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ARTICLE INFO ABSTRACT

Keywords: The effects of obesity on bone metabolism are complex, and may be mediated by consumption of a high fat diet
High fat diet and/or by obesity-induced metabolic dysregulation. To test the hypothesis that both high fat (HF) diet and diet-
Leptin induced metabolic disease independently decrease skeletal acquisition, we compared effects of HF diet on bone
ﬁ/{"o’;ese mass and microarchitecture in two mouse strains: diet-induced obesity (DIO)-susceptible C57BL/6J (B6) and

DIO-resistant FVB/NJ (FVB). At 3 wks of age we weaned 120 female FVB and B6 mice onto normal (N,
10% Kcal/fat) or HF diet (45% Kcal/fat) and euthanized them at 6, 12 and 20 weeks of age (N = 10/grp).
Outcomes included body mass; percent fat and whole-body bone mineral density (WBBMD, g/cm?) via DXA;
cortical and trabecular bone architecture at the midshaft and distal femur via uCT; and marrow adiposity via
histomorphometry. In FVB HF, body mass, percent body fat, WBBMD and marrow adiposity did not differ vs. N,
but trabecular bone mass was lower at 6 wks of age only (p < 0.05), cortical bone geometric properties were
lower at 12 wks only, and bone strength was lower at 20 wks of age only in HF vs. N (p < 0.05). In contrast, B6
HF had higher body mass, percent body fat, and leptin vs. N. B6 HF also had higher WBBMD (p < 0.05) at 9 and
12 wks of age but lower distal femur trabecular bone mass at 12 wks of age, and lower body mass-adjusted
cortical bone properties at 20 wks of age compared to N (p < 0.05). Marrow adiposity was also markedly higher
in B6 HF vs. N. Overall, HF diet negatively affected bone mass in both strains, but was more deleterious to
trabecular bone microarchitecture and marrow adiposity in B6 than in FVB mice. These data suggest that in
addition to fat consumption itself, the metabolic response to high fat diet independently alters skeletal acqui-
sition in obesity.
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1. Introduction

Obesity has complex effects on bone mass and skeletal fragility.
High body mass increases bone mineral density (BMD, g/cmz) via
greater mechanical loading, and soft tissue padding dampens impact
forces during falls (Felson et al., 1993; Bouxsein et al., 2007), such that
body mass index (BMI) is correlated positively with BMD (Morin et al.,
2009; Looker et al., 2007; Reid et al., 1992; Albala et al., 1996) and
negatively with fragility fractures of the hip (De Laet et al., 2005).
However, recent studies have challenged the notion that high body
mass is unequivocally beneficial to bone. First, the skeleton adapts most
closely to lean body mass, such that individuals with low lean mass and
high percent body fat may have lower BMD than expected for their total
body mass (Greco et al., 2010; Aguirre et al., 2014; Wang et al., 2005;

Nunez et al., 2007; Beck et al., 2009). Second, obese men and women
are at elevated risk for humerus and ankle fractures, suggesting lower
resistance to fracture (Nielson et al., 2011; Compston et al., 2011;
Premaor et al., 2010; Prieto-Alhambra et al., 2012). Finally, obesity-
induced inflammation increases adipocytokine levels and decreases
BMD in humans (Aguirre et al., 2014).

Potential detrimental effects of fat mass on bone health are of par-
ticular concern in adolescents who are obese during the time of peak
bone mass acquisition (Bailey, 1997; Bonjour et al., 1991). Obese
children have higher fracture risk and lower bone mass than expected
for their height and weight (Goulding et al., 2000; Eliakim et al., 2001;
Whiting, 2002; Petit et al., 2005), suggesting a failure of skeletal
adaptation to total body mass (Dimitri et al., 2012; Pollock et al., 2011;
Pollock et al., 2007; Hoy et al., 2012), and obesity-induced chronic
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inflammation is associated with lower adolescent BMD (Russell et al.,
2010; Lucas et al., 2012). Understanding the mechanisms by which
high fat mass impairs skeletal acquisition is of critical importance be-
cause low young adult bone mass is a risk factor for skeletal fragility
later in life (Seeman, 1994; Hui et al., 1990). By one estimate, a 10%
increase in peak bone mass may decrease adult fracture risk by up to
50% (Bonjour et al., 2007). Conversely, failure to reach peak bone mass
likely increases the incidence of later osteoporosis and fracture (Loud
and Gordon, 2006).

Understanding the interrelationships between obesity and bone
mass is challenging because several of the factors contributing to obe-
sity, including diet, heredity, activity level, socioeconomic status, and
metabolic disease, can also directly affect bone. The goal of this study is
to delineate the impact of high fat intake vs. the impact of diet-induced
obesity (DIO) due to a high calorie diet on skeletal acquisition.
Although obesity results from overconsumption, and is often linked to
high carbohydrate diets, Americans also tend to have a high fat intake
(Millen et al., 2016), which is associated with lower BMD and higher
fracture risk compared to unsaturated fats (Longo and Ward, 2016).
Previous studies using rodent models to test the effects of DIO on bone
have focused on high saturated fat (HF) diets, and report such diets
increase (Lecka-Czernik et al., 2015; Ma et al., 2011), decrease (Fujita
et al., 2012; Gautam et al., 2014; Shu et al., 2015; Cao et al., 2009;
Bornstein et al., 2017), or do not change (Doucette et al., 2015; Ackert-
Bicknell et al., 2008) bone mass ign wildtype mice, likely due to dif-
ferences in experimental design. Fewer experimental studies have used
diets high in polyunsaturated fats, although HF corn oil diets rich in
omega 6 fatty acids decrease bone mass in mice (Halade et al., 2010)
and rats (Yan et al., 2015), whereas omega 3 fatty acids are beneficial to
bone mass in rodent models (Bonnet et al., 2014; Lukas et al., 2011).

Here we sought to test whether it is the type of calories (primarily
saturated fat vs. primarily carbohydrate) or the number of calories
(with chronic overconsumption leading to obesity) that causes bone
loss. The overall hypothesis is that both high fat diet itself and the re-
sulting metabolic dysfunction, including obesity, inflammation and
impaired glucose tolerance, independently decrease skeletal acquisi-
tion. To test this hypothesis, we compared the effect of high saturated
fat (HF) diet on bone mass and microarchitecture during rapid skeletal
growth in two inbred mouse strains: FVB/J, which do not overeat on HF
diet and thus are resistant to DIO, and C57BL/6J (B6), which overeat on
HF diet and are DIO-susceptible (Hu et al., 2004; Lin et al., 2000). The
prediction is that the combination of high saturated fat diet, obesity,
and metabolic dysfunction in B6 mice will be more deleterious to ske-
letal acquisition compared to high saturated fat diet in DIO-resistant
FVB mice.

2. Materials and methods
2.1. Dietary intervention

We obtained 3-wk-old female FVB/NJ (FVB) and C57BL/6J (B6)
mice (The Jackson Laboratory, Bar Harbor, ME) and randomized them
to normal (N) or high fat (HF) diet. N diet mice were fed a purified,
phytoestrogen-free diet ad libitum (Research Diets 12450B, 10% kcal/
fat (4% lard + 6% soybean oil), 20% protein, 70% carbohydrate). HF
mice were fed a high-fat purified, phytoestrogen-free diet ad libitum
(Research Diets 12451, 45% kcal/fat (39% lard + 6% soybean oil), 20%
protein, 35% carbohydrate). The HF diet was 50% lower in carbohy-
drate vs. the N diet (7% vs. 31% corn starch, 17% vs. 35% sucrose, 10%
vs. 3% maltodextrin). Fiber and micronutrient content of the experi-
mental diets were identical. Mouse body mass and food intake were
measured three times per week on a digital scale. Mice were sacrificed
by CO, inhalation at 6, 12 or 20 wks of age (N = 10/group for each
strain, diet, and age).
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2.2. Glucose tolerance

Glucose tolerance tests (GTT) were performed at 12 wks of age using
a OneTouch Ultra blood glucose monitor (LifeScan, Inc., Milpitas, CA).
Briefly, after an overnight fast, a baseline blood glucose measurement
was made via tail nick, mice were injected IP with sterile glucose so-
lution (1 g/kg), and blood glucose was measured at 15, 30, 60, and
120 min following injection (Heikkinen et al., 2007).

2.3. Bone mineral density and body composition

Longitudinal in vivo assessment of whole body (exclusive of the
head) bone mineral density (WBBMD, g/ cmz), bone mineral content per
body mass (WBBMC/BM, g/g) and body composition (percent body fat)
was performed at 3, 6, 9, 12, and 20 wks of age using peripheral dual-
energy x-ray absorptiometry (pDXA, PIXImusII, GE Lunar Corp.), as
previously described (Bouxsein et al., 2009; Bouxsein et al., 2005;
Ferrari et al., 2005).

2.4. Specimen harvesting/preparation

Gonadal white adipose depots were excised and weighed. Femurs
and lumbar vertebrae were harvested and cleaned of soft tissue. The
right femur and L5 vertebral body were prepared for imaging and
biomechanical testing by wrapping in saline-soaked gauze and freezing
at —20 °C as previously described (Devlin et al., 2010). The left femur
was prepared for histology in 70% ethanol at 4 °C until processing.

2.5. Trabecular and cortical bone morphology by uCT

Bone morphology and microarchitecture were assessed with high-
resolution microcomputed tomography (uCT40, Scanco Medical,
Briittisellen, Switzerland), as previously described (Glatt et al., 2007).
In brief, the distal femoral metaphysis and L5 vertebral body were
scanned using a 12 um?® isotropic voxel size, 70kVP, 114mA, and
200 ms integration time, and were subjected to Gaussian filtration and
segmentation. At the distal femur, evaluation of transverse CT slices
began at 360 um proximal to the distal growth plate and continued
1800 um proximally. Images were thresholded using an adaptive-
iterative algorithm.(Ridler and Calvard, 1978; Meinel et al., 2005;
Rajagopalan et al., 2005) The average adaptive-iterative threshold of all
specimens from each strain was applied as a fixed threshold to segment
bone from soft tissue (FVB: 296 mg hydroxyapatite (HA)/cm®, B6:
256 mg HA/cm®). At the femoral mid-diaphysis, transverse uCT slices
spanning 600 um were obtained to assess cortical bone parameters and
segmented using a fixed threshold of 670 mgHA/cm?. In the fifth
lumbar vertebra, transverse CT slices were evaluated throughout the
body of each vertebra (2400-3000 um), excluding the superior and
inferior growth plates. As in the distal femur, the average adaptive-
iterative threshold of all specimens from each strain was used as a fixed
threshold to segment bone from soft tissue (FVB: 296 mg hydro-
xyapatite (HA)/cm®, B6: 318 mg HA/cm®). In the trabecular bone re-
gion we assessed bone volume fraction (BV/TV, %), trabecular thick-
ness (Tb.Th, pm), trabecular separation (Tb.Sp, um), trabecular number
(Tb.N, 1/mm), connectivity density (ConnD 1/mm3), and structure
model index (SMI). At the femoral midshaft we measured total cross-
sectional area, cortical bone area, and medullary area (TA, BA and MA,
mm?); bone area fraction (BA/TA, %), cortical thickness (um), antero-
posterior and medio-lateral diameters; and area moments of inertia.
Procedures followed the 2010 recommendations of the American So-
ciety for Bone and Mineral Research (Bouxsein et al., 2010).

2.6. Bone strength testing

Following pCT scanning, the strength of the femoral midshaft was
assessed by 3-point bending (by applying a flexion moment in the
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anterior-posterior plane) wusing previously described methods
(35,40-42). Briefly, specimens were thawed to room temperature in a
calcium-buffered saline bath, to ensure adequate hydration. A low force
mechanical testing system (Bose Electroforce 3230, with 100N load
cell) was used to apply constant displacement at a rate of 0.03 mm/s.
The distance between load supports was 8.0 mm. Force-displacement
data were used to determine structural properties (ultimate moment
(N*mm), bending stiffness (N*mm/mm) and post-yield displacement
(mm)), and then data for each specimen were adjusted for the appro-
priate femoral midshaft area moment of inertia, as measured on the uCT
scans, to derive estimated elastic modulus (GPa).

2.7. Serum hormones
Blood was collected at sacrifice by cardiac puncture and ELISA was

used to measure serum leptin, as previously described (Devlin et al.,
2010; Devlin et al., 2014).

Bone Reports 8 (2018) 204-214

2.8. Marrow adiposity

Marrow adiposity was quantified using static histomorphometry as
previously described (Devlin et al., 2010). Terminology and units fol-
lowed the recommendations of the Histomorphometry Nomenclature
Committee of the American Society for Bone and Mineral Research
(Dempster et al., 2013).

2.9. Statistical analyses

The effects of diet, strain and age on bone variables were evaluated
using a full factorial General Linear Model (GLM) in SPSS (IBM,
Armonk, NY). If the overall model indicated a significant effect of diet,
diet*age, diet*strain, or diet*age*strain, we then stratified the GLM by
age and strain to obtain p values for diet (HF vs. N) specific to a given
strain at a given age. Only such significant pairwise differences are
reported in the results (alpha = 0.05). To adjust for body mass differ-
ences, we regressed the variable of interest (i.e., bone cross-sectional
properties) vs. body mass and compared residuals (Devlin et al., 2010).
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bone mineral density (WBBMD, g/cmz). Significant differences as shown (*p < 0.05).
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Fig. 2. A. Distal femur BV/TV (%), B. Distal femur connectivity density (/mm), C. Midshaft femur BA/TA (%), D. Midshaft femur pMOI (mm™), E. Lumbar vertebra
Tb.N (/mm), F. Lumbar vertebra connectivity density (/mm). Significant differences (p < 0.05) as shown for unadjusted data (*); following body mass adjustment,

pMOI was lower in B6 HF vs. N mice (*).

worse) SMI at 20 wks of age vs. N mice (p < 0.05 for all, Fig. 2E-F and
Table 2).

3.4. Distal femur bone marrow adiposity
At 12 wks of age, B6 HF mice had a twofold higher adipocyte vo-

lume per total volume (Ad.V/TV, %) vs. B6 N (p = 0.006), but there
was no effect of HF diet on marrow adiposity in FVB mice (Table 3).

3.5. Bone strength

Mechanical testing showed that femora from B6 HF mice had higher
stiffness (N) at 12 weeks of age (p < 0.05, Table 4). In contrast, femora

208

from FVB HF had higher stiffness at 6 wks of age, but lower stiffness and
maximum force vs. N at 20 wks of age (p < 0.05 for all, Table 4). There
were no effects of HF diet on the apparent elastic modulus or postyield
displacement in femora from either strain.

4. Discussion

In this study, we tested the effects of high fat (HF) diet on meta-
bolism and skeletal acquisition in young, rapidly growing female mice
from two strains: FVB, which resists diet-induced obesity, and B6,
which readily develops diet-induced obesity (Hu et al., 2004). We hy-
pothesized that the combination of high saturated fat diet, obesity, and
metabolic dysfunction in B6 mice would be more deleterious to skeletal
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Table 3

Bone Reports 8 (2018) 204-214

Distal femur bone marrow adiposity in female FVB/NJ and C57BL/6J mice fed a normal (N) or high fat (HF) diet from 3 wks of age to 12 wks of age (mean *+ SD).

B6 FVB Pgiet Pstrain, diet
N HF N HF
Mean SD Mean SD Mean SD Mean SD

Ad.V/TV (%) 2.14 1.52 4.52 2.35 0.11 0.08 0.03 0.02 0.057 0.044

Bolded values indicate significant pairwise differences within each strain at a given age (p < 0.05). Pairwise comparisons were performed for variables with overall

significance in the GLM, as shown at right.

acquisition compared to high saturated fat diet alone in DIO-resistant
FVB mice.

In keeping with previous studies, we found that high fat diet in-
duced a metabolic phenotype including obesity and glucose intoler-
ance, higher leptin, and higher marrow adiposity in B6 mice, while FVB
were largely unaffected (Lecka-Czernik et al., 2015; Ma et al., 2011;
Fujita et al., 2012; Gautam et al., 2014; Shu et al., 2015; Cao et al.,
2009; Bornstein et al., 2017; Doucette et al., 2015; Ackert-Bicknell
et al., 2008; Hu et al., 2004; Lin et al., 2000). We also observed strain-
specific effects of HF diet on the skeleton: B6 on high fat diet had higher
bone mineral density from 6 to 12 wks of age, but lower bone mineral
content for their body mass from 9 to 20 wks of age, indicating bone
mineral deposition did not keep pace with their weight gain. In con-
trast, FVB mice on a high fat diet had no changes in bone mineral
density or content. B6 mice on a high fat diet had worse trabecular
architecture at 12 and 20 wks of age, whereas FVB mice on high fat diet
had worse trabecular bone architecture at 6 wks of age but not there-
after, perhaps because bone loss was slower in HF vs. N mice after 6 wks
of age. B6 HF mice had lower body mass-adjusted cortical bone prop-
erties vs. normal diet controls at 12 and 20 wks of age, but FVB HF mice
did not, although at 20 wks of age FVB HF had lower femoral bone
strength vs. N. These data provide partial support for our hypothesis
that most of the effects of high fat diet on the skeleton are mediated via
diet-induced obesity and metabolic dysfunction, particularly in trabe-
cular bone. However, these effects were complex and appeared to at-
tenuate with age, such that by 20 wks of age, there were few significant
skeletal differences between HF and N mice of either strain.

4.1. Comparison to prior studies of high fat diet and bone mass

Previous studies of the influence of high fat diet on bone in mice
found a range of effects from positive to negative. Two studies of male
C57BL/6J mice from 12 to 23 or 7 to 28 wks of age found HF diet was
associated with higher femoral trabecular thickness and trabecular
bone mineral content, as well as higher cortical bone area, total area,
cortical thickness, and polar moment of inertia (unadjusted for body
mass), despite lower bone formation and high marrow adiposity (Lecka-
Czernik et al., 2015; Ma et al., 2011). In contrast, other studies reported
HF diet from 3 wks or 8 wks to 14 to 17 wks of age had little effect on
femoral trabecular or cortical bone in wildtype mice, although marrow
adiposity increased (Doucette et al., 2015; Ackert-Bicknell et al., 2008;
Styner et al., 2014), and osteocalcin decreased while TRACP5b in-
creased (Yan et al., 2015). Finally, several studies of HF diet in male
and female B6 beginning at 4 to 7 wks and ending at 14 to 31 wks of age
found deleterious effects in the distal femur and proximal tibia in-
cluding lower trabecular BV/TV, increased bone turnover, and higher
RANKL, TNF, and PPAR-gamma along with higher marrow adiposity
and lower fracture resistance (Fujita et al., 2012; Gautam et al., 2014;
Shu et al., 2015; Cao et al., 2009; Scheller et al., 2016; Patsch et al.,
2011). It is challenging to integrate these disparate findings, although it
should be noted that the studies reporting positive effects of HF diet on
bone mass tended to be initiated in mice that were older (i.e. 7 to 12
wks of age) than those studies reporting neutral or negative effects (i.e.
initiated at 3 to 8 wks of age). This difference is critical because skeletal
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acquisition in B6 mice peaks between 3 and 6 wks of age (Glatt et al.,
2007), such that bone may be particularly susceptible to metabolic
insult during this interval. Our data in female B6 from 3 to 20 wks of
age concur with the finding that HF is deleterious to bone mass during
rapid skeletal acquisition. In terms of marrow adiposity, the association
of HF diet with higher BMAT is remarkably consistent across studies,
regardless of whether bone mass is higher, lower, or unchanged (Lecka-
Czernik et al., 2015; Fujita et al., 2012; Gautam et al., 2014; Shu et al.,
2015; Doucette et al., 2015; Ackert-Bicknell et al., 2008; Styner et al.,
2014; Scheller et al., 2016). Thus our finding of higher BMAT in B6 HF
at 12 wks of age is likely representative of marrow adiposity at other
ages as well. To the best of our knowledge, this is the first study to test
the effects of HF diet on bone mass in FVB mice, so our data cannot be
compared to prior work in this strain. The mechanisms underlying the
age-related effects of HF diet on distal femur trabecular architecture in
this strain are unclear and should be tested in future studies. One
possibility is that genetic differences between strains mediate the effects
of HF diet on the skeleton. For example, several recent studies have
demonstrated significant strain-related differences in the skeletal re-
sponse to saturated fats and unsaturated omega 3 vs. omega 6 fats in-
volving nutrition-by-gene interactions with peroxisome proliferator-
activated receptor-gamma (PPARy) (Ackert-Bicknell et al., 2008;
Bonnet et al., 2014).

4.2. Mechanisms for deleterious effects of obesity on bone mass

Several potential mechanisms link obesity and metabolic dysregu-
lation to bone metabolism, including chronic inflammation, hy-
perleptinemia, and hyperglycemia. Cytokine production in adipose
tissue induces chronic inflammation that has been implicated in
atherosclerosis and insulin resistance (Shoelson et al., 2007; Wellen and
Hotamisligil, 2003), as well as bone loss (Ouchi et al., 2011) and lower
bone mineral density in adolescents (Russell et al., 2010; Lucas et al.,
2012). Inflammatory markers including tumor necrosis factor-alpha
(TNF-a), interleukin-1beta (IL-1p), and interleukin-6 (IL-6) can stimu-
late osteoclast activity via increased proliferation of preosteoclastic
cells and upregulated RANKL expression (Khosla, 2001). A recent
comparison of B6 and FVB metabolism following 8 wks of HF diet also
found that although B6 mice had smaller adipocytes, they exhibited
higher levels of proinflammatory cytokines and macrophages, along
with higher tissue hypoxia and expression of angiogenic genes com-
pared to FVB (Kim et al., 2013). The authors concluded that B6 mice
have a greater capacity to expand their adipose depots in response to
high fat diet compared to FVB, contributing to their DIO but also po-
tentially contributing to inflammation-induced metabolic dysregulation
and bone loss (Kim et al., 2013). It is also possible that these metabolic
differences simply reflect the fact that B6 overeat on HF diet whereas
FVB do not. Recently, Bornstein et al. tested the effect of metformin in
C57BL/6J mice after HF diet, and found that DIO was not deleterious to
trabecular bone architecture but led to decreased midshaft cortical bone
area fraction and higher marrow adiposity in the femur and tibia
(Bornstein et al., 2017). Metformin treatment did not affect body mass
or percent body fat, but partially reversed the skeletal phenotype,
normalized blood glucose, increased osteoblast number, and caused
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% alterations in serum metabolites and in the gut microbiome (Nunez
; ; et al., 2007). These data support the hypothesis that metabolic dys-
-% g Eo function significantly contributes to the skeletal phenotype in DIO.
o 33g 2 E The adipokine leptin also modulates both cortical and trabecular
g c bone mass, both directly via osteoblast leptin receptors and indirectly
E o é via neural pathways (Upadhyay et al., 2015). Direct effects of leptin in
g? S22 2 2 peripheral tissues are generally osteogenic, including stimulation of
= g 3 periosteal bone apposition and promoting differentiation of mesench-
a ﬂ? 222 2 é ymal stem cells (MSCs) to osteoblasts rather than adipocytes (Cornish
H i I et al., 2002; Thomas et al., 1999; Hamrick and Ferrari, 2008). In ad-
% NI E dition, reports indicate that leptin can reduce bone loss following
g §|wa s 2|8 ovariectomy or hindlimb unloading (Hamrick and Ferrari, 2008; Martin
% 12888 S g et al., 2005; Gimble et al., 2006). Thus we might expect that high cir-
kS Aloaxe& 8§ “5 culating leptin due to DIO would maintain or increase bone mass in B6
2 9 “Cle-e ey mice (Cornish et al., 2002; Thomas et al., 1999; Ducy et al., 2000;
f, E g‘:; oo o |3 Takeda et al., 2002). However, in this study DIO-induced hyperlepti-
o §lzl2|82 o § nemia in B6 mice at 12 wks of age was associated with lower cortical
:f Alond& 2 ; and trabecular bone mass. At 20 wks of age, B6 HF were not hy-
- S IR = perleptinemic, despite high body mass and percent body fat, and their
ZS . § e I 8 trabecular and cortical bone mass did not differ from B6 N. The de-
& G B T‘E crease in leptin in B6 HF from 12 to 20 wks of age was unexpected given
g alZa& 2|8 the high adiposity of these mice. One potential mechanism involves a
2 ) : I high fat diet-induced increase in peroxisome proliferator-activated re-
: Z g8y 8|3 ceptor gamma, - o
£ -l E mosoe 5 In terms of the skeletal phenotype, these findings are consistent with
& alnews &% prior studies demonstrating the osteogenic effects of leptin in humans
3 i 3 (Welt et al., 2004; Sienkiewicz et al., 2011) and in animal models
= ) 5 : xq] B § (Goldstone et al., 2002; Iwaniec et al., 2007; Philbrick et al., 2017;
Lé mlElene o 2 Turner et al.,, 2013) are most pronounced in hypoleptinemic in-
& 8122 i E ‘% dividuals. Hyperleptinemia may induce leptin resistance (Hamricl(,
B g - é 2007) and upregulate deleterious inflammatory pathways in bone
S8 g ISR B8 (Yang et al., 2014), an intriguing possibility that deserves further stu.dy.
S = SRR I Finally, HF diet also induced impaired glucose tolerance, particu-
§’ gl e § E E larly in B6 mice. Although few studies in animal mode‘ls have isolated
g Elhow o : the effects of impaired glucose tolerance on bone mass, in humans'there
2 Bl S| g3 & g is a link between impaired glucose tolerance and l'ower bone mineral
© IS content in adolescents (Pollock et al., 2010; Afghani et al., 2005). More
z & g = % § v broadly, hyperglycemia is known to impair osteoblast function in vitro,
g —‘; El oo o & and has been implicated in diabetes-induced osteoporosis and skeletal
E Il =z g RN 3 % fragility (McCabe et al., 2011; Botolin and McCabe, 2006; Hamann
§ ~ « | B et al,, 2012; Dhaliwal and Rosen, 2016). These data suggest tl.1at
= 81222 21% treating the metabolic consequences of obesity, such as inflammation
S Sl osm o = and impaired glucose tolerance, might help maximize peak bone mass
i = g 583 2 : and reduce future osteoporosis risk in adolescents.
S [22] N g
g Blacd 22 4.3. Limitations and future directions
= 0 9
3 : flaeg 5|2 . "
E Slzl=|838 & = The strengths of our approa.ch 1nclu(.ie a focus (.)n y(?ung, r.apl y
“; o o | & growing animals, the use of high fat diet to physiologically induce
‘s g8|d2s 3 53 metabolic dysregulation, and the use of inbred mouse strains with
% Elasys o E contrasting responses to diet induced obesity. However, a limitation of
§ Els|ssd 2 & this approach is the possibility that genetic differences between FVB
i s o | and B6, for example in quantitative trait loci for feeding behavior
E g|32d 3 é (Smith Richards et al., 2002; Kumar and Smith Richards, 2008) or for
E’ 2 Elvoa = |3 metabolic response to macronutrient intake (Ackert-Bicknell et al.,
g |8 E zls|d23 3|5 2008), mediate strain-specific responses to HF diet. It is particularly
aE) g interesting that in FVB mice, HF diet caused worse trabecular bone
_§ . & E architecture at 6 wks of age but not thereafter. Further study of re-
G £ & % sistance vs. susceptibility to overeating across inbred mouse strains may
.‘g = é £ % be relevant for understanding why some humans do not gain weight
= ~& 2 § ‘g even in an obesogenic environment (Mercer, 2001; Blundell et al.,
g g g E L&u“ 5 2005). Future studies should further investigate the unexpected ap-
§ g ué =z 2 E = parent decrease in leptin in B6 HF females from 12 wks to 2.0 wks of
+ &g é E é @ g _; age, and should include leptin sensitivit}f tests to assess the lmpa‘ct’ of
_':‘; @ bl § 2 2|3 leptin resistance on feeding behavior and body c0fnpo.smon
G nEEoE R (Krawczewski Carhuatanta et al., 2011). An additional limitation is that
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we currently include only female mice, and there may be sex differences
in the response to high fat diet. In addition, our physiological approach
to diet-induced obesity induced multiple metabolic changes including
hyperleptinemia, high fat mass, and impaired glucose tolerance, thus
making it challenging to determine the contributions of each factor to
the changes in skeletal acquisition we observed. Finally, there is evi-
dence that the gut microbiome varies across inbred mouse strains
(Hildebrand et al., 2013) and can increase or decrease bone strength
(Guss et al., 2017; Yan et al., 2016; Sjogren et al., 2012). Future studies
will include males and will test the effects of treatments including diet
and exercise and anti-inflammatory agents on both metabolic dysre-
gulation and skeletal acquisition in high fat diet-induced obesity within
a given mouse strain. Future work should also continue to test the role
of the gut microbiome in mediating the effects of HF diet on the ske-
leton (Bornstein et al., 2017), particularly the strain-related differences
observed in this study.

5. Conclusions

In this study, we sought to test whether the effects of high fat diet on
skeletal acquisition differ in the presence or absence of excessive caloric
intake leading to obesity and metabolic disease. We did this by com-
paring the effects of high fat diet on metabolism and skeletal acquisition
in FVB mice, which resist diet-induced obesity, and B6 mice, which are
susceptible to diet-induced obesity. The results indicated that in FVB
mice, high fat diet impairs skeletal acquisition at a young age, but has
little effect on bone mass, architecture, or marrow adiposity in older
animals. In B6 mice, high fat diet leads to overconsumption of food,
increased body mass and fat mass, decreased trabecular number and
connectivity density in the distal femur at 12 and 20 wks of age, and
increased marrow adiposity at 12 wks of age. These results suggest that
both high fat diet and diet-induced metabolic disease cause subtle al-
terations in bone mass and microarchitecture, although these effects are
complex and vary in an age- and strain-dependent manner. Trabecular
bone appears to be more sensitive to dietary and metabolic perturba-
tions than cortical bone, perhaps due to its faster turnover. Protection of
bone mass is an additional rationale for treating metabolic dysregula-
tion, particularly during peak bone mass acquisition in adolescents.
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