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Abstract

There is a growing and alarming prevalence of obesity and the metabolic syndrome in type |
diabetic patients (T1DM), particularly in adolescence. In general, low bone mass, higher fracture
risk and increased marrow adipose tissue (MAT) are features of diabetic osteopathy in insulin
deficient subjects. On the other hand, type 2 diabetes (T2DM) is associated with normal or high
bone mass, a greater risk of peripheral fractures and no change in MAT. Therefore, we sought to
determine the effect of weight gain on bone turnover in insulin deficient mice. We evaluated the
impact of a 6-week high-fat (HFD) rich in medium chain fatty acids or low-fat diet (LFD) on bone
mass and MAT in a streptozotocin (STZ)-induced model using male C57BL/6J mice at 8 weeks of
age. Dietary intervention was initiated after diabetes confirmation. At the endpoint, lower non-
fasting glucose levels were observed in diabetic mice fed with high fat diet compared to diabetic
mice fed the low fat diet (STZ-LFD). Compared to euglycemic controls, the STZ-LFD had marked
polydipsia and polyphagia, as well as reduced lean mass, fat mass and bone parameters.
Interestingly, STZ-HFD mice had higher bone mass, namely less cortical bone loss and more
trabecular bone than STZ-LFD. Thus, we found that a HFD, rich in medium chain fatty acids,
protects against bone loss in a TAIDM mouse model. Whether this may also translate to TLDM
patients who are overweight or obese in respect to maintenance of bone mass remains to be
determined through longitudinal studies.
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INTRODUCTION

Type 1 diabetes mellitus (T1DM) is associated with low bone mineral density (BMD) and
increased fracture risk (Tuominen et al., 1999). Several studies have shown that bone loss in
T1DM occurs because of reduced bone formation, while the effects on bone resorption are
less clear (Hough et al., 2016; McCabe, 2007). There are several characteristics of TLDM
that may have a significant impact on bone, such as hypoinsulinemia and high glucose levels
(de Paula et al., 2010; Hough et al., 2016). Due to the positive effects of insulin and IGF-1
on bone formation, decreased insulin signaling has been considered as one of the most
critical factors in the pathogenesis of TADM-bone loss (Kawai and Rosen, 2010). However,
mice with an osteoblast-specific knockout of insulin receptor only have a mild low bone
mass phenotype in adult mice (Fulzele et al., 2010). Moreover, adult mice with a global
knockout of insulin receptor, made normoglycemic by knock in of the human insulin
receptor in liver, brain and pancreas, also have a normal bone phenotype (Irwin et al., 2006).
Hyperglycemia, on the other hand, can impair osteoblast differentiation in culture and
elevated advanced glycation end products (AGES) have been associated with fractures in
patients with TADM (Botolin and McCabe, 2006; Neumann et al., 2014). Moreover, high
glucose levels have also been positively linked to greater marrow adiposity in non-diabetic
women (de Paula et al., 2015b).

T1DM critically impacts whole body energy economy, leading to weight loss due to
increased proteolysis and lipolysis. Bone catabolism is a well-known complication of weight
loss and occurs because of an array of factors, including decreased mechanical loading and
nutritional and hormonal changes (Basso et al., 2005; Cao, 2011; Devlin and Rosen, 2015;
Komori, 2015). In conditions of chronic (i.e., anorexia nervosa) as well as acute weight loss
(i.e., bariatric surgery) a negative remodeling balance is a well-documented occurrence
(Bredella et al., 2009; Devlin et al., 2010; Reid, 2010). Low body weight is a frequent
clinical manifestation during the onset of TLDM (Association, 2009). However, recent
publications have pointed out the alarming rise in obesity in TADM individuals (Conway et
al., 2010; Liu et al., 2010). In one prospective study, 18 years of follow-up showed that 20%
of T1DM subjects enrolled in the study had gained at least 5 kg/m? while only 7% had lost
at least 2 kg/m2. The number of overweight individuals increased in 47% during the period
of the follow-up (Conway et al., 2010). As a consequence, there has been a growing
prevalence of abdominal obesity, insulin resistance and arterial hypertension among T1DM
children and adults that paradoxically were previously considered to be pathognomonic of
T2DM (da Costa et al., 2016; Merger et al., 2016; Polsky and Ellis, 2015). The increase in
metabolic syndrome characteristics in TLDM patients appear to be an important risk factor
for the development of macrovascular and microvascular comorbidities such as
cardiovascular diseases, diabetic foot syndrome, nephropathy, and retinopathy,
independently of glucose control (Merger et al., 2016). However, the effect of high body
weight or obesity on bone mass and bone turnover in TLDM is still unknown.
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Obesity is characterized by excessive body fat accumulation and despite higher or normal
BMD, fracture risk is also increased in obese subjects (Paula and Rosen, 2010). The intake
of a diet rich in saturated fats is well-documented to be associated with greater body fat
content, insulin resistance (Petro et al., 2004) and also with reduction of BMD (Corwin et
al., 2006; Macri et al., 2012). Hence, we sought to determine the impact of weight gain on
bone mass in streptozotocin (STZ)-induced TIDM mice. We hypothesized that high fat
feeding would not be able to counteract classical type 1 diabetic bone loss and may in fact
make it worse. For this, we submitted eight-week-old male TIDM and control mice to 6-
week high saturated fat diet (HFD) rich in medium chain fatty acid (MCFA) or low fat diet
(LFD). In brief, although HFD is generally deleterious to bone, we found that HFD actually
attenuated trabecular and cortical bone loss from STZ-induced diabetes, without
significantly affecting insulin levels. Blood glucose was lower and body weights were higher
in HFD-fed STZ mice compared to LFD-fed STZ mice, suggesting glycemic control and/or
body weight played a protective role in TIDM bone disease.

MATERIALS AND METHODS

The study protocol was approved by the Institutional Animal Care and Use Committees
(IACUC) of the Maine Medical Center Research Institute (MMCRI). All animals were
maintained on a 14-h light and 10-h dark cycle in a barrier animal facility at MMCRI. Mice
were given water and food (see below for detailed description of diets) ad /ibitum and
housed 3-4 per cage. All mice had body weight measured weekly during the experiment.

Diabetes Induction and Dietary Intervention

Six-week-old male C57BL/6J mice were obtained from the Jackson Laboratory (Bar Harbor,
ME). At 8 weeks of age, they were administered 5 daily intraperitoneal (IP) injections of
streptozotocin (STZ) (50 mg/kg body weight in 0.1 M citrate buffer pH 4.5; Sigma-Aldrich)
to induce diabetes or vehicle (0.1 M citrate buffer pH 4.5) injections. All mice received
standard diet (2018 Teklad Global 18% Protein Rodent Diet, Harlan Laboratories) until
diabetes confirmation. Twelve days after the first injection, non-fasting blood glucose levels
were assessed using an Accu-Check Compact® glucometer (Roche Diagnostics,
Indianapolis, IN). The blood glucose cut-off was 16.7 mmol/L (300 mg/dL) for including
animals in STZ groups. Non-fasting glucose levels were also checked at the endpoint of the
study. After diabetes confirmation, mice were divided into four different groups for 6 weeks
of diet intervention (Research Diets Inc., New Brunswick, NJ, Supplemental Table I):

[ Control Low Fat Diet (CON-LFD): mice injected with vehicle solution (n=11),
then fed with custom formulated low fat diet (Research Diets D15022202)
containing 11% Kcal from fat, and 73% Kcal from carbohydrate comprised of
corn starch and an amount of sucrose matched with HFD.

[I.  Control High Fat Diet (CON-HFD): mice injected with vehicle solution
(n=11), then fed with a high fat diet (Research Diets D12331i) containing 58%
Kcal from hydrogenated coconut oil, and 26% Kcal from sucrose.

[11.  STZ Low Fat Diet (STZ-LFD): mice injected with STZ solution (n=9), then fed
with custom formulated 11% kcal from fat diet (Research Diets D15022202).
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IV.  STZ High Fat Diet (STZ-HFD): mice injected with STZ solution (n=14), then
fed with 58% Kcal from fat diet (Research Diets D12331i).

Serum Assays

Serum insulin levels were measured using a commercially available kit from Crystal Chem
Inc. (Downers Grove, IL), according to the manufacturer’s instructions. The assay sensitivity
was 0.05 ng/mL. The intra- and inter-assay variability was < 10 ng/mL. Serum P1NP and
CTx levels were measured using commercially available kits from IDS (Gaithersburg, MD)
according to the manufacturer’s instructions. The assay sensitivities were 0.7 and 2 ng/mL
for PANP and CTX, respectively. The intra-assay variations were 6.3 and 6.9%, and the inter-
assay variations were 8.5 and 12% respectively, for both assays. All measurements were
performed in duplicate. B-hydroxybutyrate was measured with an assay kit (MAKO041,
Sigma) according to the manufacturer’s instructions. The intra-assay variability was 4.7%.
All measurements were performed in duplicate.

Histological and Immunohistochemical analysis

Pancreas and adipose tissues were placed in 10% neutral buffered formalin (Sigma-Aldrich)
for 48 hours and then kept in 70% ethanol. Tissues sections of 5 um were deparaffinized and
dehydrated in a graded series (100% to 70%) of ethanol washes and stained with
hematoxylin and eosin (H&E). Langerhans islets were identified and counted using Image J
software. Pancreas tissue sections were rinsed in boiled 10 mM citrate buffer solution (pH
6.0) for 20 minutes at room temperature. Sections were quenched for 60 minutes in 1% of
30% hydrogen peroxidase in PBS and washed in TNT wash buffer solution (Tris-buffer 2M,
NaCl, Tween 20, dH,0). A non-specific blocking solution (10% BSA, goat serum, and
Triton X-100 BioRad® in PBS) was added and slides were incubated in humidified chamber
for 60 minutes at 4°C. Later, sections were incubated with insulin antibody (primary
antibody; Cell Signaling Technology®) diluted in blocking solution (1:50) overnight at 4°C.
Slides were washed in TNT wash buffer and a secondary antibody (goat anti-rabbit 1IgG
biotin labeled) diluted in blocking solution (1:200) was added for 30 minutes at room
temperature and washed again. Next, slides were incubated Streptavidin-HRP diluted in
blocking solution (SA-HRP; Perkin Elmer) (1:100) for 30 minutes at room temperature and
sections were washed again. Then, Vector® DAB solution, a peroxidase substrate, was
added and sections were checked under the microscope until pancreatic insulin expression
by B-cells was properly visualized (brown signal). Slides were counterstained with
hematoxylin solution Gill n°1 (Sigma-Aldrich).

Dual-energy X-ray absorptiometry (DXA)

Bone mineral density (aBMD), lean mass, and fat mass assessments were performed on each
mouse by a PIXImus dual-energy X-ray densitometer (GE Lunar) at the baseline (0), 2
weeks from the baseline (1) and at the endpoint of the study (2). The PIXImus was
calibrated daily with a mouse phantom provided by the manufacturer. Mice were placed
ventral side down with each limb and tail positioned away from the body. Full-body scans
were obtained, and the head was excluded from analyses because of concentrated mineral
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content in skull and teeth. X-ray absorptiometry data were processed and analyzed with
Lunar PIXImus 2 (version 2.1) software (Motyl et al., 2015).

Micro-computed tomography (UCT)

Micro-architecture of the distal trabecular bone and midshaft cortical bone of the femur, and
trabecular bone of the L5 vertebrae, were analyzed by PCT (resolution 10 um, VivaCT-40,
Scanco Medical AG, Bassersdorf, Switzerland). Measurements included femur and
vertebrae bone volume/total volume (BV/TV), trabecular number (Th.N.), trabecular
thickness (Th.Th.), trabecular separation (Th.Sp.), and connectivity density (Conn.D).
Cortical region scans at the midpoint of each femur, with an isotropic pixel size of 21 pm
and slice thickness of 21 pm, enabled calculation of average bone area (BA), total cross-
sectional area (TA), bone area/total area (BA/TA), and cortical thickness (Ct.Th.). All scans
were analyzed using the software of the manufacturer (Scanco Medical AG, version 4.05)
(Motyl et al., 2015).

Histomorphometry analysis

Mice were intraperitoneally injected with calcein (20 mg/kg) and demeclocycline (20
mg/kg) on days 9 and 2 before sacrifice, respectively, to determine bone formation rate (de
Paula et al., 2011). Left tibias were removed, placed in 70% ethanol and maintained in the
dark at room temperature. Tibias were dehydrated with acetone and embedded in methyl
methacrylate. Undecalcified 4-um-thick sections were obtained by microtome and stained
with Von Kossa method for showing the mineralized bone. A consecutive section was left
unstained for the analysis of fluorescence labeling and was stained with Toluidine Blue for
the analysis of osteoblasts, osteoid and adipocytes. Another consecutive section was stained
with tartrate-resistant acid phosphatase (TRAP) and counterstained with Toluidine Blue for
the analysis of osteoclasts. Bone histomorphometric analysis was performed in the proximal
tibia under 200X magnification in a 0.9 mm high x 1.3 mm wide region 200 um away from
the growth plate using OsteoMeasure analyzing software (OsteoMetrics Inc., Decatur, GA,
USA). The structural parameters [bone volume (BV/TV), trabecular thickness (Th.Th),
trabecular number (Th.N) and trabecular separation (Th.Sp)] were obtained from 3
consecutive sections and the average from these 3 data was assigned as individual data. The
structural, dynamic and cellular parameters were calculated and expressed according to the
standardized nomenclature (Dempster et al., 2013) as follows: bone volume (BV/TV, %),
trabecular thickness (Th.Th, pm), trabecular number (Th.N, /mm), trabecular separation
(Th.Sp, um), mineralizing surface per bone surface (MS/BS, %), mineral apposition rate
(MAR, um/day), bone formation rate per bone surface (BFR/BS, pm3/um?/year), bone
formation rate per bone volume (BFR/BV, %/year), bone formation rate per trabecular
volume (BFR/TV, %/ year), osteoblast surface (Ob.S/BS, %), osteoblast number per
trabecular area (N.Ob/T.Ar, / mm?2), osteoblast number per bone perimeter (N.Ob/B.Pm, /
mm), osteoid volume (OV/BV, %), osteoid surface (OS/BS, %), osteoid thickness (O.Th,
um), osteoclast surface (Oc.S/BS, %), osteoclast number per trabecular area (N.Oc/

T.Ar, /mm?) osteoclast number per bone perimeter (N.Oc/B.Pm, /mm), and eroded surface
(ES/BS, %), adipocyte volume (Ad.V/TV, %) and number of adipocyte (N.Ad/T.Ar , #/
mm?).
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Real-time PCR

Bone marrow was flushed out from the freshly dissected femur and flash frozen in liquid
nitrogen separate from the cortical bone. Bone was crushed under liquid nitrogen conditions.
Total RNA was prepared using the standard TRIzol (Sigma-Aldrich) method for tissues.
cDNA was generated using the High Capacity cDNA Reverse Transcriptase Kit (Applied
Biosystems) according to the manufacturer’s instructions. mMRNA expression analysis was
carried out using an iQ SYBR Green Supermix with an iQ5 thermal cycler and detection
system (Bio-Rad Laboratories). Hypoxanthine phosphoribosyltransferase 1 (HprtI) was used
as an internal standard control gene for all quantification (\Vengellur and LaPres, 2004).
Primers were designed and tested to be 95% to 100% efficient by PrimerDesign and primer
sequences are listed in Table S2.

Metabolic Cage System

One week before the end of the study, mice from CON-LFD (n=7), CON-HFD (n=7), STZ-
LFD (n=6), and STZ-HFD (n=8) groups were placed individually into metabolic cages for 5
days to assess metabolic and behavioral measurements using the Promethion metabolic cage
system (Sable Systems International, North Las Vegas, NV) located in the Physiology Core
at MMCRI. Data acquisition and instrument control were performed using Meta Screen
version 1.7.2.3, and the raw data obtained were processed with ExpeData version 1.5.4
(Sable Systems International, North Las Vegas, NV) using an analysis script detailing all
aspects of data transformation (Motyl et al., 2015).

Statistical Analyses

Graphpad Prism® software was used to perform statistical tests. Data are presented as mean
+ SEM. Two-way ANOVA with Sidak post hoc test were performed after testing for normal
distribution. Where noted, a Pearson correlation test was performed between main outcomes.
a < 0.05 was considered statistically significant.

RESULTS

HFD effects on blood glucose, body composition, insulin and ketones

All mice injected with STZ had high non-fasting glucose levels (>300 mg/dL or 16.7
mmol/L) 12 days after the first injection. Non-fasting glucose levels were still higher in the
STZ groups compared to CON groups after 6 weeks of dietary intervention (Figure 1A).
However, STZ mice fed with LFD exhibited significantly higher (>600 mg/dL or 33.3
mmol/L) glucose levels compared to those STZ mice fed with HFD (438+70 mg/dL or
24.1+3.9 mmol/L). There was no difference in glucose levels between CON groups fed with
LFD or HFD (Figure 1A).

As expected, STZ-LFD mice had significantly lower body weight and body weight gain
compared to CON-LFD, and CON-HFD mice gained more weight than CON-LFD mice
during the study. Interestingly, STZ-HFD gained body weight throughout the study, whereas
STZ-LFD mice did not (Figure 1B). There were no differences in body composition between
groups at the baseline and at 2 weeks after baseline (data not shown). At the endpoint, fat
mass was significantly reduced in both STZ groups compared to CON groups, and CON-
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HFD mice gained a greater amount of fat mass than CON-LFD mice (Figure 1C). However,
lean mass was only reduced in STZ-LFD group compared to CON-LFD group. There was
no difference in lean mass between STZ-HFD and CON-HFD mice and both CON groups
(Figure 1D).

Serum insulin levels were lower in STZ groups compared to Control groups at the endpoint
of the study, as expected (Figure 1G). The type of diet consumed (LFD vs. HFD) did not
have any impact on serum insulin levels (p=0.66). In order to further characterize the effect
of HFD on insulin status in STZ-diabetes, we performed immunohistochemistry (IHC)
staining with insulin antibody. IHC analysis demonstrated that STZ mice had lower
expression of insulin by pancreatic B-cells compared to the CON groups, which
corroborated with serum insulin levels data presented previously. However, there were no
overt differences in islets or insulin staining between LFD and HFD STZ groups (Figure 1,
E, F and G). To test whether STZ mice were in a state of ketoacidosis, we measured serum
B-hydroxybutyrate and found no difference between CON-LFD and STZ-LFD mice (Figure
1H). We did find a significant elevation in p-hydroxybutyrate levels in STZ-HFD mice,
consistent with the primary source of fuel being through fat metabolism in these mice.

Effect of Dietary Intervention on Bone Mass and Microarchitecture

In order to determine if the changes in blood glucose and body composition in the STZ
groups impacted bone parameters, we addressed BMD by DXA and trabecular and cortical
microarchitecture of the femur by microCT (Figure 2). STZ-HFD mice had no temporal
reduction in femoral aBMD (A value: 0.010+ 0.007) during the study while the STZ-LFD
mice had (A value: —0.001+ 0.007) (p=0.002, STZ-LFD vs. STZ-HFD AaBMD). At the
endpoint, femoral aBMD (and also BMC measurements, not shown) were greater in STZ-
HFD than in STZ-LFD mice, although still lower than CON mice (Figure 2B). MicroCT
data also corroborated with DXA results showing that STZ-HFD did not lose as much
cortical and trabecular bone as those STZ mice consuming LFD. Femoral cortical area
fraction (Ct.Ar/Tt.Ar), cortical bone area (Ct.Ar), and cortical thickness (Ct.Th) parameters
were significantly lower in the STZ-LFD group compared to the CON-LFD group.
Surprisingly, there was no significant difference in these parameters between STZ-HFD and
CON-HFD mice (Figure 2, C, D and F). HFD also significantly improved Ct.Ar /Tt.Ar and
Ct.Th within the diabetic mouse groups.

Femoral trabecular bone volume fraction (BV/TV), trabecular number (Th.N), and
trabecular connectivity density (Conn.D) parameters were lower in both STZ groups
compared to CON mice. However, STZ-HFD mice had a higher femoral trabecular BV/TV,
thickness (Th.Th), Conn.D, and Th.N compared to STZ-LFD group (Figure 2, H, I, Jand L).
Structure model index (SMI) was higher in both STZ groups compared to CON groups but
SMI was lower in STZ-HFD mice than in STZ-LFD mice (Figure 2K). Furthermore,
femoral trabecular separation (Th.Sp) was higher in the STZ groups compared to CON
groups but those STZ mice consuming HFD had lower Th.Sp compared to the STZ-LFD
(0.191 £ 0.003 mm vs. 0.213 + 0.004 mm, respectively p=0.0002). In the L5 vertebrae, there
was a significant main effect of diabetes on BV/TV (p=0.009) but no significant pairwise
comparisons between groups. STZ-LFD mice exhibited lower Th.N and Th.Th compared to
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CON-LFD, hut this difference was not present in STZ-HFD mice compared to STZ-LFD
mice. Conn.D was also higher in CON-HFD compared to CON-LFD mice and in STZ-HFD
group compared to STZ-LFD (Figure 3).

HFD attenuated reduced bone formation in STZ mice

Serum bone formation marker, total procollagen type 1 N-terminal propeptide (P1NP), was
lower in STZ-LFD compared to CON-LFD (p<0.05) (Figure 4A). There was no difference
in PAINP levels between STZ-HFD and CON-HFD groups. However, there was a significant
interaction by two-way ANOVA (p<0.01) and a trend toward higher PLNP levels in STZ-
HFD compared to STZ-LFD mice (p=0.054) in the pairwise comparison, suggesting
diabetes did not affect bone formation as severely in mice fed a HFD. CTX levels were
significantly higher overall in diabetic mice by 2-way ANOVA (p<0.01), however, none of
the pairwise comparisons reached statistical significance (p=0.08 for CON vs. STZ in both
the LFD and HFD groups) (Figure 4B). Osteoblast differentiation marker runt-related
transcription factor 2 (Runx2) expression was significantly reduced in the STZ-LFD bone
compared to CON-LFD bone (Figure 4C), but there was no difference in bone gamma-
carboxyglutamate protein (Bglap a.k.a. osteocalcin) mRNA expression between groups
(Figure 4D). Dentin matrix protein 1 (DmpI) expression was significantly suppressed in
STZ-LFD mice compared to CON-LFD, however, it was higher in STZ-HFD mice
compared to CON-HFD and STZ-LFD groups (Figure 4E). Sost expression was not changed
by diabetes or HFD (not shown). Both STZ groups exhibited higher receptor activator of
nuclear factor Kappa-B ligand (Rankl) expression compared to CON groups (Figure 4F).
However, osteoprotegerin (Opg) mRNA expression was only significantly higher in the
STZ-HFD group compared to CON-HFD group (Figure 4G). RANKL/OPG ratio was
affected by diabetes and HFD by 2-way ANOVA (p<0.05) but none of the pairwise
comparisons reached statistical significance (Figure 4H).

Dynamic histomorphometry showed that mineralizing surface (MS) and bone formation rate
(BFR/BS) were lower in STZ-LFD group compared to CON-LFD. However, these
parameters were not different when comparing CON-HFD mice to STZ-HFD mice (Table
1). Other osteoid and osteoblast parameters were not significantly affected by either STZ or
HFD. Additionally, there was a trend toward higher osteoclast number (N.Oc/B.Pm) in STZ-
LFD mice compared to CON-LFD (p=0.08), but not in HFD fed groups. Furthermore,
eroded surface (ES/BS) was significantly higher in STZ-LFD compared to CON-LFD but
there was no difference in ES/BS between STZ-HFD and CON-HFD (Table 1).

Marrow adiposity

Dietary intervention and diabetes had a significant interaction effect on marrow adipocytes
by two-way ANOVA (p<0.05) (Figure 5A—-C), however pairwise comparisons did not reach
statistical significance. Adipocyte volume (Ad.V/TV) had a tendency to be higher in STZ-
LFD mice compared to CON-LFD mice (p=0.07) while adipocyte number was not different
between groups (Figure 5A-C). Also, there was no difference in fatty acid binding protein 4
(Fabp4) mRNA expression in the marrow between groups (Figure 5D). Conversely, we did
observe higher expression of Adipogin STZ-LFD mice compared to CON-LFD, which was
not present in the CON-HFD vs. STZ-HFD groups (Figure 5E).

J Cell Physiol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 9

Metabolic and activity outcomes

There was no difference in 24-hour wheel distance meters between groups (Figure 6A).
STZ-LFD mice tended to walk less distance meters in 24-hour compared to CON-LFD but it
was not significant (p=0.14) (Figure 6B). There was no other significant observation in
behavioral parameters such as wheel meters run, wheel speed, % time spent running,
walking speed, % time spent walking, % time spent staying still, % time spent sleeping, and
hours of sleep (data not shown). Despite no increase in activity, STZ-LFD mice had a higher
expenditure energy (EE) compared to CON-LFD and STZ-HFD mice when it was adjusted
by lean mass, and CON-HFD mice also had a higher adjusted EE compared to CON-LFD
group (Figure 6C). Respiratory quotient (RQ) was different between CON and STZ mice fed
with LFD. RQ value was similar between CON-HFD and both STZ groups, which indicated
the use of fat as an energy source (Figure 6D).

As expected, STZ-LFD mice had greater water and food intake compared to CON-LFD.
However, polydipsia and polyphagia were attenuated in STZ-HFD mice (Figure 7A and 7B).
As expected, total calorie intake per body weight was significantly higher in both STZ
groups compared to CON groups, but STZ-HFD had lower total calorie intake than STZ-
LFD mice (Figure 7C). Concerning macronutrient intake, STZ-LFD mice had a higher
carbohydrate intake compared to CON-LFD and STZ-HFD mice (Figure 7D). On the other
hand, STZ-HFD group had a greater fat intake than mice from CON-HFD and STZ-LFD
groups (Figure 7E). Protein intake was higher in both STZ groups compared to CON groups,
and STZ-LFD also had a greater protein consumed than STZ-HFD (Figure 7F).

Correlational analyses between bone and body composition

Body weight had no correlation with femoral aBMD in Control-HFD mice. In contrast, there
was a positive correlation between body weight and femoral aBMD in the STZ groups (e.g.
STZ-HFD group: r=0.90/p<0.0001; Table 2). Lean mass was strongly correlated with
femoral aBMD in all but the CON-LFD groups (e.g. Control-HFD: r =0.80/p=0.003; STZ-
LFD: r=0.82/p=0.005; STZ-HFD: r=0.89/p<0.0001), but body fat mass was not correlated
with femoral aBMD on any group of the study. We did observe a positive correlation
between fat mass and femoral BMC in STZ-HFD (r=0.60/p=0.02). Yet, fat mass had an
inverse correlation with femoral BMC in Control-HFD group but it was not significant (r=
-0.56/p=0.07). Additionally, there were trends toward a correlation between adipocyte
histomorphometry parameters and femoral aBBMD and BMC in Control-HFD mice (e.g.
Ad.V vs. aBMD: r=0.78/p=0.11 and Ad.V vs. BMC: r=0.85/p=0.06). These correlations
were weak in STZ-HFD with no statistical significance. There were no correlations between
adipocyte measures and body fat mass (Table 2).

Discussion

We conducted a 6-week dietary intervention to evaluate how nutritional status impacts bone
mass in the streptozotocin (STZ)-induced T1DM mouse model. Surprisingly, although HFD
feeding generally causes a modest reduction of bone mass, we found that HFD actually
attenuated trabecular and cortical bone loss in STZ-diabetic mice. The diabetes-induced
reduction of bone formation rate and increase in eroded surface in the LFD mice was not
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apparent in the HFD-STZ treated mice. HFD also rescued body weight and lean mass, as
well as reduced random fed glucose levels in diabetic mice, indicating that glycaemia and
body weight may contribute significantly to diabetic bone outcomes. Moreover, the present
study is the first to show a protective effect of HFD rich in MCFA on STZ-induced T1DM
bone. Previous studies have reported reduced bone parameters in both TIDM animal models
and in human bone biopsies (Botolin and McCabe, 2007; Motyl and McCabe, 2009a;
Starup-Linde et al., 2016). TIDM mouse models appear to be more susceptible to trabecular
than cortical bone loss, which is consistent with more rapid bone turnover in response to
nutritional, hormonal or environmental factors than cortical bone (Botolin and McCabe,
2007). Similarly, young women with T1DM exhibit decreased trabecular bone volume and
number (Abdalrahaman et al., 2015). However, in our study we observed both trabecular and
cortical bone loss from STZ in the LFD fed mice, which may be related to the duration of
the study. In this study, mice were maintained for six weeks after diabetes confirmation,
which was two weeks longer than our previous studies examining TLDM bone loss in STZ-
treated mice (Botolin and McCabe, 2007; Motyl and McCabe, 2009b; Motyl et al., 2012;
Motyl et al., 2011). Histomorphometric parameters demonstrated that bone loss in STZ-LFD
group was related to a reduction in bone formation activity and also to an increase in bone
resorption, consistent with low serum P1NP levels, down-regulation of Runx2and Dmp1
and up-regulation of Rankl. Our findings are similar to other studies showing that bone loss
in type 1 diabetic animal models is related to reduction in osteoblast activity and also to a
greater osteoclast activity (Coe et al., 2011; Coe et al., 2015; Motyl and McCabe, 2009g;
Yee et al., 2016). Tsentidis et al. (Tsentidis et al., 2016) observed high levels of total
SRANKL and OPG in T1DM children and adolescents presenting with lower BMD which
was associated with increased osteoclast signaling in this population. It is unknown whether
bone resorption could be related to diabetes duration and may be an area of interest for
future research.

In the present study, STZ mice fed with HFD exhibited a different skeletal outcome, with
improvement in femoral aBMD and trabecular and cortical uCT parameters. This is
somewhat surprising because previous work had demonstrated reduced trabecular and
cortical bone parameters after a HFD (Beamer et al., 2011; Doucette et al., 2015). However,
HFD had no effect on trabecular or cortical bone volume or area fraction, respectively, in the
control non-diabetic mice in this study. In contrast to our study, most of the studies have
adopted a HFD rich in long chain saturated fatty acids (LCFA) that, differently from MCFA,
induces a higher body weight gain, a higher endogenous glucose production and a lower
glucose rate of disappearance. This could, in addition to duration of the study, explain why
we did not observe bone changes with HFD alone (De Vogel-van den Bosch et al., 2011;
Omar et al., 2012; Petro et al., 2004). However, we did not find discrepancies between the
literature and our study with regards to non-diabetic mice fed the HFD rich in MCFA which
exhibited body fat gain but no changes in insulin and glucose levels compared to CON-LFD
group (Omar et al., 2012). HFD rich in MCFA need a longer time frame for induction of
insulin resistance compared to saturated LFCA HFD. A previous study that had evaluated
the same HFD feeding in non-diabetic mice observed increased plasma glucose and insulin
levels after 16 weeks of dietary intervention (Surwit et al., 1995). A shorter intervention of 8
weeks only induced fat mass gain without presenting other metabolic changes as we
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observed in the present study (Omar et al., 2012). Longer duration studies examining
metabolic syndrome-related outcomes in TLDM mice would indeed be interesting and could
serve as a natural extension of this work. STZ-LFD mice, however, may not be able to be
maintained for longer-term studies as a control since they may begin to exhibit signs of
distress which can lead to loss of animals during the study. Any further duration studies may
have increased the complexity of interpretations due to increasing severity of diabetes in the
STZ-LFD mice, however, in future we plan to perform longer duration studies on STZ-HFD
mice alone to determine if protection from diabetes complications persists.

In addition, some studies have investigated the influence of the source of dietary fat on bone
metabolism and showed that saturated and polyunsaturated (PUFAS) fat produce different
outcomes on skeletal health (Schonfeld and Wojtczak, 2016; St-Onge et al., 2008; Wein et
al., 2009). For instance, saturated LCFA intake is associated with reduction in total areal
BMC and lumbar spine BMD in non-diabetic animals (Macri et al., 2012) and a decreased
femoral BMD in men (Corwin et al., 2006). On the other hand, dietary PUFAs seem to have
beneficial effects on bone mass (Bonnet et al., 2014; Farina et al., 2011; Macri et al., 2012).
However, most of the studies regarding saturated fat rich in MCFA are focused on its
metabolic effects such as reduced body fat mass and enhanced insulin sensitivity (Schonfeld
and Wojtczak, 2016; St-Onge et al., 2008; Wein et al., 2009). Only few studies have
investigated MCFA role on bone mass and bone remodeling (Doucette et al., 2015; Kim et
al., 2014; Nonaka et al., 2016). There has only been one short-term that study has evaluated
the effect of HFD rich in MCFA on non-diabetic mouse bone, and it was unchanged after 2
weeks of dietary intervention (Doucette et al., 2015). However, an in vitro study
demonstrated that capric acid, a MCFA, has inhibitory effects on osteoclastogenesis through
suppression of NF-kB and ERK activation and the attenuation of NFATc1 induction (Kim et
al., 2014). To our knowledge, no study has specifically addressed lauric acid impact on bone
which is the major fatty acid component of coconut oil (Nonaka et al., 2016). Thus, further
investigations concerning the impact of MCFAs on bone mass and bone turnover are needed,
particularly those that focus on the intestinal microbiome since alterations due to dietary
influences in these mice might contribute to changes in bone mass (Zhang et al., 2015).

Bone mass changes in diabetes are likely multifactorial, with hyperglycemia,
hypoinsulinemia, nutritional status and presence of diabetes-related complications all
contributing to the skeletal pathology (de Paula et al., 2010; Shanbhogue et al., 2016). High
glucose levels are associated with advanced glycation end-products (AGEs) that accumulate
in the bone organic matrix causing its deterioration (Karim and Bouxsein, 2016). AGEs are
thought to alter bone formation activity by inducing osteoblast apoptosis (Alikhani et al.,
2007). In diabetic animals, high pentosidine content in the bone tissue was associated with
changes in biomechanical properties such as bone stiffness and maximum stress to bone
failure, even though there was no reduction in BMD (Saito et al., 2006). Neumann et al.
(Neumann et al., 2014) demonstrated that the presence of fractures was associated with
elevated pentosidine levels in adult TLDM subjects, independently of BMD. In our study, as
expected, multiple doses of STZ caused a decrease in insulin production leading to
hyperglycemic conditions. STZ has selective action on B-cells and it does not have any
effect on non-B-cells (Eleazu et al., 2013; Lenzen, 2008). The combination of multiple low
STZ doses and HFD feeding can also mimic type 2 diabetes metabolic changes. In fact,
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literature shows that there is some similarity between early type 1 diabetes and late type 2
diabetes animal models. However, the order of the pathological events is important to better
define the diabetic animal model (Skovsg, 2014). In our protocol, p-cells death was induced
first with multiple low doses of STZ injections followed by dietary intervention with HFD.
Therefore, we produced an early type 1 diabetes animal model (Skovsg, 2014). This model
has a similar bone phenotype compared to spontaneous model and it is considered to be a
reasonable tool to investigate TLDM bone loss (Motyl and McCabe, 2009a). After 6 weeks
of a diet challenge, STZ-HFD mice exhibited lower non-fasting glucose levels compared to
LFD feeding group. It is well known that diet composition influences postprandial glucose
levels, with the amount and/or type of carbohydrates having the most impact on glycemic
control. Dietary fat has also an effect on postprandial hyperglycemia in TIDM subjects (Bell
et al., 2015). Even though glycemic control can be improved in diabetic patients by
adjusting insulin therapy, diet choice still impacts glycemic control and subsequent
complications (Association, 2016). Interestingly, we did not find any rescue effect of HFD
feeding on the serum levels of insulin or insulin staining histologically in the pancreas,
indicating high glucose, rather than low insulin, was likely playing an important role in the
pathophysiology of the skeletal loss. The type of HFD used in the present study had a small
proportion of carbohydrates (LFD=73% of Kcal vs. HFD=25.5% of Kcal), which likely
contributed to lower glucose levels and ameliorated diabetes symptoms.

In the present study, STZ mice with LFD exhibited classical symptoms of diabetic
decompensation including loss of adipose tissue and lean mass after dietary challenge, as
seen previously (Motyl and McCabe, 2009a). Conversely, our findings showed that STZ
mice fed a HFD had an increase in body weight mostly due to lean mass preservation, as
whole body adiposity loss was similar between both STZ groups. A low respiratory quotient
(RQ) indicated that all STZ mice were using fat as an energy source (Arch et al., 2006;
McClave et al., 2003). However, the difference between the STZ-LFD mice and the STZ-
HFD mice was that fat used for fuel was more concentrated in the HFD, while the LFD was
a source of fat for fuel, but also contained higher concentrations of carbohydrates. Thus,
STZ-LFD mice were significantly polyphagic compared to STZ-HFD mice. Other side
effects of polydipsia and polyuria were attenuated with HFD treatment in the STZ mice,
indicating slightly better glycemic control. However, these parameters were still higher in
STZ-HFD mice compared to CON-HFD. This improvement in the metabolic condition of
STZ animals with HFD feeding also led to maintenance of lean mass and, consequently, to
bone mass preservation which was not observed in the STZ-LFD group. Insulin therapy
would prevent the body fat loss in STZ model. It is important to highlight that insulin
treatment would reduce hyperglycemia and other diabetes symptoms and would also
increase insulin levels, which is anabolic to bone as described previously (Fulzele et al.,
2010). Indeed, past studies have demonstrated that insulin treatment is protective against
T1DMe-induced bone loss but the mechanism of this still remains unclear due to the multiple
outcomes that it modulates (Hough et al., 1981; Verhaeghe et al., 1992). Furthermore,
changes in calcitropic hormones are not likely the cause bone loss from STZ-induced
diabetes, since others have shown no change in 25-hydroxyvitamin D, parathyroid hormone,
or blood or urine calcium levels in this model (Motyl and McCabe, 2009a; Zhang et al.,
2016).
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Both spontaneous and pharmacologically-induced TIDM mouse models have increased
marrow fat content (Botolin and McCabe, 2007). These findings suggest a trend towards
adipogenesis in preference to osteogenesis among marrow skeletal progenitor cells. On the
contrary, clinical studies have demonstrated no change in total MAT content in vertebral
body or femoral bone marrow in TIDM (Slade et al., 2012). In our hands, we observed a
significant interaction effect between diabetes and diet on marrow adipocytes. Similarly, we
found a trend toward increased adipocyte volume and Fabp4 expression, as well as a
significant increase in Adipogin STZ-LFD mice compared to CON-LFD. These were absent
in the HFD mice, suggesting glucose control may be a significant contributor to marrow
adipose tissue as described previously in non-diabetic women (de Paula et al., 2015a).

In addition to attenuating hyperglycemia, a possible mechanism for the skeletal protection
observed in the STZ-HFD mice might be mediated by an increase in Opg expression.
Diabetes increased Opg expression in the HFD treated mice only, which also attenuated
Rankl/Opg ratio in HFD fed mice. Studies have demonstrated that fatty acid seems to have a
negative role on osteoclast differentiation (Cornish et al., 2008; Philippe et al., 2016) and an
increase in Opg expression may in part explain bone loss prevention (Philippe et al., 2016).
Moreover, mineralization capacity appears to be preserved in STZ-HFD group, which
exhibited higher Dmp1 expression, compared to STZ-LFD mice. These findings support
STZ-HFD pCT and DXA results found in the present study. Even though there were no
differences in histomorphometry bone parameters between diabetic groups, STZ-HFD did
not differ from CON-HFD either. In addition, the increase in Dmpl and Opg expression
might suggest that these mice could have bone strength enhanced compared to STZ-LFD
group. Improved bone strength and cortical bone biomechanical properties were observed in
ovariectomized rats treated with OPG and in transgenic mouse model overexpressing DMP1
(Bhatia et al., 2012; Ominsky et al., 2008). Unfortunately, one limitation of our study was
that we did not save bones for testing mechanical and material properties. Our future studies
will contain these endpoints and will provide a better understanding of the relationship
between bone strength and dietary fat intake in TLDM.

The increase in obesity and overweight appears to be a trend among type 1 diabetic patients
and this could lead to a greater susceptibility of developing complications related to
excessive body fat accumulation (Conway et al., 2010; da Costa et al., 2016; Liu et al., 2010;
Merger et al., 2016; Polsky and Ellis, 2015). On the other hand, our studies suggest that
HFD feeding in mice with TIDM may actually improve the skeletal phenotype due to
reduced glucose toxicity. Notwithstanding, our animal model may not be the best approach
for investigating the impact of obesity in TLDM, as obese/overweight T1IDM individuals
may not control carbohydrate intake and hyperglycemia in a comparable fashion. Future
studies should consider investigating the role of other types of diet on TLDM bone mass, in
particular, those diets rich in saturated LCFA which seem to induce a higher fat mass gain
and more evident metabolic disorders (De Vogel-van den Bosch et al., 2011; Omar et al.,
2012; Petro et al., 2004).

In conclusion, HFD intervention had distinct outcomes in streptozotocin-induced T1IDM
C57BL/6J male mice. Diabetic mice fed with LFD not only exhibited classical symptoms of
diabetes such as polyphagia, polydipsia and hyperglycemia but also bone loss with a marked

J Cell Physiol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Carvalho et al. Page 14

reduction in bone formation. But, interestingly, HFD was able to preserve lean mass and
attenuate hyperglycemia in streptozotocin-induced T1DM, although it did not produce body
fat accumulation in this animal model, as would have been expected. Furthermore, we are
the first to show that HFD rich in MCFA was protective against trabecular and cortical bone
loss in STZ mice. The type of dietary fat in a HFD might be important for TLDM bone
health and will need to be investigated further. The bone-fat interaction in diabetes is
multifactorial, with both body weight and glycemic control predominantly contributing.
Future studies are necessary to better understand the complexity surrounding the relationship
between nutritional status and skeletal remodeling in diabetes, and whether dietary changes
may be helpful for bone metabolism without compromising other organ systems.
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Figure 1.
Effects of HFD on glucose levels, body composition, and insulin. HFD reduced non-fasting

blood glucose levels in STZ mice after 6 weeks of dietary intervention (A). Body mass
weekly evolution showing that STZ-HFD group had gained more weight than STZ-LFD
group (B). Changes in body composition were observed at the endpoint of the study (C and
D). Fat mass (C) was significant reduced in STZ mice while lean mass (D) was only lower in
STZ-LFD compared to CON-LFD. Detection of insulin production in the pancreatic tissue
by immunohistochemistry (IHC) staining (brown signal) (E). Number of Langerhans islets
per section of H&E stained pancreatic tissue (F). HFD did not affect insulin levels in
diabetic mice (G). Ketone production was addressed with serum B-hydroxybutyrate (H). p-
value: *<0.05; **<0.01 by Holm-Sidak post hoc test after a significant 2-way ANOVA. n =5
to 14.
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Figure 2.

HFD had a protective effect on bone mass of STZ mice. Representative images of midshaft
cortical bone of the femur by uCT analysis (A). Femoral aBMD (g/cm?) assessed by DXA
was preserved in STZ-HFD mice, which was higher compared to STZ-LFD group after 6
weeks of dietary intervention (B). MicroCT parameters corroborated DXA results showing
that STZ-HFD had not lost as much trabecular and cortical bone as STZ-LFD mice.
Quantitative parameters from uCT of femoral cortical (C, D, E and F) included Ct.Ar/Tt.Ar,
Ct.Ar, Ma.Ar and Ct.Th measurements. Representative images of distal trabecular bone of
the femur (G) and quantitative parameters of trabecular bone (H, I, J, Kand L) by uCT
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analysis included BV/TV, Th.Th, Th.N, SMI and Conn.D. p-value: *<0.05; **<0.01 by
Holm-Sidak post hoc test after a significant 2-way ANOVA. n =9 to 14.
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HFD attenuated STZ-induced effects on vertebral Tb.N and Th.Th. (A) Th. BV/TV (STZ
main effect p<0.01), (B) Conn.D, (C) SMI, (D) Th.N, (E) Th.Th and (F) Th.Sp. was
measured in the L5 vertebrae. p-value: *<0.05; **<0.01 by Holm-Sidak post hoc test after a

significant 2-way ANOVA. n =9 to 14.
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Figure 4.
Serum and mRNA markers of remodeling suggest reduced bone formation in diabetes is

attenuated by HFD. Endpoint serum was used to measure PINP (A) and CTX (B), markers
of bone formation and resorption, respectively. Gene expression of (C) RunxZ, (D) Bglap,
(E) Dmp1, (F) Rankland (G) Opgwas performed in femurs after marrow had been removed.
mMRNA expression levels were normalized to the housekeeping gene Hprt Rankl/Opg ratio
(H) was calculated after normalizing to Hprt. p-value: *<0.05; **<0.01 by Holm-Sidak post
hoc test after a significant 2-way ANOVA. n=5to 11.
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Figureb.
Diet modulated the effect of diabetes on marrow adipocytes. Representative images from

histomorphometric analysis in the proximal tibia, where black stain is mineral (Mon Kossa)
and adipocytes ghosts are white (A). Adipocyte volume (Ad.V/TV) (B) and number (N.Ad/
T.Ar) (C) measurements from the proximal tibia (significant interaction by two-way
ANOVA). Gene expression was performed in the frozen marrow tissue content flushed out
from the femur at the sacrifice. Fabp4 (D) and Adjpog (E) mRNA expression were
normalized to the housekeeping gene Hprt. p-value: *<0.05; **<0.01 by Holm-Sidak post
hoc test after a significant 2-way ANOVA. n = 6.
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Figure®6.
EE was increased in STZ-LFD mice and RQ value was similar between CON-HFD and both

STZ groups indicating fat oxidation. Mice were placed individually into metabolic cages for
5 days, one week before the endpoint. Behavioral measurements included activities as 24-
hour wheel distance (A) and walking distance in the cage (B). Metabolic measurements
included evaluation of energy expenditure (EE) (C) and 24-hour respiratory quotient (RQ)
(D). EE values were adjusted by lean mass. p-value: *<0.05; **<0.01 by Holm-Sidak post
hoc test after a significant 2-way ANOVA. n=61to 8.
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Figure7.
Diabetes symptoms such as polydipsia and polyphagia were attenuated in STZ-HFD group.

Mice were placed individually into metabolic cages one week before the endpoint. 24-hour
water (A) and food (B) intake was monitored during for 5 days. Total calorie intake (Kcal/g
of body weight) (C), carbohydrate (D), fat (E) and protein (F) intake (Kcal/g of body
weight) were calculated based on food intake records. p-value: *<0.05; **<0.01 by Holm-
Sidak post hoc test after a significant 2-way ANOVA. n = 6 to 8.
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Static and dynamic histomorphometry parameters of the proximal tibia from CON and STZ mice fed with

LFD or HFD.
L ow Fat Diet High Fat Diet

CON(n=5) STZ(n=5) CON(n=5) STZ (n=5)
0S/BS (%) 92+31 83+49 6.1+27 6.9+4.0
O.Th (um) 349+0.68 345+035 316+063 3.44+0.48
Oh.S/BS (%) 13.1+33 99+44 9.3+55 9.7+6.3
N.Ob/B.Pm (/mm) 9.8+25 76+3.1 6.8+3.8 72+41
N.Ob/T.Ar (/mm?) 57.1+£9.1 38.1+10.0 43.6+224 443351
MAR (um/day) 091+0.19 088+0.12 091+0.13 0.88+0.16
MS/BS (%) 37.5+£9.3 18.7+38% 32139 25453
BFR/BV (%/day) 195+053 1.20+035 158+0.37 1.33+0.30
BFR/BS (um¥um?/day) 0352012 17+004% 029£005 022005
ES/BS (%) 287+0.60 5194137 361087 419%165
0Oc.S/BS (%) 123+21  206+51  130+25 17761
N.Oc/B.Pm (/mm) 465+075 761:181 609267 7.05:241
N.Oc/T.Ar (/mm?2) 27.9+43 37.3+x7.0 36.6+11.7 40.2+13.8

*
p<0.05 compared to CON-LFD.
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