
Fructose Consumption Does Not Worsen Bone Deficits 
Resulting From High-Fat Feeding in Young Male Rats

Joshua F. Yarrow1,3, Hale Z. Toklu2,4, Alex Balaez1, Ean G. Phillips1, Dana M. Otzel2, Cong 
Chen5, Thomas J. Wronski6, J. Ignacio Aguirre6, Yasemin Sakarya2,4, Nihal Tümer2,4, and 
Philip J. Scarpace4

1Research Service, Malcom Randall Department of Veterans Affairs Medical Center, North 
Florida/South Georgia Veterans Health System, Gainesville, FL 32608

2Geriatric Research, Education, and Clinical Center (GRECC), Malcom Randall Department of 
Veterans Affairs Medical Center, North Florida/South Georgia Veterans Health System, 
Gainesville, FL 32608

3Department of Applied Physiology and Kinesiology, University of Florida, Gainesville, FL 32611

4Department of Pharmacology and Therapeutics, University of Florida, Gainesville, FL 32611

5Department of Orthopaedics and Rehabilitation, University of Florida, Gainesville, FL 32611

6Department of Physiological Sciences, University of Florida, Gainesville, FL 32611

Abstract

Dietary-induced obesity (DIO) resulting from high-fat (HF) or high-sugar diets produces a host of 

deleterious metabolic consequences including adverse bone development. We compared the 

effects of feeding standard rodent chow (Control), a 30% moderately HF (starch-based/sugar-free) 

diet, or a combined 30%/40% HF/high-fructose (HF/F) diet for 12 weeks on cancellous/cortical 

bone development in male Sprague-Dawley rats aged 8 weeks. Both HF feeding regimens reduced 

the lean/fat mass ratio, elevated circulating leptin, and reduced serum total antioxidant capacity 

(tAOC) when compared with Controls. Distal femur cancellous bone mineral density (BMD) was 

23–34% lower in both HF groups (p<0.001) and was characterized by lower cancellous bone 

volume (BV/TV, p<0.01), lower trabecular number (Tb.N, p<0.001), and increased trabecular 

separation versus Controls (p<0.001). Cancellous BMD, BV/TV, and Tb.N were negatively 

associated with leptin and positively associated with tAOC at the distal femur. Similar cancellous 

bone deficits were observed at the proximal tibia, along with increased bone marrow adipocyte 

density (p<0.05), which was negatively associated with BV/TV and Tb.N. HF/F animals also 

exhibited lower osteoblast surface and reduced circulating osteocalcin (p<0.05). Cortical thickness 

(p<0.01) and tissue mineral density (p<0.05) were higher in both HF-fed groups versus Controls, 
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while whole bone biomechanical characteristics were not different among groups. These results 

demonstrate that “westernized” HF diets worsen cancellous, but not cortical, bone parameters in 

skeletally-immature male rats and that fructose incorporation into HF diets does not exacerbate 

bone loss. In addition, they suggest that leptin and/or oxidative stress may influence DIO-induced 

alterations in adolescent bone development.
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1.0 INTRODUCTION

Historically, obesity and body mass index (BMI) have been positively associated with bone 

mineral density (BMD) in adults, likely a result of higher body mass increasing mechanical 

strain on the weight bearing portions of the skeleton and/or an altered hormonal milieu 

resulting from increased adiposity that may positively influence bone acquisition in 

adulthood.[1] However, the influence of obesity on adolescent bone development requires 

further clarification because an inverse relationship exists between total body fat mass and 

total body, lumbar spine, and ultradistal radius areal BMD in children, despite greater lean 

mass in obese children [2] and because obese adolescents (assessed by BMI) exhibit higher 

fracture rates than their age-matched normal weight non-obese counterparts,[3] suggesting 

that obesity may be detrimental to adolescent skeletal health. Consuming a high-fat and/or 

high-sugar diet is one factor that predisposes children to obesity.[4] Similarly, high-fat [5–

10] or high fructose diets [11, 12] lead to dietary-induced obesity (DIO) in skeletally-

immature rodents, along with reduced BMD, diminished bone strength, and adverse 

microarchitectural changes in cancellous bone compartments that persist into adulthood.

Alterations in peripheral [13] and/or central leptin signalling [14] may be factors influencing 

DIO-induced bone loss, given that rodents fed high-fat [15] or high-fructose diets [16] 

exhibit chronically elevated circulating leptin and that leptin is negatively associated with 

BMD in mice with DIO resulting from high-fat feeding.[10] In this regard, leptin is an 

adipocyte-derived hormone that increases proportionally with adiposity and which 

influences bone accrual via central [14] and peripheral manners.[17] The central influence of 

leptin on bone accrual appears to occur indirectly via suppression of CNS serotonin release 

and subsequent inhibition of serotonergic regulation of bone accrual;[14] although, the role 

of this central pathway remains controversial with other groups demonstrating hypothalamic 

leptin administration [18] or leptin gene therapy [17, 19] increase bone formation. In 

contrast, peripheral leptin is known to directly stimulates bone formation [17] after binding 

leptin receptors present on osteoblasts and chondrocytes. As evidence, subcutaneous leptin 

replacement increases longitudinal bone growth, osteoblast number, and mineral apposition 

rate in ob/ob (leptin deficient) mice.[17]

Increased oxidative stress has also been proposed as one factor underlying adverse skeletal 

development and the pathogenesis of osteoporosis in a variety of conditions, including 

diabetes,[20] aging, and sex-steroid deficiency syndromes.[21] As evidence, oxidative stress 

is associated with increased bone resorption and low BMD in elderly men [22] and 
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postmenopausal women.[23] Furthermore, incubation of human or rodent bone marrow cells 

with H2O2 (an inducer of oxidative stress) stimulates development of osteoclast-like cells, 

increases bone resorptive activity,[23] and inhibits bone formation in vitro,[24] effects that 

are reversed by co-incubation with antioxidants or reactive oxygen species (ROS) inhibitors. 

In this regard, DIO increases oxidative stress and leptin stimulates ROS generation in 

endothelial cells,[20] suggesting that increased oxidative stress resulting from ROS 

generation and/or reduced activity of the antioxidant systems may influence the adverse 

skeletal development resulting from high-fat or high-fructose diets.

Interestingly, typical “westernized” diets that are high in both fat and fructose are known to 

produce greater elevations in both leptin and oxidative stress, when compared with high-fat 

starch-based diets.[25] However, we are unaware of any study examining whether a 

combined high-fat/high-fructose (HF/F) diet produces greater bone deficits than that of a 

calorically-matched high-fat (HF) starch-based diet. Our primary purpose was to compare 

bone development in skeletally-immature rats consuming a moderately HF diet to that of an 

isocaloric HF/F diet. We hypothesized that the HF/F diet would produce deleterious skeletal 

adaptations in comparison to the HF (starch-based/sugar-free) diet and that both 

aforementioned groups would exhibit adverse skeletal development in comparison to 

animals fed standard low-fat/sugar-free rodent chow. A secondary purpose was to determine 

whether skeletal outcomes were associated with circulating leptin, systemic oxidative stress, 

or bone marrow adipocytes (a source of leptin in close proximity to cancellous bone).

2.0 MATERIALS AND METHODS

2.1 Animals

Barrier-raised and specific pathogen-free male Sprague Dawley rats aged 7 weeks were 

obtained from Harlan Labs (Indianapolis, IN). Upon arrival, rats were examined and 

remained in quarantine for one week during which they were provided standard rodent chow 

and water ad libitum. Rats were maintained on a 12:12 hour light-dark cycle. Animals were 

cared for in accordance with the principles of the Guide to the Care and Use of Experimental 

Animals and protocols were approved by the University of Florida Institutional Animal Care 

and Use Committee.

2.2 Experimental Design

We acquired bones from a larger experiment that evaluated cardiovascular and body 

composition responses to HF and combined HF/F feeding in skeletally-immature rats.[25] 

Rats were randomized to receive one of three diets: 1) standard rodent chow (Control, n=10; 

Harlan Teklad Global 18% Protein Rodent Diet, Harlan Laboratories Inc., Madison, WI), 2) 

a moderately HF (sugar-free) chow with 30% of kcal from fat (n=8; Harlan TD08703), or 3) 

a moderately HF chow (30% kcal from fat) with 40% kcal from fructose (HF/F, n=8; Harlan 

TD08702) and water ad libitum (See Supplemental Table 1 for nutrient composition of 

diets). No glucose was present in either HF diet. Total kcal and macronutrient/micronutrient 

distributions were matched in the HF and HF/F groups, with the source of carbohydrate 

(starch vs. fructose) serving as the sole difference between these dietary regimens, which 

allowed us to distinguish the direct impact of fructose on bone metabolism in the presence of 
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a high-fat diet. All diets exceeded the calcium threshold (2.5 g/kg) necessary to produce 

normal growth in Sprague-Dawley rats [26] and met the daily phosphorus requirements. 

Both HF dietary regimens contained 30% kcal from fat, a value that is near the average 

percentage fat intake of children and adolescents in the United States [27] and within the 

accepted macronutrient distribution range defined in the 2015–2020 Dietary Guidelines for 

America recommendations for children and adolescents.[28] Rats were euthanized with an 

overdose of isoflurane at week 12 and blood was collected via cardiac puncture. The 

circulatory system was perfused with 20 ml of ice-cold saline and the right and left femurs 

and tibiae were excised and cleaned of surrounding soft-tissue, weighed, and measured. 

Blood samples were centrifuged at 4000 rpm for 20 minutes and serum aliquots were 

separated at stored at −80°C until analysis. Femurs were wrapped in saline-soaked gauze to 

prevent dehydration and stored at −20°C for microcomputed tomography (μCT) analysis and 

assessment of bone mechanical properties. Tibiae were cut in half, cross-sectionally, placed 

in 10% phosphate-buffered formalin for 48h tissue fixation, dehydrated in ethanol, and 

embedded undecalcified in methyl methacrylate for subsequent sectioning and histologic 

analysis.

2.3 μCT Analysis of Bone Structure

The left distal femoral metaphysis and diaphysis were scanned by μCT using a Bruker 

Skyscan 1172 (Kontich, Belgium), as previously described.[29–31] Images were acquired 

using the following parameters: 80kVP/120μA, 0.5mm aluminium filter, 1k camera 

resolution, 19.2μm voxel size, 0.5° rotation step, and 180° tomographic rotation. The 

cancellous regions of interest (ROI) at the distal femoral metaphysis began 1.5mm proximal 

to the growth plate and encompassed 4mm, including the sponge-like trabecular (cancellous) 

bone spicules in the medullary cavity and excluding the dense compact (cortical) bone that 

surrounds the medullary cavity. The cortical ROI at the distal femur began 3mm proximal to 

the growth plate (in order to completely avoid residual growth plate) and encompassed a 

total of 2mm, excluding all cancellous bone. The cortical ROI at the femoral diaphysis 

encompassed a 2mm region beginning at 55% of the femur length in order to avoid the third 

trochanter. Cross-sectional images were reconstructed using a filtered back-projection 

algorithm (NRecon, Kontich, Belgium). 2D and 3D morphometric measurements were 

calculated using CTan software (Bruker Skyscan, Kontich Belgium). Measurements at the 

distal femur include: cancellous bone volume (as a percentage of bone tissue area, BV/TV 

%), trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, 1/mm), trabecular 

separation (Tb.Sp, mm), trabecular pattern factor (Tb.Pf), and structural model index (SMI). 

Cortical measurements at the distal femur and femoral diaphysis include: total cross-

sectional (bone plus medullary) area (Tt.Ar, mm2), cortical bone area (Ct.Ar, mm2), cortical 

area fraction (Ct.Ar/Tt.Ar, %), and three-dimensional cortical thickness (3D Ct.Th, mm). 

Additionally, medullary volumetric bone mineral density (vBMD, mg/cm3) and cortical 

volumetric tissue mineral density (vTMD, mg/cm3) were evaluated in the previously defined 

distal femur and femoral diaphysis ROIs, respectively. Densities were determined following 

calibration with hydroxyapatite phantoms.
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2.4 Bone Mechanical Characteristics

Subsequent to μCT, the left femora underwent mechanical testing using a previously 

described method.[32] Briefly, the femora were thawed to room temperature and remained 

wrapped in salinated gauze except during measurements. The femoral midshaft was 

subjected to a medial/lateral three-point bending test using a servohydraulic testing machine 

(MTS 858 Bionix Test System, MTX, Eden Prairie, MN). Before mechanical testing, a 

preload (10N * 0.1mm/s) was applied on the medial surface of the femur using a steel cross-

bar fixture. The bending load was applied at 1.0mm/s until failure. The maximum load, 

displacement at maximum load, and stiffness were determined from the load deformation 

curves.

2.5 Cancellous Bone Histology and Bone Marrow Adipogenesis

Cancellous bone parameters were evaluated at the left proximal tibial metaphysis using 

standard histologic techniques, as described previously.[32] In brief, methyl-methacrylate 

embedded proximal tibiae were sectioned longitudinally at 4μm thickness, stained with Von 

Kossa and counterstained with tetrachrome (Polysciences Inc., Warrington, PA, USA) for 

the assessment of cancellous bone structure. The ROI within the proximal tibial metaphysis 

began 1mm distal to the growth plate and excluded the primary spongiosa and cancellous 

bone tissue within 0.25mm of the endocortical surfaces. The following cancellous structural 

variables were measured with the Osteomeasure System (Osteometrics, Decatur, GA): 

cancellous bone volume (as a percentage of bone tissue area, BV/TV %), trabecular number 

(Tb.N, #/mm), trabecular width (Tb.Wi, μm), and trabecular separation (Tb.Sp, μm). 

Osteoblast (Ob.S/BS) and osteoclast (Oc.S/BS) surfaces were measured as percentages of 

total cancellous perimeter.

Bone marrow adipogenesis was assessed at the same ROI in which the Von Kossa/

tetrachrome stained bone parameters were taken, using a standard laboratory technique.[33] 

The total number of adipocytes (N.Ad, #) and the adipocyte density [N.Ad/mm2 (total area − 

bone area)] were evaluated. Adipocytes were identified as unstained round spaces (exclusive 

of vacuoles) because intracellular fat deposits were removed during histological tissue 

processing.

2.6 Serum Measurements

Serum measurements were performed in duplicate on a single plate according to 

manufacturer’s instructions. Osteocalcin (a circulating marker of bone formation) was 

determined by enzyme immunoassay that has a sensitivity of 50ng/ml and an intra-assay CV 

<5.0%, and tartrate-resistant acid phosphatase form 5b (TRAP5b, a circulating measure of 

osteoclast number) was determined by solid phase immunofixed enzyme activity assay that 

has a sensitivity of 0.1 U/L and an intra-assay CV <5.8% (IDS, Fountain Hills, AZ, USA). 

Total antioxidant capacity (tAOC) (Abcam, Cambridge, UK) and leptin (Milipore, MA, 

USA) were measured by ELISA from blood acquired in the fed state at sacrifice.
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2.7 Statistical Analysis

One-Way ANOVAs (for normally distributed data) were used to analyze dependent 

variables and Tukey’s posthoc tests were performed for multiple comparisons among groups 

when appropriate. The non-parametric Kruskal-Wallis and Mann-Whitney U tests were used 

when data were not normally distributed. Linear dependence was evaluated between 

histologically assessed cancellous bone outcomes and adipocyte density and between μCT 

assessed cancellous bone outcomes and serum measurements with Pearson’s correlations. 

The Holm-Bonferroni correction was utilized to control type I error that can occur when 

performing multiple comparisons. Results are reported as means ± standard error (SEM), 

with threshold for significance defined as p<0.05. Data were analyzed with SPSS v18.0.0 

statistical software package (IBM, Chicago, IL, USA).

3.0 RESULTS

3.1 Food/Energy Intake, Body Mass, and Body Composition

Food/energy intake, change in body mass, and body composition data were previously 

reported in our companion paper.[25] A brief description of these data is included below to 

provide a proper characterization our model. At baseline, rats exhibited similar whole-body 

fat and lean mass %, as assessed via time-domain nuclear magnetic resonance (TD-NMR). 

Food consumption did not differ across groups. In HF and HF/F groups, whole-body fat 

mass was increased and whole-body lean mass was reduced by week 6 (assessed via TD-

NMR). At week 11, whole-body fat mass was 5–7% higher in HF and HF/F groups versus 

Controls and whole-body lean mass was 6% lower than Controls.[25] No differences in 

body mass at sacrifice nor delta body mass were present across groups (Table 1). At 

sacrifice, HF and HF/F groups exhibited a 15% lower lean/fat mass ratio (p<0.001, Table 1) 

when compared with Controls. No differences in brown adipose tissue or femur/tibia length 

or mass were present among groups.

3.2 μCT Analysis of Cancellous Bone Morphometry and Microarchitecture

Three-dimensional (3D) μCT analysis of the distal femoral metaphysis indicated that 

cancellous (medullary) vBMD was 23–34% lower in HF and HF/F animals compared with 

Controls (p<0.001, Figure 1), with no differences among groups receiving HF diets. This 

difference was characterized by a 28–41% lower BV/TV (p<0.01), 32–42% lower Tb.N 

(p<0.001), and a 54–92% higher Tb.Sp (p<0.001) in HF and HF/F animals compared with 

Controls (Table 2), and by an unexpected 7% increase in Tb.Th in HF animals (p<0.05). 

Differences in cancellous microarchitectural characteristics were also present among groups, 

with HF animals exhibiting a higher Tb.Pf (p<0.05) and both HF and HF/F exhibiting a 

higher SMI (p<0.01) versus Controls.

3.3 μCT Analysis of Cortical Bone Morphometry and Bone Strength Testing

At the distal femur, 3D Ct.Th was 9% higher in HF and HF/F animals compared with 

Controls (p<0.01, Table 3). Similarly, HF and HF/F animals exhibited a 6–7% higher Ct.Ar/

Tt.Ar versus Controls (p<0.05 for HF and p=0.051 [trend] for HF/F), a change that primary 

resulted from higher Ct.Ar. At the femoral diaphysis, 3D Ct.Th was 5% higher in HF and 

HF/F animals compared with Controls (p<0.01, Table 3), with Ct.Ar/Tt.Ar being 4% higher 
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in HF/F animals versus Controls (p<0.05). Cortical bone vTMD was also 2–3% higher in 

HF and HF/F animals compared with Controls at both the distal femur (p<0.01) and the 

femoral diaphysis (p<0.05). No other μCT structural differences were present at either 

skeletal site. No differences in femoral diaphyseal mechanical characteristics were observed 

among groups (Supplemental Table 2).

3.4 Cancellous Bone Histology and Bone Marrow Adipogenesis

Histological assessment of the proximal tibial metaphysis revealed that cancellous BV/TV 

was 47–48% lower in HF (p<0.01) and HF/F (p<0.05) animals compared with Controls 

(Figure 2 and Table 4), an effect primarily resulting from a 45–55% lower Tb.N (p<0.001 

for HF and p<0.01 for HF/F) and a >100% higher Tb.Sp in HF animals (p<0.01). Ob.S/BS 

was 66–72% lower in HF/F animals versus Controls (p<0.05) and HF animals (p=0.071, 

trend). Oc.S/BS was not different among groups. Bone marrow adipocyte density at the 

proximal tibia was higher in HF and HF/F animals compared with Controls (Figure 2, 

p<0.05).

3.5 Serum Measurements

At sacrifice, TRAP5b was lower in HF animals versus Controls (p<0.05) and HF/F animals 

(p<0.01, Figure 3A), while osteocalcin was lower in HF/F animals compared with Controls 

and HF animals (p<0.05, Figure 3B). Circulating leptin was 62% and 153% higher in HF 

and HF/F groups compared with Controls, respectively (p<0.01 for HF and p<0.001 for 

HF/F, Figure 4A), with a trend indicating leptin was higher in HF/F than HF animals 

(p=0.074, trend). Additionally, circulating tAOC was reduced in HF and HF/F rats versus 

respective baseline values (p<0.001 for HF and p<0.01 for HF/F) and values in both HF 

groups were lower than Controls at sacrifice (p<0.01, Figure 4B).

3.6 Relationship Among Cancellous Bone Structure, Bone Marrow Adipocytes, and Serum 
Measurements

Across groups, serum leptin and tAOC were associated with the following μCT-assessed 

cancellous structural outcomes at the distal femur: vBMD (leptin: r = −0.494, p<0.05; 

tAOC: r = 0.574, p<0.01), BV/TV (leptin: r = −0.511, p<0.01; tAOC: r = 0.586, p<0.01), 

and Tb.N (leptin: r = −0.579, p<0.01; tAOC: r = 0.640, p<0.01). Adipocyte density at the 

proximal tibia was negatively associated with the following histologically-assessed 

cancellous bone structural outcomes at the same skeletal site: cancellous BV/TV (r = 

−0.637, p<0.001) and Tb.N (r = −0.697, p<0.001). Leptin was also negatively associated 

with circulating osteocalcin (r = −0.625, p<0.001).

4.0 DISCUSSION

Moderately HF or HF/F diets are traditionally characterized by elevated fat mass and 

reduced lean mass.[15] In addition, HF and high-fructose diets produce deleterious skeletal 

outcomes that may result from changes in leptin signalling, alterations in oxidative stress,

[34] increased bone marrow adipogenesis,[9] or from a variety of other consequences of 

obesity.[35] Interestingly, chronic fructose consumption causes central leptin resistance, 

independent of dietary fat, predisposing animals to DIO upon exposure to HF diets [16] and 
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also results in detrimental skeletal outcomes.[12] However, the skeletal consequences of 

combined HF/F feeding regimens have received relatively little attention in the literature. 

Herein we report that moderately HF and HF/F diets produced similar cancellous bone 

mineral deficits at the distal femur and proximal tibia in young male rats in comparison to 

Controls receiving a standard low-fat/sugar-free diet. These deleterious skeletal changes 

were characterized by reduced cancellous BV/TV and Tb.N and increased Tb.Sp resulting, 

in-part, from reduced bone formation, as evidenced by lower Ob.S/BS and circulating 

osteocalcin in HF/F animals. In addition, we observed reduced trabecular connectivity (i.e., 

increased Tb.Pf) and increased rod-like trabecular geometry (i.e., increased SMI) which 

suggests that compromised structural integrity [36] persisted in the remaining cancellous 

network of HF and HF/F animals. In contrast, several cortical bone structural (Ct.Th and 

Ct.Ar/Tt.Ar) and densitometric characteristics (vTMD) were higher in HF and HF/F 

animals, indicating that HF feeding produced divergent effects on cancellous and cortical 

bone compartments.

Long-term consumption of “westernized” diets that are high in both fat and sugar adversely 

affects bone development. As evidence, Zernicke et al. reported that rodents consuming a 

combined high-fat/high-sucrose diet for 24 months exhibited reduced cortical thickness and 

bone strength compared with those consuming a low-fat complex carbohydrate diet.[37] 

Interestingly, Bass et al. reported that a low-fat/high-glucose diet worsened cancellous bone 

outcomes in comparison to a low-fat/high-fructose diet in rats,[38] suggesting that the 

monosaccharides which make up sucrose (i.e., glucose and fructose) may produce differing 

skeletal responses. Our results expand upon these findings by demonstrating that the 

addition of fructose to a moderately high-fat diet does not worsen cancellous or cortical 

bone development in comparison to a moderately high-fat/sugar-free diet. Regardless, 

fructose consumption produces deleterious skeletal outcomes, as demonstrated by Felice et 

al. who reported that rats receiving a low-fat diet supplemented with fructose exhibited 

lower osteocyte number and increased bone resorption markers in comparison to animals on 

a low-fat/sugar-free diet.[12]

Altered central or peripheral leptin signalling has been proposed as a potential mechanism 

underlying DIO-induced cancellous bone loss.[10] In this regard, rodents fed HF diets 

typically develop DIO and experience a temporal increase in circulating leptin.[15] 

Combined HF/F diets traditionally produce greater elevations in adiposity and leptin when 

compared with calorically-matched HF (sugar-free) diets.[39] In the current study, we 

observed no differences in absolute or delta body mass among groups, likely because we 

examined the effects of a moderately high-fat diet (30% of kcal from fat) that is similar to 

the average dietary fat consumption of children and adolescents in the United States.[27] In 

contrast, a variety of other studies have reported weight gain in rodents consuming diets that 

contain 45–60% of kcal from fat in comparison to low-fat diets.[5, 8, 10, 35] Regardless, HF 

and HF/F animals exhibited other hallmark characteristics of DIO, a reduced lean/fat mass 

ratio and increased circulating leptin in comparison to Controls, with leptin being elevated to 

a greater magnitude in HF/F animals. White adipose tissue is believed to be the primary 

source of circulating leptin. However, bone marrow adipocytes, which possess 

characteristics of both white and brown fat,[40] also secrete leptin and are in close proximity 

to osteoblasts and chondrocytes that express leptin receptors.[41] In our study, both HF 
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groups exhibited higher bone marrow adipocyte density at the proximal tibia in comparison 

to Controls, suggesting that HF feeding stimulated bone marrow adipogenesis while 

concomitantly reducing cancellous bone volume in area directly adjacent to adipocyte 

expansion, similar to the findings of others.[10] One possible explanation for this is that HF 

diets may increase the adipogenic capacity and/or reduce the osteogenic capacity of bone 

marrow derived mesenchymal stem cells (MSC), as has been demonstrated in vitro with 

MSC obtained from fructose supplemented rodents.[12] The higher bone marrow adipocyte 

density that we observed in concert with elevated circulating leptin indicates that the 

cancellous bone compartments of HF and HF/F animals were exposed to greater leptin 

levels than Controls. Interestingly, HF/F animals exhibited the highest circulating leptin 

concentrations and were the only group that experienced a measureable reduction in bone 

formation, perhaps suggesting that leptin reduces bone formation after reaching a threshold 

concentration, as has been reported in other rodent models.[42] We also observed that 

adipocyte density and circulating leptin were negatively associated with the primary 

cancellous structural outcomes (vBMD, BV/TV, and Tb.N) across all groups and that leptin 

was negatively associated with circulating osteocalcin (a marker of bone formation), which 

supports previous findings indicating that circulating leptin is negatively correlated with 

cancellous BMD in mice that exhibit DIO resulting from HF feeding.[10]

In spite of the aforementioned observations, we find it unlikely that the cancellous bone 

deficits in our HF and HF/F animals resulted directly from elevated circulating leptin 

because Turner et al. have reported that moderate overfeeding, resulting in a leptin 

concentration similar to our HF animals, did not produce cancellous bone deficits or alter 

bone turnover in 8-month old female rats.[43] Moreover, overwhelming evidence indicates 

that peripheral leptin directly stimulates bone formation after binding leptin receptors 

present in bone [17] and that the low appendicular bone mass phenotype in leptin deficient 

(ob/ob) and leptin-receptor deficient (db/db) mice [44–46] is reversible (in ob/ob mice) with 

leptin administration.[19, 47] We believe a more likely explanation may be that the CNS 

leptin-mediated signalling pathways that indirectly inhibit bone accrual [14] may overtake 

and oppose the (typically dominant) direct peripheral effects of leptin, only after reaching a 

threshold concentration, as previously discussed. However, the above discussion remains 

speculative because a direct causal relationship between DIO-induced changes in leptin and 

reduced cancellous bone volume has yet to be determined.

Systemic elevations in oxidative stress and/or reduced activity of the antioxidant systems 

may also influence the pathogenesis of HF feeding-induced cancellous bone loss, similar to 

that occurring with sex-steroid deficiency [34] and diabetes.[20] For example, Baek et al. 

reported that circulating 8-Hydroxy-2′-deoxguanosine (a biomarker of systemic oxidative 

stress) is negatively associated with hip and spine BMD and positively associated with type 

I collagen C-telopeptide (a marker of bone resorption) in postmenopausal women and that 

incubation of primary human marrow cells with H2O2 (an inducer of oxidative stress) 

stimulated formation of osteoclast-like cells and produced concentration-dependent bone 

resorptive activity in culture, an effect that was inhibited by co-incubation with catalase.[23] 

In our study, tAOC was lower in HF and HF/F animals versus Controls, indicating reduced 

systemic antioxidant capacity in these animals and was positively correlated with the 
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primary cancellous structural outcomes across all groups, supporting the contention that 

antioxidant capacity and/or oxidative stress influence DIO-induced cancellous bone loss. 

However, no associations were noted among tAOC and Oc.S/BS or circulating Trap5b 

across groups, despite the lower circulating Trap5b in HF animals. Temporal associations 

have also been observed between increased oxidative stress and osteoblast apoptosis in 

C57BL/6 mice [48] and incubation of rabbit [49] or murine bone marrow stromal cells [24] 

with H2O2 suppresses osteoblastic differentiation and alkaline phosphatase activity (a 

marker of bone formation), effects that were reversed by a ROS inhibitor; indicating that 

oxidative stress negatively influences bone formation. In our study, osteocalcin and Ob.S/BS 

were lower in HF/F animals, although, we did not observe associations between systemic 

tAOC and the aforementioned bone formation markers.

While HF diets appear detrimental to cancellous bone development, the effects on cortical 

bone are typically less profound and may be influenced by body mass gains resulting from 

DIO.[50] For example, Chen et al. reported no effect of high-fat feeding on tibial cortical 

BMD in young female Sprague Dawley rats fed a high-fat diet intragastrically [9] and others 

have reported that young male C57BL/6 mice exhibit no change in cortical bone 

characteristics or bone strength following high-fat feeding regimens lasting 4–24 weeks.[5, 

8, 10] In contrast, a combined high-fat/sucrose diet impairs lumbar and femoral neck 

strength in rodents, likely a result of smaller bone cross-sectional area and/or reduced 

cortical bone area in comparison to a low-fat/complex carbohydrate diet.[37, 51] 

Interestingly, we observed that the cortical bone compartments at the distal femur and 

femoral diaphysis of HF and HF/F animals exhibited increased Ct.Th and Ct.Ar/Tt.Ar and 

densitometric characteristics, although, these changes did not improve whole bone 

mechanical characteristics in comparison with Controls. Regardless, our findings indicate 

that HF feeding produced divergent effects in the cortical and cancellous bone 

compartments, a concept that has been proposed by others.[10, 52] and that the cortical bone 

phenotype we observed was independent weight gain, as no differences in absolute or delta 

body mass were present among groups.

In addition to the discussion above, other factors associated with the dietary regimens that 

we utilized may have influenced the skeletal outcomes. For example, both HF diets 

contained lower calcium and phosphorus compared with the Control diet. Although, all diets 

exceeded the calcium threshold (2.5 g/kg) necessary to produce normal growth in Sprague-

Dawley rats, a level beyond which additional calcium does not improve bone structure or 

bone strength,[26] and met the daily phosphorus requirements. Potential differences in other 

hormones that are influenced by HF feeding may have also influenced our results. For 

example, Hawkins et al. reported that female rats exhibited higher serum estradiol after 

consuming a HF diet,[35] which may explain the increased Ct.Th and Ct.Ar/Tt.Ar in our HF 

animals; although, we did not measure serum estradiol in our male rats because 

concentrations are typically at or below the limits of detectability of the most sensitive 

currently available measurement techniques.[53] Differences also existed in the dietary fat 

source and composition between the Control (soybean oil) and HF (lard) diets, with both HF 

diets containing a higher saturated and monounsaturated fat and lower polyunsaturated n-3 

(linolenic) and n-6 (linoleic) fatty acids (PUFA), which may affect bone development.[54, 
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55] However, the above possibilities would likely affect cancellous and cortical bone in a 

directionally similar manner, which contrasts the divergent cancellous/cortical outcomes that 

we observed in HF animals.

In summary, moderately HF (starch-based/sugar-free) diets result in adverse cancellous bone 

development in skeletally-immature male rats, an effect that was not worsened by the 

replacement of starch with fructose. In addition, both HF and HF/F diets increased 

circulating leptin and bone marrow adipocyte density and reduced tAOC, changes that were 

associated with cancellous bone structural outcomes. In contrast, HF and HF/F animals 

exhibited slightly increased cortical bone structural and densitometric variables and no 

decrement in whole bone strength, indicating that these diets exerted divergent cancellous/

cortical bone outcomes that were independent of body mass changes. In conclusion, the 

addition of fructose to a calorically-matched HF diet does not exacerbate cancellous bone 

loss or alter cortical bone development in rodents. Future research delineating the 

mechanisms underlying HF-induced alterations in bone development remain warranted, with 

particular focus on determining whether central/peripheral leptin, oxidative stress, sex-

steroid hormones, or other hormonal factors influence HF-induced bone loss.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• A chronic high-fat (sugar-free) diet worsened cancellous, but not cortical, bone 

development in young male rats.

• The addition of fructose to a high-fat diet did not exacerbate cancellous bone 

loss.

• Both diets stimulated bone marrow adipogenesis, increased leptin, and reduced 

antioxidant capacity, changes associated with adverse cancellous bone 

development.

• The high-fat/high-fructose diet lowered osteoblast number and circulating 

osteocalcin, a change associated with circulating leptin.
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Figure 1. 
Representative microcomputed tomography (μCT) images of cancellous bone at the distal 

femoral metaphysis region of interest (ROI) from animals fed standard rodent chow 

(Control), a 30% moderately high-fat (HF) diet, or a combined 30% high-fat/40% high-

fructose (HF/F) diet. Animals receiving HF and HF/F diets exhibited reduced cancellous 

volumetric bone mineral density (vBMD, Lower Panel) and reduced trabecular spicules 

indicative of cancellous osteopenia (data presented in Table 2). Data are mean ± SEM from 

n = 7–10/group. ***p<0.001 vs. Control.
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Figure 2. 
Histologic images of cancellous bone (stained black) and adipocytes (white) at the proximal 

tibia from animals fed standard rodent chow (Control), a 30% moderately high-fat (HF) diet, 

or a combined 30% high-fat/40% high-fructose (HF/F) diet. Animals receiving HF and HF/F 

diets exhibited increased adipocyte density (lower panel) and reduced cancellous bone 

volume (data presented in Table 4). Data are mean ± SEM from n = 7–10/group. *p<0.05 vs. 

Control
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Figure 3. 
Figure 3A–B. Serum measurements of A) TRAP5b (circulating marker of bone resorption) 

and B) osteocalcin (circulating marker of bone formation) from animals fed standard rodent 

chow (Control), a 30% moderately high-fat (HF) diet, or a 30% combined high-fat/40% 

high-fructose (HF/F) diet. Data are mean ± SEM from n = 7–10/group. *p<0.05 vs. Control.
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Figure 4. 
Figure 4A–B. Serum measurements of A) leptin concentrations and B) total antioxidant 

capacity (tAOC) from animals fed standard rodent chow (Control), a 30% moderately high-

fat (HF) diet, or a combined 30% high-fat/40% high-fructose (HF/F) diet. Data are mean ± 

SEM from n = 8–10/group. *p<0.05 vs. Control.
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Table 1

Femoral and tibial length and mass from animals fed standard rodent chow (Control), a 30% moderately high-

fat (HF) diet, or a combined 30% high-fat/40% high-fructose (HF/F) diet.

Control HF HF/F

Body mass at sac, g 406 ± 6 409 ± 12 428 ± 7

Delta body mass, g 109 ± 8 126 ± 10 122 ± 8

Lean/fat ratio 2.96 ± 0.06 2.51 ± 0.08*** 2.50 ± 0.07***

Femur length, mm 38.4 ± 0.2 38.6 ± 0.4 38.7 ± 0.4

Femur mass, g 1.07 ± 0.02 1.09 ± 0.02 1.11 ± 0.03

Tibia length, mm 41.8 ± 0.4 42.5 ± 0.6 42.8 ± 0.3

Tibia mass, g 0.86 ± 0.01 0.89 ± 0.02 0.90 ± 0.02

Data are means ± SEM from n = 7–10/group.

***
p<0.001 vs. Control.
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Table 2

Microcomputed tomography (μCT) derived cancellous bone parameters at the distal femoral metaphysis from 

animals fed standard rodent chow (Control), a 30% moderately high-fat (HF) diet, or a combined 30% high-

fat/40% high-fructose (HF/F) diet.

Control HF HF/F

Distal Femoral Metaphysis

 BV/TV, % 18.3 ± 1.0 10.8 ± 0.5*** 13.1 ± 1.0**

 Tb.N, #/mm 1.5 ± 0.1 0.9 ± 0.1*** 1.0 ± 0.1***

 Tb.Th, mm 0.124 ± 0.002 0.133 ± 0.002* 0.131 ± 0.003

 Tb.Sp, mm 0.61 ± 0.04 1.17 ± 0.05*** 0.94 ± 0.06***

 Tb.Pf 8.0 ± 0.5 9.6 ± 0.3* 9.5 ± 0.5

 SMI 1.94 ± 0.05 2.18 ± 0.02** 2.16 ± 0.06**

Data are means ± SEM from n = 7–10/group.

*
p<0.05,

**
p<0.01,

***
p<0.001 vs. Control.

BV/TV = cancellous bone volume fraction, Tb.N = trabecular number, Tb.Th = trabecular thickness, Tb.Sp = trabecular separation, Tb.Pf = 
trabecular pattern factor, SMI = structural model index
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Table 3

Microcomputed tomography (μCT) derived cortical bone parameters at the distal femur and femoral diaphysis 

from animals fed standard rodent chow (Control), a 30% moderately high-fat (HF) diet, or a combined 30% 

high-fat/40% high-fructose (HF/F) diet.

Control HF HF/F

Distal Femur

 3D Ct.Th, mm 0.506 ± 0.005 0.551 ± 0.007*** 0.550 ± 0.012**

 Tt.Ar, mm2 15.34 ± 0.29 15.05 ± 0.32 15.46 ± 0.30

 Ct.Ar, mm2 6.52 ± 0.07 6.87 ± 0.09 7.00 ± 0.18*

 Ct.Ar/Tt.Ar, % 42.6 ± 0.7 45.8 ± 0.8* 45.3 ± 0.8

 vTMD, mg/cm3 1.330 ± 0.004 1.374 ± 0.007** 1.364 ± 0.007**

Femoral Diaphysis

 3D Ct.Th, mm 0.735 ± 0.004 0.768 ± 0.009** 0.772 ± 0.011**

 Tt.Ar, mm2 11.83 ± 0.15 12.02 ± 0.39 12.01 ± 0.27

 Ct.Ar, mm2 6.99 ± 0.07 7.33 ± 0.21 7.40 ± 0.16

 Ct.Ar/Tt.Ar, % 59.6 ± 0.5 61.1 ± 0.5 61.6 ± 0.4*

 vTMD, mg/cm3 1.432 ± 0.006 1.460 ± 0.009* 1.455 ± 0.006*

Data are means ± SEM from n = 7–10/group.

*
p<0.05,

**
p<0.01,

***
p<0.001 vs. Control.

3D Ct.Th = three-dimensional cortical thickness, Tt.Ar = total cross-sectional area, Ct.Ar = cortical bone area, Ma.Ar = medullary area, Ct.Ar/
Tt.Ar = cortical bone area fraction, vTMD = volumetric tissue mineral density.
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Table 4

Cancellous histological parameters at the proximal tibial metaphysis from animals fed standard rodent chow 

(Control), a 30% moderately high-fat (HF) diet, or a combined 30% high-fat/40% high-fructose (HF/F) diet.

Control HF HF/F

BV/TV, % 10.1 ± 1.3 5.2 ± 0.9** 5.4 ± 0.7*

Tb.N, #/mm 4.2 ± 0.4 1.9 ± 0.2*** 2.3 ± 0.3**

Tb.Wi, μm 29.1 ± 0.8 31.8 ± 3.9 27.6 ± 1.5

Tb.Sp, μm 235 ± 28 497 ± 74** 383 ± 30

Oc.S/BS, % 3.2 ± 0.4 4.1 ± 0.9 4.2 ± 0.4

Ob.S/BS, % 6.3 ± 1.0 5.2 ± 1.1 1.8 ± 0.3*

Data are mean ± SEM from n = 6–9/group.

*
p<0.05,

**
p<0.01,

***
p<0.001 vs. Control.

BV/TV = % cancellous bone volume, Tb.Wi = trabecular width, Tb.N = trabecular number, Tb.Sp = trabecular separation, Oc.S/BS = osteoclast 
surface, Ob.S/BS = osteoblast surface
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