described previously.2® Briefly, these subjects with AN and a
bone age of > 15 years were randomized to transdermal estradiol (100mcg patch applied
twice weekly; Novartis Pharmaceuticals, Inc.) or placebo in a double-blind fashion. Subjects
with AN also received cyclic medroxyprogesterone (2.5 mg daily for 10 days each month).
All subjects received calcium and vitamin D (1200 mg calcium carbonate and 400 U
vitamin D daily). In the subset of patients where data were available for longitudinal
analysis, thirteen girls with AN received transdermal estradiol and nine received placebo.

Blood samples were collected at baseline and at 12 months (samples were obtained during
the early follicular phase of the menstrual cycle from normal-weight controls). Baseline and
12-month biochemical analysis included serum levels of estradiol, insulin-like growth factor
1 (IGF-1), leptin, a marker of bone resorption [C-terminal cross-linked peptides (CTX)], a
marker of bone formation [N-terminal propeptide of type 1 procollagen (P1NP)],
parathyroid hormone (PTH), and Pref-1. Samples for serum 25(0OH) vitamin D [25(OH)D]
and 24-hour urinary free cortisol (24-hr UFC) were also collected at baseline. Serum Pref-1
concentrations were measured by a sandwich ELISA assay (R&D Systems, Inc.,
Minneapolis, MN; intra-assay coefficient of variation 3.7%, inter-assay coefficient of
variation 6.2%; sensitivity 0.012 ng/ml). Additional biochemical assays have been described
previously.2®

BMD and body composition were determined by dual-energy x-ray absorptiometry (DXA)
(Hologic 4500 A, Waltham MA). Bone age was assessed by a single pediatric
endocrinologist according to the methods of Greulich and Pyle.2°
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Statistical analysis was completed using JMP (version 9, SAS Institute). All values are
shown as means + SEM. P values < 0.05 were considered statistically significant. Baseline
characteristics and longitudinal comparisons were performed utilizing the Wilcoxon Rank
Sum test. Univariate relationships were evaluated using a Pearson’s correlation coefficient
(Spearman’s correlation was utilized when normality was not confirmed by the Wilk-
Shapiro test). Outliers in Pearson’s correlations were identified by Jackknife distance
assessment. One significant outlier was segregated from the analyses of APref-1 and ACTX.
Multivariate analysis was utilized to examine the effects of potential confounders after log
transformation.

Baseline Characteristics

Baseline clinical and biochemical characteristics of the study subjects were as previously
described.28 Girls with AN and normal-weight controls did not differ in bone age, height,
Tanner stage, or exercise activity. Girls with AN had had lower body mass index (BMI),
lean mass, and percent body fat. Subjects with AN also had significantly lower BMD at the
spine and hip versus controls and significantly higher calcium and vitamin D intake
including supplements (Table 1).

Compared to the control group, girls with AN had significantly lower levels of IGF-1,
estradiol, leptin, CTX, and P1INP and significantly higher levels of 25(OH) vitamin D and
PTH (although PTH levels remained within the normal range) (Table 1).

Pref-1 Levels in Girls with AN and Healthy Controls

Pref-1 levels did not differ between the two groups at baseline even after controlling for
levels of IGF-1 (p = 0.43), levels of estradiol and PTH (p = 0.34), or after matching the
groups for chronological age (p = 0.58).

We found no significant associations between baseline levels of Pref-1 and baseline levels of
IGF-1, leptin, estradiol, PTH, 24-hr urine free cortisol, CTX, or PINP in girls with AN or
controls (although the correlation between Pref-1 and leptin did approach statistical
significance in controls). Levels of Pref-1 positively correlated with 25(OH) vitamin D in
controls (r = 0.55, p = 0.003), but this relationship was not observed in girls with AN or
when the two groups were analyzed together. Pref-1 levels did not correlate with fat mass or
percent body fat in girls with AN or controls.

Impact of Estradiol Replacement on Pref-1 Levels

Twenty-two adolescent girls with AN were randomized to receive transdermal estradiol or
placebo for twelve months. Baseline levels of Pref-1 did not differ between the two groups
(p = 0.59). As previously described,6 the baseline characteristics of the two groups did not
significantly differ except for levels of CTX (Table 1).

Compared to placebo, treatment with transdermal estradiol significantly decreased Pref-1
levels over 12 months (p = 0.01) in girls with AN. The group receiving transdermal estradiol
had significant improvement in lumbar BMD versus the placebo group at twelve months (p
=0.02) (Figure 1). These differences in Pref-1 and lumbar BMD remained significant after
controlling for baseline age and weight changes during the period of treatment (p = 0.02 for
both parameters). Changes in body composition parameters (total body weight, fat mass, and
lean mass) and biochemical parameters (IGF-1, PTH, and leptin) did not differ between the
two groups (data not shown).
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Changes in Pref-1 levels after 12 months of treatment with transdermal estradiol or placebo
correlated inversely with changes in lumbar BMD (Figure 2). In a multiple regression
model, changes in Pref-1 contributed to 22% of the variability in changes in lumbar BMD (p
= 0.05), even after controlling for longitudinal changes in estradiol. There was also a strong
positive association between changes in levels of Pref-1 and levels of CTX (r =0.73,p =
0.006). After 12 months of treatment with transdermal estradiol or placebo, there were
inverse associations between the absolute levels of Pref-1 and estradiol (r = —0.64, p =
0.006). Longitudinal changes in Pref-1 and IGF-1 did not correlate (r = 0.12, p = 0.69).

Discussion

We demonstrate for the first time that treatment with transdermal estradiol significantly
decreases levels of Pref-1 in adolescent girls with AN compared to placebo. As previously
reported in the larger cohort, this subset of girls with AN who received transdermal estradiol
had significant improvement in lumbar BMD over the treatment period. Changes in lumbar
BMD after 12 months of treatment with transdermal estradiol or placebo were associated
inversely with changes in levels of Pref-1. This association persisted after controlling for
longitudinal changes in estradiol levels, thereby suggesting that the relationship between the
relative reduction of Pref-1 and improvement in lumbar BMD might be causal rather than a
representation of two independent effects of treatment with transdermal estradiol.
Additionally, changes in levels of CTX over 12 months were positively associated with
changes in Pref-1.

Although treatment with transdermal estradiol significantly reduced Pref-1 in girls with AN
compared to placebo, baseline levels did not differ in girls with AN versus controls. In
addition, baseline levels of Pref-1 and estradiol did not correlate in the AN or control
groups. These results emphasize the importance of not extrapolating data derived in an adult
population with AN to adolescents. In adults with AN, Pref-1 levels are higher than
controls.1® However, an important consideration is that serum samples in this study in
adolescents were obtained from controls during the early follicular phase of the menstrual
cycle; consequently, differences in estradiol levels between girls with AN and controls were
only marginal (107.56 + 8.81 pmol/l and 158.22 + 7.34 pmol/l, respectively). In contrast, in
the study of adult women with AN, estradiol levels were markedly lower in women with AN
than controls (126.65 + 214.75 pmol/l and 558 + 899.4 pmol/l, respectively).19 It is possible
that in the absence of marked differences in estradiol levels between groups in the
adolescent study, differences in Pref-1 levels between the groups were masked. However,
we did observe a relative decrease in Pref-1 in girls with AN following 12 months of
treatment with estradiol compared to placebo. Additionally, estradiol levels at 12 months
differed significantly in the treatment versus placebo groups (392.8 £ 62.77 and 123.35 +
16.89 pmol/l, respectively), and consistent with these differences, we observed a strong
inverse association between levels of Pref-1 and estradiol in girls with AN at 12 months.
Based on these data, we speculate that Pref-1 is regulated by estrogen status, and may
fluctuate during the menstrual cycle due to variations in estradiol concentrations.

In a recent study, normal weight women with exercise-induced hypothalamic amenorrhea
had significantly higher levels of Pref-1 than controls.2! Although the distribution of
estradiol levels in that study were similar to the AN and control groups in our study, we did
not observe a difference in Pref-1 levels. It is possible that additional factors besides
estradiol affect Pref-1 in exercise-induced hypothalamic amenorrhea.

Experiments in mice suggest that growth hormone negatively regulates Pref-1,30 and we
have shown in a study in rat pituitary cells that Pref-1 (delta-like protein 1) in turn inhibits
growth hormone expression.3 Further studies in 3T3 predipocytes indicate that Pref-1 may
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impair IGF-1 signaling.32 Data from humans are less clear. Levels of Pref-1 do not differ
between healthy individuals and patients with growth hormone deficiency or acromegaly.
However, growth hormone replacement in individuals with growth hormone deficiency
increases Pref-1 levels.33 In our study, girls with AN had significantly lower levels of IGF-1
than controls. Levels of Pref-1 and IGF-1 did not correlate in subjects with AN or controls.
Longitudinal changes in Pref-1 and IGF-1 were not significantly correlated in girls with AN.

A study with 3T3 preadipocytes also showed that administration of exogenous
dexamethasone is capable of repressing Pref-1 transcription and enhancing adipocyte
differentiation.3# Although girls with AN had significantly higher 24-hour urinary free
cortisol levels than controls, there was no correlation with Pref-1 in girls with AN or
controls.

Leptin administration in healthy women or women with hypothalamic amenorrhea does not
affect Pref-1 levels.2! In our study, girls with AN had significantly lower levels of leptin
than controls. Leptin levels did not significantly correlate with Pref-1 in the girls with AN.
Unlike a prior analysis in adult women with AN,19 Pref-1 levels were not inversely
associated with percent body fat in our study. We hypothesize that this correlation may have
been evident if samples from controls were obtained at mid-cycle when estradiol levels are
elevated (and Pref-1 levels are possibly lower), rather than in the early follicular phase when
estradiol levels are low.

Assessment of serum Pref-1 levels may also be complicated by specific assay
considerations. Pref-1 exists as a transmembrane protein with four isoforms that may be
cleaved to create two alternate soluble products.3%36 The large soluble product appears to be
the biologically active form.3” Current antibody-based assays are unable to distinguish
between the two soluble forms. Pref-1 production has also been demonstrated (in mice and
rats) in cell types other than preadipocytes including thymic stromal cells, adrenal glands,
and pancreatic islet Beta cells.38-40 The relative contribution from these sources to the
overall serum level of Pref-1 is unknown. Whether peripheral serum Pref-1 levels correlate
with local levels in the bone marrow is also unknown.

It is interesting that serum levels of Pref-1 increased longitudinally in the group receiving
placebo. To our knowledge there is no published normative data set which describes the
impact of age on Pref-1 levels in adolescents. Like other factors which regulate bone
formation, such as sclerostin, it may be possible that serum levels of Pref-1 change with
advancing chronological age in adolescents and that this increase is augmented by estrogen
deficiency.

The lack of serum vitamin A levels in study subjects represents a potential limitation. A
recent study in mice demonstrated that retinoic acid administration stimulates Pref-1
expression /n vitroand in vivo.*1 Our group has previously reported higher vitamin A intake
in women with anorexia nervosa compared to healthy controls, and hypercarotenemia has
been described in women with anorexia nervosa.*2=#4 It is theoretically possible that
alterations in vitamin A levels may also influence Pref-1 in subjects with anorexia nervosa.

Pref-1 has pleiotropic effects. Recent studies have advanced the link between estrogen,
inflammation, and bone loss. DNA microarray analysis has shown that Pref-1
overexpression (or the addition of exogenous Pref-1) upregulates the expression of a variety
of pro-inflammatory factors, including IL-6 and NF-xB.%> A prior study by our group
demonstrated that IL-6 levels are elevated in adolescent girls with AN and decrease after
weight gain.*6 Therefore Pref-1 may mediate elevations of 1L-6 in AN.
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In conclusion, we demonstrate for the first time that estradiol administration downregulates
Pref-1 in AN. In our study, the effect of transdermal estradiol on Pref-1 levels was inversely
related to changes in BMD and correlated positively with changes in CTX, a marker of bone
resorption. Our data in adolescents are consistent with previous adult studies in
postmenopausal women and women with AN or hypothalamic amenorrhea.1%-22 Pref-1 may
potentially mediate the harmful effects of estrogen deficiency on BMD in adolescent girls
with AN, and a decrease in Pref-1 with estradiol administration may mediate the beneficial
effects of transdermal estradiol on bone accrual. Further studies are warranted to examine
the impact of oral versus transdermal estrogen on Pref-1 levels and the effects of estradiol
replacement on MSC differentiation, bone marrow fat content, and markers of inflammation
in AN.
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Figure 1.

Changes in Pref-1 (Panel A) and lumbar BMD (Panel B) after 12 months of treatment with
transdermal estradiol (AN E+) or placebo (AN E-). Asterisk denotes statistical significance
(p < 0.05).
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Figure 2.
Correlations of changes in Pref-1 with changes in lumbar BMD after 12 months of treatment

with transdermal estradiol or placebo. R and p values were derived from Spearman’s
correlation.
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