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Abstract

Recent studies have demonstrated an important physiologic link between bone and fat. Bone and
fat cells arise from the same mesenchymal precursor cell within bone marrow, capable of
differentiation into adipocytes or osteoblasts. Increased BMI appears to protect against
osteoporosis. However, recent studies have suggested detrimental effects of visceral fat on bone
health. Increased visceral fat may also be associated with decreased growth hormone (GH) and
insulin-like growth factor 1 (IGF-1) levels which are important for maintenance of bone
homeostasis. The purpose of our study was to assess the relationship between vertebral bone
marrow fat and trabecular bone mineral density (BMD), abdominal fat depots, GH and IGF-1 in
premenopausal women with obesity. We studied 47 premenopausal women of various BMI
(range: 18-41 kg/m2, mean 30 + 7 kg/m?) who underwent vertebral bone marrow fat measurement
with proton magnetic resonance spectroscopy (1H-MRS), body composition, and trabecular BMD
measurement with computed tomography (CT), and GH and IGF-1 levels. Women with high
visceral fat had higher bone marrow fat than women with low visceral fat. There was a positive
correlation between bone marrow fat and visceral fat, independent of BMD. There was an inverse
association between vertebral bone marrow fat and trabecular BMD. Vertebral bone marrow fat
was also inversely associated with IGF-1, independent of visceral fat. Our study showed that
vertebral bone marrow fat is positively associated with visceral fat and inversely associated with
IGF-1 and BMD. This suggests that the detrimental effect of visceral fat on bone health may be
mediated in part by IGF-1 as an important regulator of the fat and bone lineage.

INTRODUCTION

Obesity is a major public health problem and visceral adiposity is associated with increased
metabolic and cardiovascular risk (1,2). However, it has been thought that obese women are
at decreased risk for developing osteoporosis, and that increased body weight protects
against bone loss (3,4). Despite these data, there is increasing evidence that visceral
adiposity and the metabolic syndrome have potential detrimental effects on bone health,
such as a higher incidence of osteoporaotic fractures and impaired bone structure and strength
(5,6). Obese women have been found to have lower rates of bone formation, as measured by
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type | collagen, suggesting that increased body fat suppresses new collagen formation (7).
Recent attention has focused on the emerging role of bone marrow fat and its relationship to
bone lineage and osteoporosis. The relationship between bone and fat formation within the
bone marrow microenvironment is complex and remains an area of active investigation.
Bone and fat cells share a common mesenchymal precursor stem cell within bone marrow,
capable of differentiating into adipocytes or osteoblasts (8,9) under the influence of several
hormones and transcription factors, such as GH, insulin-like growth factor 1 (IGF-1), leptin
and peroxisomal proliferator-activated receptor-y (9-11). We have shown increased bone
marrow fat in subjects with anorexia nervosa despite a severe depletion of body fat using
proton magnetic resonance spectroscopy (1H-MRS) as a noninvasive technique (12).
Increased bone marrow fat has been found in subjects with morphologic evidence of bone
weakness such as endplate depression and compression fractures (13,14). Given the
association of increased visceral fat and impaired bone health, we hypothesized that women
with high visceral fat would have increased bone marrow fat compared to those with low
visceral fat. In addition, we wanted to evaluate the association of vertebral bone marrow fat
with abdominal fat compartments using 1H-MRS and computed tomography (CT) as
noninvasive techniques.

Growth hormone (GH) and IGF-1 are important regulators of bone homeostasis and
important for the maintenance of bone mass (15). GH stimulates the proliferation of cells of
the osteoblastic lineage through stimulation of IGF-1 and inhibits adipogenesis (16). It has
been suggested that IGF-1 is necessary to maintain cortical and trabecular bone and,
consistent with this, adult GH deficiency causes low bone turnover osteoporosis with a high
risk of fractures (17). The GH-IGF-1 system also plays a significant role in modulating body
composition, and studies have established that with increased visceral adiposity physiologic
GH secretion is impaired (18-20). We hypothesize that vertebral bone marrow fat would be
inversely associated with IGF-1 levels in premenopausal women with obesity.

METHODS AND PROCEDURES

Subjects

The study was approved by Partners Healthcare institutional review board and complied
with Health Insurance Portability and Accountability Act guidelines. Written informed
consent was obtained from all subjects after the nature of the procedures had been fully
explained.

The study group was comprised of 47 healthy premenopausal women who were recruited
from the community through advertisements. Study participants ranged in BMI from 18.1 to
41.4 kg/m?, with a mean BMI of 29.5 + 6.9 kg/m2. Inclusion criteria were female gender,
age >18 years, and eumenorrhea. Exclusion criteria included hypothalamic or pituitary
disorders, diabetes mellitus or other chronic illnesses, estrogen or glucocorticoid use and
weight >280 pounds (due to the limitations of the CT and magnetic resonance imaging
scanner).

To determine the effect of visceral fat on vertebral bone marrow fat, subjects were divided
into two groups for comparison based on visceral adipose tissue (VAT), as determined by
CT. The 24 women with the least VAT were grouped into a low VAT group and the 23
women with the most VAT were grouped into the high VAT group based on the VAT
median as previously described (20,21).

Participants were admitted to the Clinical Research Center at the Massachusetts General
Hospital (Boston, MA), where testing was performed. Each participant underwent 1H-MRS
and CT as detailed below and fasting blood tests. A growth hormone-releasing hormone
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(GHRH)-arginine stimulation test was performed in a subset of patients (1= 25) as the
GHRH became unavailable in the United States. Clinical characteristics and peak GH after
GHRHe-arginine stimulation have been previously published in 31 of the 47 subjects (22).

Endocrine testing

All subjects had blood drawn for fasting IGF-1. For the GHRH-arginine stimulation test,
GHRH 1 mcg/kg plus arginine 0.5 g/kg (maximum 30 g) IV were administered and GH
levels drawn at baseline and every 30 min for 2 h, the standard protocol used to diagnose
GH deficiency in patients with hypopituitarism (23).

1H-MRS of bone marrow

All subjects underwent 1H-MRS of the 4th lumbar vertebral body to determine bone marrow
lipid content using a 3.0T MR imaging system (Siemens Trio; Siemens Medical Systems,
Erlangen, Germany) as previously described (12). Fitting of all 1H-MRS data was
performed using LCModel (version 6.1-4A; Stephen Provencher, Oakville, Ontario, Canada)
(24). Data were transferred from the scanner to a Linux workstation and metabolite
quantification was performed using eddy current correction and water scaling. A customized
fitting algorithm for bone marrow analysis provided estimates for all lipid signals combined
(0.9, 1.3, and 2.3 p.p.m.). LCModel bone marrow lipid estimates were automatically scaled
to unsuppressed water peak (4.7 p.p.m.) and expressed as lipid to water ratio (%).

CT-body composition

Each subject underwent cross-sectional CT scan of the abdomen at the level of L4.
Assessment of total, visceral and subcutaneous abdominal fat compartments was performed
by single slice CT. Scan parameters were standardized (144 table height, 80 kV, 70 mA, 2s,
1-cm slice thickness, 48 field of view). Fat attenuation coefficients were set at =50 to —250
hounse field units as described by Borkan et a/. (25). Total abdominal cross-sectional area
was computed by outlining the outer contour of the abdomen. A second outline along the
abdominal wall and back musculature (inner contour) was used to define the subcutaneous
adipose tissue area, which is the area located between the outer and inner contour. VAT was
defined as the area within the inner contour comprising all pixels with attenuation
coefficients between —50 and —250 hounse field units. The total adipose tissue area was
calculated as the sum of subcutaneous and visceral abdominal fat. Analyses were performed
using Alice software (version 4.3.9; Parexel, Waltham, MA).

CT-bone mineral density

Trabecular bone mineral density (BMD) assessment of L4 was performed using quantitative
CT on a LightSpeed CT scanner (General Electric, Milwaukee, WI) with the patient lying
supine on a K, HPOy4 CT calibration phantom. Scan parameters were: 144-cm table height,
80 kV, 70 mA, 2 s, 1-cm slice thickness, 48 cm field of view. Images were analyzed
utilizing an Impax workstation (AGFA Diagnostic Software, version 4; Agfa, Ridgefield
Park, NJ). Trabecular BMD results are expressed in mg/cm3.

Statistical analysis

JMP Statistical Database Software (version 5.0.1; SAS Institute, Cary, NC) was used for
statistical analyses. Variables were tested for normality of distribution using the Wilk-
Shapiro test. Variables that were not normally distributed were log transformed. Groups
were compared using the Student’s #test. Linear regression analysis was performed.
Multivariate standard least squares regression modeling was performed to control for age,
BMI, BMD, and visceral adiposity. Forward stepwise regression modeling was also
performed. £< 0.05 was used to denote significance.
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Clinical characteristics of study subjects

The age of study participants ranged from 19 to 45 years, with a mean of 32.8 + 7.1 years.
Study participants ranged in BMI from 18.1 to 41.4 kg/m?, with a mean of 29.5 + 6.9 kg/m?2.
Clinical characteristics of the low VAT and high VAT groups are shown in Table 1.
Subjects with high VAT had significantly higher mean BMI, abdominal fat, and vertebral
bone marrow fat than the low VAT group. They also had significantly lower mean IGF-1
and peak-stimulated GH levels. There was no significant difference in trabecular BMD as
determined by quantitative CT between the two groups.

Association of vertebral bone marrow fat with BMD, visceral fat, and IGF-1

There was a positive correlation between vertebral bone marrow fat and VAT (r=0.34, P=
0.02) (Figure 1).

There was an inverse association between vertebral bone marrow fat and trabecular BMD as
determined by quantitative CT (r=-0.39, P=0.007) (Figure 2). There was an inverse
association between vertebral bone marrow fat and IGF-1 (r=-0.39, £=0.007) (Figure 3).
There were no significant correlations between vertebral bone marrow fat and age, BMI,
weight, subcutaneous and total abdominal adipose tissue (P = 0.1-0.8). There was no
significant correlation between vertebral bone marrow fat and peak GH following
stimulation with GHRH-arginine (r=-0.19, £=0.4).

Because VAT is associated with BMD, we controlled for VAT and BMD using multivariate
analysis. After controlling for BMD, the correlation between vertebral bone marrow fat and
VAT remained significant (P = 0.05). After controlling for VAT, the correlation between
vertebral bone marrow fat and BMD remained significant (= 0.03).

As IGF-1 decreases with increasing age and BMI, we controlled for age and BMI using
multivariate analysis. After controlling for age and BMI the correlation between vertebral
bone marrow fat and IGF-1 remained significant (£ = 0.05).

When vertebral bone marrow fat was entered as a dependent variable and IGF-1, visceral
fat, and trabecular BMD as independent variables in a forward stepwise regression model,
IGF-1 and BMD were significant predictors of vertebral bone marrow fat. IGF-1 explained
25% (72 = 0.25, P=0.02) and trabecular BMD explained 14% (/2 = 0.14, P=0.007) of the
variability of vertebral bone marrow fat.

When trabecular BMD was entered as a dependent variable and vertebral bone marrow fat,
IGF-1, and BMI as independent variables in a forward stepwise regression model, vertebral
bone marrow fat was a significant predictor of trabecular BMD and explained 15% of the
variability of trabecular BMD (/2 = 0.15, 2= 0.007).

DISCUSSION

Our study demonstrated that premenopausal women with increased visceral fat had
increased vertebral bone marrow fat compared to women with low visceral fat despite
normal BMD. Moreover, our data suggest that increased vertebral bone marrow fat is
positively associated with visceral fat and inversely associated with IGF-1 in this population.

Despite being a risk factor for cardiovascular and metabolic disease, obesity has been
thought to protect against osteoporosis (3,4) due to stresses from mechanical loading and
from metabolic effects of hormones secreted by adipocytes (26). Recent studies have
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suggested that increased visceral fat has negative effects on bone health and correlates
inversely with BMD (5,6).

Gilsanz et al. (5) demonstrated the beneficial effects of subcutaneous and detrimental effects
of visceral fat on bone structure and strength as determined by CT of the femur. In our
study, visceral fat correlated with vertebral bone marrow fat, but there was no association
between bone marrow fat and BMI, subcutaneous or total abdominal adipose tissue. This
suggests distinct metabolic roles for visceral and subcutaneous fat.

Our observed correlation between visceral fat and bone marrow adiposity may provide clues
as to the underlying mechanism for the negative effects of visceral fat on BMD. Our data are
consistent with the data from a study by Shen et a/. (27) showing a positive correlation
between visceral fat and bone marrow fat of the pelvis and extremities determined by
magnetic resonance imaging in a cohort of healthy women ranging from 18 to 88 years. As
in our study, there was no significant correlation between subcutaneous and total fat and
marrow fat. Shen et a/. were unable to reliably quantify bone marrow fat in the spine using
standard magnetic resonance imaging technique (27). We were able to quantify bone
marrow fat in the spine using 1H-MRS. The importance of this is that vertebral bone
marrow fat has been shown to be a predictor of bone fragility at this skeletal site (13). Ina
prior study, we have shown increased bone marrow fat in the spine, femoral metaphysis and
diaphysis in women with anorexia nervosa compared to normal weight controls. However,
we did not find correlations between abdominal fat depots and vertebral bone marrow fat in
this population (12). This may be due to the markedly decreased abdominal fat depots in
anorexia nervosa.

It has been suggested that vertebral bone marrow fat determined by 1H-MRS, in
combination with BMD, is of significance in evaluating skeletal integrity, more valuable
than either parameter alone. Increased bone marrow fat affects biomechanical strength of
bone, as yellow marrow is a weaker biomechanical support medium than red bone marrow
(13,14). Therefore, we used 1H-MRS to quantify bone marrow fat in the spine. Fatty
infiltration of bone marrow has been shown to be a characteristic feature of older individuals
and is inversely related to BMD and skeletal integrity (28,29).

In our study, vertebral bone marrow fat was inversely associated with BMD and was a
significant predictor of BMD. In addition, we saw a significant difference in bone marrow
fat in premenopausal women with low and high visceral fat whereas there was no difference
in BMD, suggesting a distinct role of bone marrow fat in skeletal integrity. A limitation of
our study was that subjects with high VAT were older than subjects with low VAT.
Therefore, we adjusted for age when comparing the two groups and the differences
remained significant.

Our study is the first to examine the relationship between IGF-1 and bone marrow fat in
humans. Osteoblasts and adipocytes are derived from a common precursor mesenchymal
stem cell capable of differentiating into bone and fat. Several hormones and transcription
factors are known to regulate bone and fat mass (9-11). GH and IGF-1 are important
regulators of bone homeostasis and GH deficiency leads to decreased bone growth and
osteopenia (17,30). GH and IGF-1 are also known to regulate fat mass (30). Adipocytes
produce IGF-1 in response to GH and are a source of circulating IGF-1 (11). IGF-1 is an
important differentiation factor for osteoblasts and studies in mice with low-serum IGF-1
have shown reduced bone size and trabecular density as well as increased bone marrow fat
with reduced expression of several transcription factors necessary for osteoblasts
differentiation (31). As GH secretion decreases with obesity (18,20), we investigated the
relationship between bone marrow fat and the GH/IGF-1 axis in women covering the

Obesity (Silver Spring). Author manuscript; available in PMC 2013 March 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bredella et al. Page 6

spectrum from normal weight to obesity. We found a significant inverse correlation between
vertebral bone marrow fat and IGF-1 which persisted after controlling for age and BMI.
However, we did not find a significant correlation between peak GH and vertebral bone
marrow fat. This may have been due to the lack of peak-stimulated GH data in all patients,
as GHRH became unavailable in the United States during the study, or may reflect
differential effects of GH and IGF-1. Our data supports the role of IGF-1 as an important
regulator of the fat and bone lineage.

In conclusion, we have demonstrated an association between vertebral bone marrow fat and
visceral fat in obese premenopausal women. We have also shown increased bone marrow fat
in women with increased visceral fat, consistent with recent studies suggesting a detrimental
effect of visceral fat on bone health. We have also demonstrated an inverse correlation
between vertebral bone marrow fat and IGF-1, supporting the role of IGF-1 as an important
regulator of the fat and bone lineage.
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Figure 1.

Regression analysis of vertebral bone marrow fat on visceral adipose tissue. There is a
positive correlation between bone marrow fat and visceral adipose tissue, which remained
significant after controlling for BMD (~=0.05). BMD, bone mineral density; VAT, visceral
adipose tissue.
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Figure2.

Regression analysis of BMD on vertebral bone marrow fat. There is an inverse association
between bone marrow fat and trabecular BMD, which remained significant after controlling
for visceral adipose tissue (= 0.03). BMD, bone mineral density.
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Figure 3.

Regression analysis of vertebral bone marrow fat on IGF-1. There is an inverse association
between vertebral bone marrow fat and IGF-1, which remained significant after controlling
for age and BMI (P = 0.05). IGF-1, insulin-like growth factor 1.
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Clinical characteristics of subjects with low- and high-visceral adipose tissue (low VAT, high VAT)

Table 1

Low VAT High VAT P
(n=24) (n=23)

Age (years) 30.1+6.1 35.7+7.0 0.005
BMI (kg/m?) 248+5.1 344+49 <0.0001
Weight (kg) 68.5+14.3 92.1+14.7  <0.0001
IGF-1 (ng/ml) 147.3+£519  1135+473 0.02
GH-stim peak (ng/ml) ~ 28.0+10.5 154+938 0.006
Bone marrow 52.5+21.2 66.5 + 26.0 0.05
fat/water (%)
Abdomen VAT (cm?) 34.7+10.8 129.4 £525  <0.0001
Abdomen SAT (cm?) 2515+131.7 476.9+147.1 <0.0001
Abdomen TAT (cm?)  286.2+135.7 606.3+163.2 <0.0001
Trabecular 161.4+31.2 158.2 +22.7 NS

BMD (mg/cmd)

Data presented as mean * s.d.

Page 11

BMD, bone mineral density; GH, growth hormone; IGF-1, insulin-like growth factor 1; SAT, subcutaneous adipose tissue; TAT, total adipose
tissue; VAT, visceral adipose tissue.
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