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With the increasing prevalence of obesity among children and adolescents, it is imperative to understand the im-
plications of early diet-induced obesity on bone health. We hypothesized that cancellous bone of skeletally im-
mature mice is more susceptible to the detrimental effects of a high fat diet (HFD) than mature mice, and that
removing excess dietary fat will reverse these adverse effects. Skeletally immature (5 weeks old) and mature
(20 weeks old) male C57BL/6] mice were fed either a HFD (60% kcal fat) or low fat diet (LFD; 10% kcal fat) for
12 weeks, at which point, the trabecular bone structure in the distal femoral metaphysis and third lumbar verte-
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brae were evaluated by micro-computed tomography. The compressive strength of the vertebrae was also mea-

Keywords: sured. In general, the HFD led to deteriorations in cancellous bone structure and compressive biomechanical
High fat diet properties in both age groups. The HFD-fed immature mice had a greater decrease in trabecular bone volume
Obesity fraction (BVF) in the femoral metaphysis, compared to mature mice (p = 0.017 by 2-way ANOVA). In the verte-

Trabecular bone
Age dependence
Diet correction

brae, however, the HFD led to similar reductions in BVF and compressive strength in the two age groups. When
mice on the HFD were switched to a LFD (HFD:LFD) for an additional 12 weeks, the femoral metaphyseal BVF in
immature mice showed no improvements, whereas the mature mice recovered their femoral metaphyseal BVF to
that of age-matched lean controls. The vertebral BVF and compressive strength of HFD:LFD mouse bones, follow-
ing diet correction, were equivalent to those of LFD:LFD mice in both age groups. These data suggest that femoral
cancellous metaphyseal bone is more susceptible to the detrimental effects of HFD before skeletal maturity and is
less able to recover after correcting the diet. Negative effects of HFD on vertebrae are less severe and can
renormalize with LFD:LFD mice after diet correction, in both skeletally immature and mature animals.

© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.

Introduction 16.9% of American adolescents are obese, with an alarming 9.7% of in-
fants and toddlers also falling into this category [1]. Obesity is associated

Obesity is reaching epidemic proportions in the United States and the with an increased risk for several serious illnesses including type 2

developed world due, in part, to Western diets and decreased physical
activity. In 2010, 33.8% of the U.S. adult population was obese. Childhood
obesity is a particularly troubling public health concern. An estimated
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diabetes, hypertension, and heart disease [2]. Associations between
obesity and bone health, however, are still unclear. Evidence suggests
that obese children are at risk of decreased bone mineral density
(BMD) [3-5] and have increased fracture risk [3,6-8]. A recent study
using peripheral quantitative computed tomography (pQCT) found re-
ductions in volumetric BMD with increased fat mass in children, after
correcting for lean mass, despite increased bone size [5]. The peak ages
for increasing BMD and bone mineral content (BMC) are during adoles-
cence, in the years 12-14 for girls and 13-15 for boys [9]. The lower BMD,
BMC, and increased fracture risk in obese adolescents suggest that factors
associated with obesity could be detrimental to the accrual of peak bone
mass, a critical factor in the etiology of osteoporosis [10].

Many integral factors are associated with obesity, ranging from ge-
netic to environmental. Excessive dietary fat, which is preventable, has
become a particular concern in recent decades. It is recommended by
the USDA that fats be reduced in the diet of Americans [11]. Several

8756-3282 © 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.

http://dx.doi.org/10.1016/j.bone.2013.08.003


http://crossmark.dyndns.org/dialog/?doi=10.1016/j.bone.2013.08.003&domain=f
http://dx.doi.org/10.1016/j.bone.2013.08.003
mailto:jason_inzana@urmc.rochester.edu
mailto:ming_kung@urmc.rochester.edu
mailto:lei_shu@urmc.rochester.edu
mailto:daisuke_hamada@urmc.rochester.edu
mailto:lianping_xing@urmc.rochester.edu
mailto:michael_zuscik@urmc.rochester.edu
mailto:hani_awad@urmc.rochester.edu
mailto:robert_mooney@urmc.rochester.edu
http://dx.doi.org/10.1016/j.bone.2013.08.003
http://www.sciencedirect.com/science/journal/87563282
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/

JA. Inzana et al. / Bone 57 (2013) 174-183 175

studies have investigated the effects of a high fat diet (HFD) on bone in
animal models, with the consensus that excessive dietary fat is detri-
mental to bone homeostasis and has a greater effect on trabecular
than cortical bone [12-17]. These studies demonstrated adverse effects
of the HFD on bone health in adult as well as adolescent mice or rats.
lonova-Martin et al. examined the effects of HFD on cortical bone from
adolescence to adulthood in mice and observed similar trends in bone
mineral and mechanical properties between the two age groups [18].
The possible differential impact between adolescents and adults of
high dietary fat on cancellous bone, to the best of our knowledge, has
not been reported. Studying this question may help determine if HFDs
or the associated obesity and metabolic syndrome contribute to
skeletal deficits in growing individuals; and whether this may lead to
unrecoverable deficits later in life, even after potential interventions
and life-style changes (e.g. diet). We hypothesized that 1) skeletally im-
mature mice would be more susceptible to HFD-induced deterioration
in cancellous bone structure, mineralization and strength compared to
skeletally mature mice and 2) the HFD-associated deterioration in
bone structure and strength would be alleviated after reducing dietary
fat intake. These hypotheses were studied using skeletally immature
(5 weeks old) and mature (20 weeks old) mice that were exposed to
a HFD for 12 weeks and then transitioned to a low fat diet (LFD) for
an additional 12 weeks. Mice that were maintained on the LFD through-
out the experiment were used as controls.

Materials and methods
Animals and tissue processing

Animal studies were performed in accordance with protocols ap-
proved by the University of Rochester's Committee on Animal Resources.
Male C57BL/6] mice were purchased from Jackson Research Labs (Bar
Harbor, ME) at 5 and 20 weeks of age to represent skeletally immature
and mature mice, respectively. These ages were chosen based on studies
of bone density as well as bone tissue and mechanical properties in
C57BL/6] mice peaking in the age range of 16-24 weeks [19-21]. After
a brief acclimation period, mice from each age group were placed either
on a high fat diet (HFD; 60% kcal fat; Research Diets, Inc., New Brunswick,
NJ) or low fat diet (LFD; 10% kcal fat; Research Diets, Inc., New Bruns-
wick, NJ) for 12 weeks. After those 12 weeks, half of the mice from
each group were switched to or continued on the lean diet (HFD:LFD
or LFD:LFD, respectively) for an additional 12 weeks, while the other
half were sacrificed for tissue collection (n = 7-8 per age group, diet,
and time point). Immediately after isolation and removal of soft tissue,
the right femurs were used for micro-computed tomography (micro-
CT) imaging, while the third lumbar (L3) vertebrae were wrapped in
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saline-soaked gauze and frozen at —80 °C until the day of micro-CT
and biomechanical testing.

Glucose measurements

Sixteen hours prior to sacrifice, food was removed from mouse cages
to allow measurement of fasting blood glucose. Immediately before
sacrifice, the mice were anesthetized under isoflurane gas, the distal
tip of the tail was excised, and blood samples were collected to measure
blood glucose levels using One Touch glucose meters (Lifescan, Inc.;
Milpitas, CA).

Serum leptin measurements

At the time of sacrifice, blood samples were collected via heart punc-
ture. Sera were frozen at — 80 °Cuntil analysis. Serum leptin levels were
quantitated using a mouse leptin ELISA kit (EMD Millipore, St. Charles,
MO). Sera were diluted 1:4 before analysis. All procedures were
according to the manufacturer's instructions.

Micro-computed tomography

Femurs and L3 vertebrae were scanned by micro-CT (VivaCT 40;
Scanco Medical; Bassersdorf, Switzerland), at a 10.5-micron isotro-
pic resolution using an integration time of 300 ms, energy of
55 kVp and intensity of 145 pA. For trabecular analysis in the distal
femoral metaphysis, a 200 um region proximal to the growth plate
was used for quantification. Femoral cortical bone was measured at
the mid-diaphysis by averaging over a 200 pm region (19 slices).
For vertebral measurements, the volume within the endosteal mar-
gin of each vertebral body was used to assess trabecular bone. Corti-
cal thickness was measured at the mid-level of each vertebral body
by averaging over a 200 pum thick region. Total cross-sectional bone
area was similarly measured from the region between the caudal
endplate and transverse processes. The trabecular bone morphology
of the femoral metaphysis and vertebral bodies, including the bone
volume fraction (BVF), connective density (Conn.D), trabecular
number (Tb.N), trabecular thickness (Tb.Th), trabecular spacing
(Tb.Sp), and structural model index (SMI) was determined using
Scanco's 3D analysis tools (direct model).

Biomechanical testing

The whole bone strength of L3 vertebral bodies was tested under
compressive loading through a modified, published method [22,23].
Briefly, the L3 vertebrae were dissected of all soft tissue including the
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Fig. 1. High fat diet increases body weight, blood glucose and serum leptin levels significantly. Mice on the high fat diet (HFD) were significantly heavier (A) and had significantly higher
fasting blood glucose levels (B) compared to low fat diet (LFD) controls. The interactive effect (diet x age group) was also significant in both body weight and blood glucose, which in-
dicates that a synergistic effect existed between diet and age groups. Serum leptin levels (C) were also significantly elevated in the HFD-fed mice. Bars represent means and error bars
represent SD. * indicates p < 0.05 by two-way ANOVA. # indicates p < 0.05 for intra-age group comparisons made with Bonferroni's post-hoc test when the interaction is significant.
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intervertebral discs and the pedicles were cut from the vertebral body.
The vertebral body end plates were embedded in 0.5 mm of
polymethylmethacrylate (PMMA) bone cement using a custom jig to
ensure axial alignment of the vertebral body and even load distribution
over the end plates (Fig. 4A). The vertebral bodies were then hydrated
in phosphate buffered saline (PBS) for 2 h at room temperature prior
to compressive testing at a rate of 1 mm/min, with a 1.5 N preload,
until failure using an Instron 8841 DynaMight™ Axial Testing System
(Instron Corp.; Canton, MA) with a 50 N load cell. The compressive
load data were plotted against displacement data, which were
normalized by the height of each vertebral body (apparent strain), to
determine the yield and maximum strength, compressive stiffness,
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C
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and energy to maximum loading. The yield point was determined by a
0.2% strain offset. Apparent stresses were estimated by normalizing
the loads by the total cross-sectional bone area of each vertebral body.

Data analysis

To determine whether the HFD affects immature versus mature
mice differently, a two-way analysis of variance (ANOVA) was used to
elucidate the effects of diet, age group and their interaction (diet x age
group). The D'Agostino-Pearson normality test was performed on each
metric, which supported that the data were consistent with a Gaussian
distribution. A two-way ANOVA approach was used because the
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Fig. 2. High fat diet results in significantly reduced femoral trabecular bone volume fraction and structural metrics relative to low fat diet controls, with a greater decrement in immature
mice. 3D renderings of sagittal cross-sections (A) and metaphyseal trabecular volumes of interest (B) from micro-CT scans of the distal femur qualitatively demonstrate the lower trabec-
ular bone volumes and cortex thickness in the high fat diet (HFD)-fed mice compared to low fat diet (LFD) controls. The trend in BMD (C) was significantly different between immature and
mature mice, with immature HFD-fed mice tending to have a lower BMD than LFD controls. Trabecular bone volume fraction (D) was significantly affected by the HFD and was affected
differently between the two age groups, as indicated by the significant interaction (diet x age group), with greater decrement observed in the immature mice. This result is reiterated by
trends and significant effects in the trabecular structural model index (E), number (G), thickness (H), spacing (I) and connective density (J) as well as the cortical thickness (F). Bars rep-
resent means and error bars represent SD. * indicates p < 0.05 by two-way ANOVA. # indicates p < 0.05 for intra-age group comparisons made with Bonferroni's post-hoc test when the

interaction is significant.
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interactive effect describes whether the age groups were indeed affect-
ed differently by the HED. Next, the persistence of any HFD-induced def-
icits in bone structure or strength after diet correction was assessed by
comparing HFD and HFD:LFD mice across the two age groups by two-
way ANOVA. Considering that there is an effect of intra-group aging be-
tween the 12 and 24 week time points, the HFD-fed groups were nor-
malized to their age-matched lean controls for this analysis (HFD/LFD
vs. HFD:LFD/LFD:LFD). Therefore, in this normalized analysis, a signifi-
cant diet effect indicates that there is a difference in the relationship
of HFD-fed mice to lean controls from before and after diet correction.
When interactions in the two-way ANOVAs were statistically signifi-
cant, Bonferroni's post-hoc test was used to determine whether the dif-
ferences due to diet were significant within each age group. Differences
were deemed statistically significant when p < 0.05.

Immature
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Results
Effect of high fat diet on skeletally immature and mature mice

Body weight, fasting blood glucose and serum leptin

As expected, 12 weeks on the HFD induced significant weight gain
(Fig. 1A) along with elevated fasting blood glucose (Fig. 1B) and
serum leptin levels (Fig. 1C) in both immature and mature age groups
of male C57BL/6] mice. The mature mice gained significantly more
weight than the immature mice and had significantly greater increases
in fasting blood glucose levels, as evidenced by the significant interactive
effects and post-hoc comparisons. The insignificantly different leptin
concentrations in the HFD-fed mice across the two age groups suggest
that similar levels of obesity were reached while on this diet.
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Fig. 3. Vertebral trabecular bone volume fraction is significantly reduced with a high fat diet compared to lean controls, affecting immature and mature mice similarly. 3D renderings of

vertebral body trabecular bone (A) and transverse cross-sections of vertebral bodies, caudal to the transverse process, (B) from micro-CT scans qualitatively demonstrate the reductions in
trabecular bone volume in HFD-fed relative to LFD-fed mice. While the overall bone volume fraction (D) was significantly lower in the HFD group, the trabecular bone mineral density (C)
and individual structural metrics (G-J) were not significantly affected. The effect on total cross-sectional (transverse) bone area (E) is similar to the 3D bone volume fraction, considering
that the difference in cortical shell thickness is insignificant (F). Though the interaction was not statistically significant, the total cross-sectional bone area (E) tended to be reduced more
substantially, relative to LFD controls, in immature HFD-fed mice than mature HFD-fed mice. Bars represent means and error bars represent SD. * indicates p < 0.05 by two-way ANOVA.
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Bone structure and mineralization

Micro-CT scans of the distal femur demonstrated a lower cancellous
bone volume in the HFD mice than LFD controls (Figs. 2A,B), with signif-
icantly reduced trabecular BVF in HFD compared to LFD mice. A signifi-
cantly greater reduction in BVF was observed in immature than mature
mice (Fig. 2D), suggesting a greater susceptibility to HFD-induced bone
deficits prior to skeletal maturity. This result is supported by additional
trends and significant decreases in trabecular number, thickness and
connectivity, as well as increases in trabecular spacing and structural
model index (SMI) (Figs. 2E,G-]) in cancellous bone within the distal
femur of immature HFD-fed mice compared to mature mice. Further,
the cortical bone was significantly thinner in HFD than LFD mice
(Fig. 2F). The polar moment of inertia and the moment of inertia
about the medial-lateral axis of the femoral mid-shaft, however, were
not significantly affected by the diet in either age group. The cancellous
BMD of the distal femur (Fig. 2C) exhibited a significant interaction

A B

Force (N)

Group-Averaged Force-Strain

between diet and age groups, indicating that the two age groups may
have been affected differently, but the diet and age group main effects
were not significant.

As with the distal femur, HFD decreased vertebral cancellous bone
volume relative to LFD controls as demonstrated by 3D renderings of
micro-CT images (Figs. 3A,B). Within the L3 vertebral bodies, the tra-
becular BVF was again significantly lower in the HFD compared to the
LFD groups (Fig. 3D), but the decrement was not as drastic as that ob-
served in the femur. Unlike the distal femur, this effect was equivalent
across the age groups as the interactive effect was insignificant. Despite
the significantly lower trabecular BVF in the HFD-fed mice, the Conn.D,
Th.N, Tb.Sp, and Tbh.Th as well as the cortical shell thickness (Figs. 3F-])
were not significantly affected by the HFD. The total cross-sectional
(transverse) bone area measurements had similar trends to the BVF,
with significant reductions in the HFD-fed mice and trends towards a
greater deficit in HFD-fed immature mice (Fig. 3E).
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Fig. 4. Vertebral compressive strength is significantly reduced by a high fat diet similarly between age groups. A) Uniaxial compressive testing of vertebral bodies was performed with the
endplates embedded in 0.5 mm PMMA to ensure axial alignment and even load distribution. Group-averaged force-strain (B) and stress—strain (C) compressive testing curves (error bars
represent SEM), plotted up to the point of maximum loading, illustrate the significant reduction in strength of HFD-fed mice compared to LFD-fed mice. The HFD significantly reduced the
maximum force (D), force at yielding (E), stiffness (F), and energy to maximum force (G) similarly between the age groups. However, after correcting for differences in the cross-sectional
bone area, the apparent material properties (H-K) were not significantly affected by the high fat diet. Bars represent means and error bars represent SD. * indicates p < 0.05 by two-way

ANOVA.
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Vertebral compressive strength

Consistent with the lower trabecular BVF and total cross-sectional
bone area of the vertebrae, we observed a significantly lower maximum
compressive force, yield force, stiffness and energy to maximal loading
in the HFD-fed mice (Figs. 4D-G). In accordance with the structural
changes, this reduction in compressive strength was similar between
the two age groups. After adjusting the compressive force by the
cross-sectional bone areas to estimate the apparent stresses, the HFD
did not significantly affect the maximum stress, yield stress, modulus,
or toughness (Figs. 4H-K). This suggests that the bone tissue quality
may not be significantly affected by the HFD after 12 weeks in either
immature or mature mice.

Persistence of initial HFD effects after diet correction relative to lean
controls

Body weight, fasting blood glucose and serum leptin

After transitioning the HFD-fed mice to a LFD for an additional
12 weeks, the body weight in both age groups returned to that of age-
matched LFD:LFD mice (Figs. 5A-B, Table S1). The increased fasting glu-
cose and serum leptin concentrations were also returned to normal levels
in both age groups after the diet correction (Figs. 5C-D, Table S1). Inter-
estingly, the fasting glucose levels of the mature LFD:LFD group were sig-
nificantly higher than the mature HFD:LFD group (Table S1).

Bone structure and mineralization

After normalizing the HFD groups to the age-matched LFD controls
to correct for aging effects between time points, we observed a signifi-
cant relative improvement in bone structural properties and BMD in
the vertebrae (Fig. 7) but not in the distal femur (Fig. 6). The trabecular
BMD of the distal femur (Fig. 6C) as well as the L3 vertebrae (Fig. 7C)
was significantly improved upon diet correction in both age groups,
after adjusting to lean controls. The mean trabecular BVF in the distal
femur of mature HFD:LFD mice was equivalent to the age-matched
LFD:LFD controls; however, a relative deficit with no improvement
persisted in the normalized BVF of immature mice (Fig. 6D). A trend to-
wards improved cortical thickness (Fig. 6F) and significant relative im-
provements in SMI (Fig. 6E) as well as Tb.Th (Fig. 6H) was observed in
the femurs of both age groups after diet correction (HFD:LFD). However,
all other trabecular structure metrics remained inferior to age-matched
lean controls in the distal femur (Table S2). In the L3 vertebrae, relative
improvements were observed with diet correction in the trabecular
BVF, total cross-sectional bone area, and Th.Th in both age groups
(Figs. 7D,EH). Interestingly, the vertebral Tb.Th of HFD-fed mice
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significantly exceeds that of age-matched LFD:LFD controls in both age
groups after diet correction (Table S3). Further, the cortical shell thick-
ness of the vertebral bodies is significantly improved after diet correc-
tion in the mature, but not immature, mice (Fig. 7F). In accordance
with the recovered BVF and cortical thickness, as well as the increasing
Tb.Th, the total cross-sectional bone area was significantly improved
with diet correction in both age groups (Fig. 7E). The vertebral bone
area was equivalent to age-matched LFD:LFD controls in the immature
group and tended to exceed those of LFD:LFD controls in the mature
group (Table S3).

Vertebral compressive strength

The compressive strength of the L3 vertebral bodies followed the rel-
ative improvements of bone structure after transitioning the HFD-fed
mice to a lean diet. The maximum force, yield force and stiffness were
significantly increased with the diet correction (HFD:LFD), after nor-
malizing to age-matched LFD controls, in both age groups (Figs. 8C-E).
Interestingly, while the strength of immature HFD:LFD mouse vertebrae
was equivalent to that of lean controls, the strength of mature HFD:LFD
mouse vertebrae tended to exceed that of their respective lean controls
(Table S4). The effect of diet correction and trends in improvement re-
main significant after normalizing the compressive loads by the total
cross-sectional bone areas (Figs. 8G-I). This result suggests that appar-
ent bone tissue quality may be improved with diet correction, in rela-
tion to that of lean controls, particularly in mature mice.

Discussion

The effects of excessive dietary fat and the associated obesity and
metabolic syndrome on bone during skeletal growth periods may
have substantive implications for decreased BMD and increased fracture
risk in young, obese individuals. Similar to previous studies, we ob-
served significant deficits at cancellous bone sites in mice that were ex-
posed to excessive dietary fat, which reiterates the negative effect of
HFD on bone in mice [13-15]. The simultaneous examination of skele-
tally immature and mature mice in this study reveals that the HFD-
associated effects on the femoral trabecular BVF are more pronounced
in the younger age group. Further, the HFD tended to reduce the volu-
metric BMD in the distal femur of only the immature animals. Taken to-
gether, these disparate effects on bone volume and volumetric BMD
between the immature and mature age groups support the controver-
sial hypothesis of increased fracture risk in obese adolescents, but not
in obese adults. Similar to this study, lonova-Martin et al. [ 18] examined
the effects of HFD (60% kcal fat) for 16 weeks on male C57BL/6] mice
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Fig. 5. Body weight, glucose, and leptin levels of initially obese mice match those of lean mice after diet correction. As illustrated by the immature mice growth curve (A), the body weight
(B) as well as the fasting blood glucose (C) and serum leptin (D) levels are significantly reduced after switching mice from a high fat diet to a low fat diet (HFD:LFD). The black bars rep-
resent mice that were fed a HFD for 12 weeks and white bars represent mice that were subsequently transitioned from the HFD to a LFD for an additional 12 weeks. Each of the groups is
normalized to age-matched LFD controls to adjust for aging differences during the diet time course. Body weight and blood glucose levels equilibrate with those of age-matched, lean con-
trols after diet correction (normalized values ~ 1). Bars represent means and error bars represent SD. * indicates p < 0.05 by two-way ANOVA. # indicates p < 0.05 for intra-age group

comparisons made with Bonferroni's post-hoc test when the interaction is significant.
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Fig. 6. Diet correction tends to normalize the bone volume fraction of mature mice, but not immature mice, with that of age-matched lean controls. 3D renderings of sagittal cross-sections
(A) and metaphyseal trabecular volumes of interest (B) from micro-CT scans of the distal femur provide qualitative comparisons of trabecular bone volumes in the mice that were returned
to alow fat diet from a high fat diet (HFD:LFD) compared to continuous low fat diet (LFD:LFD)-fed mice. The immature HFD:LFD group does not improve in trabecular bone volume fraction
relative to lean controls after diet correction, but mature HFD:LFD mice tend to renormalize with lean, age-matched control mice (D). The trabecular number (G), spacing (I), and connec-
tive density (J) of HFD:LFD mice remain inferior to that of age-matched LFD controls. Bars represent means and error bars represent SD. * indicates p < 0.05 by two-way ANOVA. # indicates
p < 0.05 for intra-age group comparisons made with Bonferroni's post-hoc test when the interaction is significant.

beginning from 3 or 15 weeks of age, but focused on the cortical rather
than cancellous bone. The whole body BMC appeared to have a greater
reduction in the young mice, but the spinal areal BMD and cortical thick-
ness of the femur seemed to be affected more in the older mice. The HFD
apparently affected all other cortical bone properties similarly across
the two age groups. Considering that Ionova-Martin et al. did not test
comparisons across age groups, our observations regarding potential
age-dependent effects in that study can only be based on trends.

The age-dependence of HFD effects on trabecular bone that were ob-
served in the current study may depend on anatomic site. While age and
diet synergistically affected the trabecular BVF in the distal femoral

metaphysis, the effects of HFD on lumbar vertebrae were equivalent in
the two age groups and were less substantial than those observed in
the femur. A similar observation of anatomic site difference was ob-
served in genetic, leptin-related mouse models of obesity [24]. Specifi-
cally, the femoral BMC, BMD and strength were affected significantly
compared to lean controls, but lumbar vertebral bone was unaffected.
Considering that significant differences in the vertebrae were not ob-
served with genetically-induced obesity, but were with HFD-induced
obesity, suggests that the effects observed in the current study may be
independent of body mass and are more directly associated with the ex-
cessive dietary fat and resulting metabolic syndrome. Consistent with
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Fig. 7. After diet correction, trabecular bone volume fraction in L3 vertebral bodies returns to that of age-matched lean controls in both age groups. 3D renderings of vertebral body tra-
becular bone (A) and transverse cross-sections of vertebral bodies caudal to the transverse processes (B) from micro-CT scans provide qualitative comparisons of trabecular bone volumes
in mice that were returned to a low fat diet from a high fat diet (HFD:LFD) compared to continuous low fat diet (LFD:LFD)-fed mice. After normalizing values from HFD-fed mice and diet
corrected (HFD:LFD) mice to those of age-matched lean controls, there was a significant improvement in the bone mineral density (C), bone volume fraction (D), and total cross-sectional
bone area (E) with diet correction across both age groups. There is a significant relative increase in the cortical thickness (F) with diet correction in the mature group only. Bars represent
means and error bars represent SD. * indicates p < 0.05 by two-way ANOVA. # indicates p < 0.05 for intra-age group comparisons made with Bonferroni's post-hoc test when the inter-

action is significant.

this interpretation, more dramatic decrements in femoral bone proper-
ties were observed in the HFD-fed immature mice than in the HFD-fed
mature mice despite smaller increases in body mass and hyperglycemia.

In addition to the variations by anatomic site, the HFD effects on cor-
tical bone are less pronounced than those on cancellous bone in this
study and in previous studies [13,15]. Cao et al. [13] observed a 23% dec-
rement in trabecular BVF, but no effect on cortical bone, in the proximal
tibia of male C57BL/6] mice that were fed a HFD (45% kcal fat) from 6 to
20 weeks of age. Examining older female C57BL/6] mice (12 months of
age), Halade et al. [15] found that the trabecular BVF in the distal
femur was 66% lower in mice that were fed a corn oil diet for 6 months
without any significant effect on cortical bone. Similar deficits in BVF
were observed in the current study, but we also found that the femoral
cortical thickness was significantly reduced by the HFD when both age

groups are considered in a 2-way ANOVA. This reduction, however,
was far less substantial than the change in cancellous bone BVF. As point-
ed out by Cao et al. [13], this varying response between trabecular and
cortical bone with HFD is expected, as the turnover rate of cancellous
bone generally exceeds that of cortical bone [25]. Keeping with this con-
cept, the surfaces of trabeculae would be the first sites to improve if the
diet correction alleviated the imbalance in bone homeostasis. Indeed, the
trabecular thickness of HFD:LFD mice tended to be increased in the
femur of mature, but not immature, mice and was significantly increased
in the vertebrae of both age groups compared to lean controls.

Obesity and glucose-related metabolic disorders that were induced
by the initial HFD did not persist in the HFD:LFD groups. However, the
relative deficit in femoral trabecular bone did remain after diet correc-
tion in the immature age group, but tended to normalize with that of
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Fig. 8. Vertebral compressive strength is equivalent to or exceeds that of lean, age-matched controls after diet correction in both age groups. Group-averaged force-strain (A) and stress—
strain (B) compressive testing curves (error bars represent SEM) illustrating the significant differences in vertebral strength between mice that were fed a HFD for 12 weeks followed by a
LFD for 12 weeks (HFD:LFD) and age-matched mice that were continuously on a LFD (LFD:LFD). After adjusting values from HFD-fed mice and HFD:LFD mice to those of age-matched lean
controls, there was a significant improvement with diet correction in the maximum force (C), force at yielding (D) and stiffness (E), but not in the energy to maximum loading (F) in re-
lation to the lean controls. Further, after adjusting for differences in cross-sectional bone area, the apparent material strength had significant relative improvements with diet-correction in
the maximum stress (G), stress at yielding (H), and apparent modulus (I). Bars represent means and error bars represent SD. * indicates p < 0.05 by two-way ANOVA. # indicates p < 0.05
for intra-age group comparisons made with Bonferroni's post-hoc test when the interaction is significant.

lean controls in the mature group. Importantly, the femoral BVF of im-
mature mice remained at approximately 50% of lean controls after diet
correction, which suggests that the detrimental effects on cancellous
bone during growth may increase the risk of osteoporosis later in life.
In contrast, the normalized vertebral bone structure and strength
equaled or exceeded that of age-matched lean controls. Therefore, the
degree of initial bone deficit or the anatomic site may partially dictate
the relative recovery after diet correction in this study.

Unexpectedly, the mature HFD:LFD group was improved relative to
the mature LFD:LFD-fed mice in the vertebral trabecular thickness,
cross-sectional bone area, and compressive stiffness. These results sug-
gest an attenuation of aging-related bone deterioration in the mature
mice that were obese prior to diet correction. This study focused on
the effects of high dietary fat during adolescence (immature group) or
early adulthood (mature mice) and the persistence of its effects later
in life. Therefore, the HFD was limited to the first half of this study to

focus only on differences in the relationship of HFD-fed mice to age-
matched lean controls. Future studies may be designed to investigate
the effects of sustained HFD from adolescence into adulthood
(HFD:HFD), which could better elucidate the relative improvements
associated with diet correction over continued obesity.

In conclusion, this study has demonstrated that immature mice have
a significantly greater reduction in femoral metaphyseal trabecular BVF
than mature mice when fed a HFD for 12 weeks, but the adverse effects
of HFD on the vertebrae is equivalent in immature and mature animals.
After 12 weeks of diet correction, the HFD-fed immature mice show no
relative improvement in femoral BVF or other trabecular parameters,
while the femoral BVF of mature mice tends to recover to that of the
lean controls. The results of this study demonstrate a complex interplay
between growth, aging, anatomic site and excessive dietary fat on
cancellous bone homeostasis in male mice and require further study
to elucidate the biological mechanisms underpinning these effects.
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