communications biology

Article

A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-08263-w

Short-term high-fat diet impacts bone
material properties and metabolism for
adult and aged C57BL/6JN mice
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The elderly are at increased risk of bone fracture and more often consume poor quality diets, such as
high-fat diet (HFD). We hypothesized that HFD exacerbates the loss of bone fracture resistance in
aging. Female and male 5-month and 22-month C57BL/6JN mice were fed moderate HFD (45%) or
low-fat diet (10%) for 8 weeks. All HFD groups showed disrupted glucose metabolism. Aging and HFD
lowered bone fracture toughness, while aging alone reduced bone strength. Raman Spectroscopy
demonstrated that aging and HFD differently impact bone matrix. Aging altered matrix properties but
the effect depended on sex. Both sexes had higher carbonate content and altered collagen structure
(11670/11690) with age but males also had increased crystallinity. HFD decreased mineral maturity (i.e.,
crystallinity) as well as altered collagen structure in females but not males. Untargeted metabolomics
revealed that cortical tissue metabolism was dysregulated with aging and HFD. Aging and HFD
affected pathways related to cellular function and viability, or glucose regulation, respectively. In aging
mice, HFD also impacted osteoclast and adipocyte abundance and osteocyte viability in both sexes.
Together, these data demonstrate that HFD exacerbates the loss of bone matrix quality and fracture

resistance in aging C57BL/6JN mice.

Bone fragility in aging is a major public health concern since the elderly
(65+ years old) are the fastest growing demographic'”. Direct healthcare
costs for osteoporosis-related fragility fractures are projected to reach 100
billion USD by 2040°. This estimate is likely conservative, as 50% of fragility
fractures are not fully explained by low bone mineral density (BMD)
associated with osteoporosis’. The reason for this gap is partially explained
by the alterations of bone matrix properties in aging. Bone matrix is com-
posed of a scaffold of collagen and non-collagenous proteins, which is
mineralized with hydroxyapatite. Aging changes bone matrix structure and
crosslinking, which has been associated with loss of fracture resistance’.
Maintaining or improving the properties of bone matrix is an emerging
therapeutic target®. However, to effectively design matrix-related therapies,
it is imperative to differentiate between the effects of age and the effects of
other factors that accompany aging that can modify bone matrix and,
consequently, fracture resistance. The impact of lifestyle factors such as
high-fat diet (HFD) is particularly important because of the potential for

effective interventions and public health programming. Western diets are
commonly high in saturated fats. Elderly adults are prone to eating these
energy-dense, nutritionally poor diets as they are strongly associated with
food insecurity, which 12% of the elderly population faces due to financial
and accessibility limitations”*. Agingand HFD each have detrimental effects
on bone health™, but it is unknown whether HFD exacerbates the loss of
bone fracture resistance and the decline in bone matrix properties in aging.

The impact of HED on skeletal health is uncertain, partly because it is
unclear whether these impacts are due to the direct effects of the diet (i.e.,
dietary lipids on bone health) or the excess adiposity it induces. HED has
been shown to negatively impact bone fracture resistance in rodents,
including toughness”"” and strength®*"’. However, these prior studies used
either very high fat content (>60% fat)*"’ or long study durations with
moderate (45%) fat content™"'. In both cases, severe metabolic disruption
and excess adiposity were produced, which challenges the interpretation of
the causes for decreased bone fracture resistance. Some evidence suggests
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that shorter-term, moderate-fat diets (<12 weeks) in mice are sufficient to
produce changes in glucose regulation and a decrease in bone strength,
while avoiding large adipose tissue gains'>. However, whether a short-term,
moderate-fat diet decreases bone fracture toughness and underlying matrix
properties is undefined. Furthermore, whether HFD exacerbates the dele-
terious impacts of aging on skeletal health has not been tested.

Since the quality of bone matrix depends on the activities of bone cells,
alterations in bone tissue energy metabolism are important for identifying
key mechanisms underlying how aging and HFD each decrease bone
fracture resistance. Both aging and HFD have been shown to alter cellular
energy metabolism in non-osseous tissues, including adipose and liver
tissue'*'". Age- and HFD-dysregulated pathways in these tissues have shown
similarities, as well as sex differences, related to inflammatory response,
cellular senescence, and matrix remodeling'*'". Bone is highly cellularized
and over 90% of bone cells are osteocytes embedded within bone matrix
tissue”. Despite in vitro data demonstrating that certain fats impair the
activities of osteoblasts'® and osteocytes”, it is unknown whether bone tissue
metabolism is dysregulated by HFD and whether these impacts would be
shared or distinct from those of aging. These data are useful for identifying
metabolic factors that participate in the development of bone fragility,
whether produced by aging, HFD, or both.

The purpose of this study was to test the hypothesis that short-term,
moderate HFD would worsen the loss of bone fracture resistance with aging
in female and male C57BL/6]JN mice, but that aging and HFD would have
distinct effects on bone matrix and cortical bone metabolism. We found that
HEFD and aging each negatively affected bone fracture toughness, such that
aged mice on HFD had the least tough bone. By contrast, bone strength
decreased with aging but not with HFD. At the tissue scale, the impacts of
HFD and aging on bone matrix had important differences. Cortical bone
tissue metabolism was dysregulated by both HFD and aging, revealing that
each factor differently impacts pathways relevant to cellular energy meta-
bolism and health. Together, these results demonstrate that short-term HFD
negatively impacts skeletal health and may exacerbate the loss of bone
fracture resistance in aging.

Results

HFD altered glucose metabolism but only males gained

body mass

Body mass change in response to a short-term (8-weeks) moderate HFD
(45% fat) varied by sex, age, and diet (sex x age x diet interaction, p < 0.001)
in C57BL/6JN mice. Young (5-month-old) males gained the most body
mass (Fig. 1a, Supplementary Fig. S1). Epididymal adipose depot mass also
showed interactive effects between sex and diet (p < 0.001) and age and diet
(p =0.037), with the largest increase in HFD males compared to low-fat diet
(LFD, 10% fat) males (+58.2%, adjusted p <0.001, Fig. 1b). Only age
affected adiposity in females with aged (22-month-old) females having
higher adipose depot mass compared to young females (+56.3%, adjusted
P <0.001). Young HFD mice had heavier adipose depots than young LFD
mice (4+137%, adjusted p = 0.001), while aged showed no significant dif-
ference in adipose depot mass between HFD and LFD. However, if outliers
were included, there was no interaction between diet and age or diet main
effect. All information regarding outliers can be found in Supplemen-
tary Data 1.

Measures of glucose metabolism were significantly affected by HFD
(p<0.05 for all, Fig. lc-h). Intraperitoneal glucose tolerance testing
(ipGTT) glucose AUC exhibited a significant interaction between sex and
diet (p =0.017), with HFD males having greater glucose AUC than LFD
males (+41.6%, adjusted p < 0.001, Fig. 1¢c). Females showed no difference
in glucose AUC between diets. Fasting, maximum, and delta
(maximum-baseline) glucose levels were higher for HFD compared with
LFD as a main effect (fasting: +11.4%, p=0.007; maximum: +27.2%,
p <0.001; delta: +35.5, p<0.001, Fig. 1d-h). As glucose metabolism is
known to have an influence on skeletal metabolism'®, glucose area under the
curve (AUC) was used as a covariate in statistical models and removed if not
significant. Notably, glucose AUC had strong positive correlations with

mass gain (Pearson r = 0.85) and adiposity (Pearson r = 0.81). Full mass and
ipGTT results can be found in Supplementary Data 1. These data show that
the glucoregulatory response to HFD was sexually dimorphic, which also
provides an opportunity to begin separating the effects of HFD from
adiposity.

Systemic response to HFD-induced stress depends on sex

and age

Serum biomarkers were assessed to determine the independent and
interactive effects of sex, diet, and age on systemic metabolism and
inflammatory homeostasis. The circulating factors assessed in this
study regulate bone turnover, bone cell differentiation, glucoregula-
tion, and feeding behavior'>*’. The adipokine leptin exhibited a three-
way interaction (p =0.018), where young HFD male mice had over
16-fold higher levels compared to all other groups (Fig. 2a). The
systemic leptin response is influenced by factors such as sex,
age, diet duration, and the age at which the diet intervention begins’',
with young males being particularly prone to diet-induced
hyperleptinemia®. Three-way interactions were also found for the
adipokine resistin (p=0.011, Fig. 2b) and the angiogenic factor
vascular endothelial growth factor (VEGF, p=0.032). Aged HFD
males had lower resistin levels compared to aged LFD males
(—37.0%, p=0.001), with no effect of age or diet on resistin in
females. Diet did not impact VEGF in young males and females, or in
aged females; however, aged LFD males had higher VEGF levels than
aged HFD males (434.0%, p = 0.002). Aged females, independent of
diet, had higher VEGF levels compared to young females (LFD:
+35.9%, HFD: +51.7%, p <0.002 for both), while aged LFD males
had higher VEGF compared to young LFD males (+43.3%, p = 0.005,
Fig. 2c). Leptin, resistin, and VEGF are expected to change in
response to altered glucoregulation and these results demonstrate
that the response of these cytokines to diet depends on age and sex.

C-reactive protein (CRP) showed an interaction between sex and age
(p <0.001) but no diet effect. Young males had higher CRP levels than aged
males (+19.5%, p=0.001), but no age effect was observed in females
(p =0.017). Young females had lower CRP levels compared to young males
(—16.7%, p = 0.002), while aged females had higher levels compared to aged
males (+17.0%, p = 0.007) (Fig. 2d). These results show that CRP, a cytokine
that would be expected to increase with adiposity”, does not change with
diet but does depend on age in a manner that is sex-dependent.

HFD affected circulating levels of the adipokine adipsin, with sig-
nificant interactions between HFD and sex (p =0.001) and age and sex
(p=0.001). HFD males had lower adipsin levels compared to LFD males
(—28.1%, p =0.001), and HFD females had higher levels compared to HFD
males (+42.3%, p <0.001). Young females had higher adipsin levels com-
pared to young males (+41.8%, p < 0.001, Fig. 2e). There were notable sex
differences in several markers. Adiponectin was higher in females (4+26.0%,
p=0.005, Fig. 2f), while fibroblast growth factor 21 (FGF21) and
interleukin-4 (IL-4) were elevated in male mice (FGF21: 4-35.7%, p = 0.004;
IL-4: +31.6%, p=0.033, Fig. 2g, h). IL-10 demonstrated a sex and age
interaction (p = 0.036). Aged females had elevated IL-10 levels compared to
aged males (458.9%, p <0.001) and young females (+196%, p < 0.001),
with no significant difference between age groups in males (Fig. 2i). IL-6 was
higher in aged compared to young mice, as expected™ (+83.9%, p < 0.001)
and, unexpectedly, lower in HFD compared to LFD groups (—16.7%,
P =0.047)"" (Fig. 2j). However, if outliers were included in the analysis for
IL-6, the diet effect was no longer significant (Supplementary Data 1). Full
results of serum biomarker assays can be found in Supplementary Data 1. In
summary, HED influenced some cytokines that have an expected associa-
tion with altered glucoregulation, including adipsin” and IL-6*. However,
the relationship between these cytokines and diet did not reflect all the
outcomes seen in obesity. Specifically, IL-6 decreased with HFD and adipsin
only increased for males. Furthermore, there were several cytokines asso-
ciated with high adiposity that did not change with diet (IL-10, IL-4, and
FGF21)%,
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Fig. 1 | Eight weeks of high-fat diet disrupted glucose metabolism for young and
aged mice of both sexes but only increased mass for males. a Percent mass change
from the start to end of the diet intervention and b the reproductive adipose depot
mass at harvest. ¢ The area under the intraperitoneal glucose tolerance testing
(ipGTT) curves was termed as the blood glucose area under the curve (AUC), d the
first time point (0 min.) following 6 h of fasting was the fasting blood glucose level.
The mean ipGTT curves + 1 SD for each diet group of the e young females, f the aged
females, g the young males, and h the aged males. Line plots indicate the mean value
for a group + 1 SD with faded points indicating individual data points (triangles are
low-fat diet (LFD) points and circles are high-fat diet points (HFD). Boxplots
illustrate the interquartile range (box), the minimum and maximum values
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(whiskers), the median value (bar across the box), the mean value (white square), and
individual data points (black circles). Colors indicate groups where light gray is
young LFD females, dark gray is young HFD females, light blue is aged LFD females,
dark blue is aged HFD females, light yellow is young LFD males, dark yellow is young
HFD males, light red is aged LFD males, and dark red is aged HFD males. Significant
p-values from 3-way ANOV A and pairwise post-hoc tests are noted on the plots. For
all models unrelated to ipGTT, the glucose AUC was considered as a covariate in a
3-way ANCOVA model. If the covariate was not significant, the model was rerun
without it. N = 7-11 animals/group without outliers, but statistical results with
specific n per group for each measure can be found in Supplementary Data 1.
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Fig. 2 | The systemic inflammatory response to high-fat diet depends on sex
and age. Levels of inflammatory biomarkers: a leptin, b resistin, ¢ vascular endo-
thelial growth factor (VEGF), d C-reactive protein (CRP) e adipsin, f adiponectin,
g fibroblast growth factor 21 (FGF21), h interleukin 4 (IL-4), i IL-10, and j IL-6.
Boxplots illustrate the interquartile range (box), the minimum and maximum values
(whiskers), the median value (bar across the box), the mean value (white square), and
individual data points (black circles). Colors indicate groups where light gray is
young LFD females, dark gray is young HFD females, light blue is aged LFD females,

. AN

YL = Young (5-month) LFD AL = Aged (22-month) LFD
YH = Young (5-month) HFD AH = Aged (22-month) HFD

dark blue is aged HFD females, light yellow is young LFD males, dark yellow is young
HFD males, light red is aged LFD males, and dark red is aged HFD males. Significant
p-values from 3-way ANOVA and pairwise post-hoc tests are noted on the plots. For
all models, the glucose area under the curve (AUC) was considered as a covariate. If
the covariate was not significant, the model was rerun without it. N = 6-11 animals/
group without outliers, but statistical results with specific n per group for each
measure can be found in Supplementary Data 1.

HFD has minimal impact on measures of cortical and trabecular
microarchitecture

Cortical bone expanded in an interactive manner between age and sex
(p =0.023), as evidenced by the marrow area expanding in both sexes (aged
vs. young females: 4-38.2%; aged vs. young males: +40.2%, adjusted
P <0.001 for both). Cortical bone also thinned with age (cortical thickness:
—12.0%, p < 0.001), as expected”’. HFD did not influence cortical bone size
(e.g., minimum moment of inertia, p > 0.05, Fig. 3a—e) or cortical thickness
(p=0.072, Fig. 3b). Cortical area was reduced by HFD (—3.5%, p = 0.033)
when including a significant outlier, but became insignificant when
excluding this outlier (p = 0.052). Cortical porosity was unaffected by diet
but demonstrated an interaction between sex and age (p=0.035), with
males having more porous bone than females at both ages (young: +42.2%,
aged: +22.7%, adjusted p < 0.001 for both, Fig. 3c).

Few trabecular microarchitecture measures were affected by diet. BMD
had a significant interaction between sex and diet (p =0.010), with HFD
females having a lower BMD compared to LED females (—15.5%, adjusted
p=0.014). There was no difference of BMD between diets in males. Tra-
becular thickness was affected by the interaction of sexand HFD (p = 0.048),
but HFD did not increase trabecular thickness within each sex. HFD females
had thicker trabeculae compared to HFD males (4+9.7%, adjusted p = 0.008,
Fig. 3d). No other measures of trabecular microarchitecture were impacted
by HFD. However, trabecular bone volume, trabecular number, and con-
nectivity density were lower in aged and female mice compared to
young and male mice, respectively. Complete data for femur cortical
geometry, cortical TMD, and trabecular microarchitecture are reported
in Supplementary Data 1. This data demonstrates that short-term
HFD has little effect on microarchitecture regardless of the degree of
adiposity developed.

HFD decreases fracture toughness but not bone strength

Bone fracture resistance depends on fracture toughness and strength™. HFD
mice had lower bone tissue intrinsic fracture toughness compared to LFD
mice (Kcini, —15.1%, p = 0.023, Fig. 4a). Kci; also had a similar decrease for

aged mice compared to young mice (—15.9%, p = 0.017) but showed no sex
effect. There were no interactions between age and HFD on Kciy,;. There was
also a trend (p = 0.056) for lower fracture toughness at maximum loading
(Kcmay) for HED compared to LFD groups. HFD did not interact with age or
sex effects on fracture toughness. However, Kc;,,,x demonstrated an inter-
action between sex and age (p=0.019), where aged females had lower
fracture toughness than young females (—23.2%, adjusted p=0.002,
Fig. 4b). Males did not have significant differences between age groups
for K¢pax-

Bone strength showed a significant interaction between sex and diet
(p=0.021, Fig. 4c), with HFD females having stronger bones than HFD
males (+16.9%, adjusted p < 0.001). LFD females and males did not differ,
and diet groups within each sex were not significantly different. As expected,
strength was significantly lower in aged mice (—30.0%, p < 0.001)***. HFD
did not impact the elastic modulus, but elastic modulus was affected by both
age and sex, where females had higher moduli than males (423.7%,
P <0.001) and aged mice had lower moduli than young mice (—34.0%,
P <0.001). Yield strength was not affected by diet or sex but was decreased in
aged mice compared to young mice (—44.4%, p < 0.001). Complete mea-
surements from three-point bending and notched fracture toughness testing
are reported in Supplementary Data 1. These data show that HFD and age
have different effects on bone fracture resistance. Specifically, HFD lowers
fracture toughness, while aging lowers both fracture toughness and strength.

HFD alters local, but not global, measures of bone turnover

The percent of mineralizing matrix on the endocortical surface (E. MS/BS,
Fig. 5a) demonstrated main effects of diet (p =0.019) and sex (p < 0.001).
HFD mice had less mineralizing endocortical surface than LFD mice
(—33.4%), and males had less mineralizing endocortical surface than
females (—69.4%). In contrast, the periosteal mineralizing surface (P. MS/
BS, Fig. 5b) showed only an age effect (p < 0.001) where aged mice had less
mineralizing surface than young mice (—70.8%). However, age and sex may
have an interactive effect on the periosteal mineralizing surface, but it did
not reach statistical significance (p = 0.053).

Communications Biology | (2025)8:850


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08263-w

Article

a b d
Female Male Female Male
031 Sex (p < 0.001) 0-10
_ Age (p < 0.001) E 0.08.
£ .
0.2{% L. E .
£ " B3 s - E o006l L + g E
NI BT syl LI
LFD = : F 0.04 -
g £
0.021age (p < 0.001)
0 0.00 Sex*Diet (p = 0.048)
YL YH AL AH YL YH ALAH "7 YL YHALAH YL YHAL AH
(o e
> 2, Female Male 30 - Female Male
R | Sex*Age (p = 0.035) Sex (p < 0.001)
N . Age (p < 0.001)
- = 15 T = .
X - X 204 | .
HFD S [ E > :
S 10 B 2 Sl
: . . ;T S :
P @ ﬁ? S &L 5 10 | T . b -
O gs{= T+ Lo T B
l% # [ ) -
53

1mm

Male

Female

[V AC A v [ ve A

Fig. 3 | High-fat diet did not affect most measures of cortical and trabecular
microarchitecture. a Representative micro-tomographic images for female groups.
Cortical bone measures demonstrated by b cortical thickness (Ct. Th.) and ¢ cortical
porosity (Ct. Po.). Trabecular bone measures demonstrated by d trabecular thick-
ness (Tb. Th.) and e trabecular bone volume (BV/TV). Boxplots illustrate the
interquartile range (box), the minimum and maximum values (whiskers), the
median value (bar across the box), the mean value (white square), and individual
data points (black circles). Colors indicate groups where light gray is young LED

0.0
YL YH AL AH YL YH ALAH

YLYH AL AH YL YH AL AH

YL = Young (5-month) LFD AL = Aged (22-month) LFD
YH = Young (5-month) HFD AH = Aged (22-month) HFD

females, dark gray is young HFD females, light blue is aged LFD females, dark blue is
aged HFD females, light yellow is young LFD males, dark yellow is young HFD
males, light red is aged LFD males, and dark red is aged HFD males. Significant
p-values from 3-way ANOV A and pairwise post-hoc tests are noted on the plots. For
all models, the glucose area under the curve (AUC) was considered as a covariate. If
the covariate was not significant, the model was rerun without it. N = 5-11 animals/
group without outliers, but statistical results with specific n per group for each
measure can be found in Supplementary Data 1.

Gene expression of Opg:Rankl from flushed tibia had an interactive
effect between age and diet (p = 0.013), with aged HFD mice having lower
expression compared to aged LFD mice (—63.2%, adjusted p = 0.009) and
young HED mice (—72.4%, adjusted p < 0.001, Fig. 5¢). The serum ratio of
PINP:CTXI, a global biomarker of bone formation and resorption was
unaffected by diet, age, or sex (Fig. 5d).

HEFD also affected bone resorption. Osteoclast number density, indi-
cated by tartrate resistant acid phosphatase (TRAP)-positive multinucleated
cells, showed an interaction between diet and age (p < 0.001), where aged
HFD mice had lower osteoclast number density compared to aged LFD
mice (—81.0%, p < 0.001, Fig. 5e). Diet had no impact on osteoclast density
in young mice. Osteoblasts and adipocytes differentiate from mesenchymal
stem cells and both aging and HFD promote adipogenic differentiation’*”.
There was no diet main effect on bone marrow adiposity, but an interaction
between age and diet (p =0.021) demonstrated that aged mice with HFD
had lower adipocyte density than young HFD mice (—61.7%, adjusted
P <0.001, Fig. 5f). Complete measurements from quantitative histomor-
phometry, serum biomarker, qRT-PCR, and histology are reported in
Supplementary Data 1.

These data demonstrate that the effect of HFD on bone turnover is
detectable at the local, but not global, levels. Furthermore, this local effect is
site-specific and is more pronounced at the endocortical as compared with
periosteal surfaces. Whereas HFD had an effect on bone formation at all
ages, there was only an impact of diet on osteoclast and adipocyte counts in
aged mice.

HFD reduces osteocyte viability and affects some measures of
lacunar-canalicular system turnover gene expression

Since aging decreases osteocyte viability” ™, terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining was used to quantify
osteocytes exhibiting DNA fragmentation. The percentage of TUNEL-
positive osteocytes showed interaction between age and diet (p =0.024),

where aged HFD mice had more TUNEL-positive osteocytes compared to
aged LFD (+475.3%, adjusted p =0.003) and young HFD mice (4+62.5%,
adjusted p = 0.005, Fig. 6a). Osteocyte number density showed an interac-
tion between sex and diet (p = 0.014), where HFD males had more osteo-
cytes than LFD males (445.1%, adjusted p =0.001) but females did not
differ between HFD and LFD groups (Fig. 6b). There was also an interaction
between sex and age (p =0.001), where aging reduced osteocyte number
density but only for males (—36.4%, adjusted p < 0.001). Osteocyte histology
results are reported in Supplementary Data 1.

In flushed tibiae, expression of genes related to osteocyte
lacunar-canalicular (LCS) resorption showed age effects, where
Mmp2 was lower in aged mice (—52.1%, p =0.003), while Acp5 was
higher in aged mice compared to young mice (+47.3%, p =0.036).
Gene expression was also affected by diet. HFD mice, covarying for
glucose AUC (p <0.001), had higher expression of vacuolar ATPase
H+ transporting vI subunit gI compared with LFD (Atp6vigl,
+37.6%, p=0.014) and had higher expression in males compared to
females (+32.2%, p=0.015). When two outlier LFD females are
included, there were no longer any significant effects of diet on
Atp6vigl (Supplementary Data 1). Mmpl3 showed a significant
interaction between sex and diet (p=0.047), with HFD females
having higher Mmp1l3 expression compared to HFD males (448.5%,
adjusted p=0.008). HFD did not impact Mmpl3 gene expression
compared to LFD for either sex (Fig. 6¢). Mmpl4, Mmp2, Acp5,
Atp6v0d2, and Ctsk were not significantly impacted by diet. Full LCS
turnover gene expression results are reported in Supplementary
Data 1. These data show that HFD reduces osteocyte viability in aged
but not young mice. However, the impact of HFD on LCS turnover
was mixed. Some markers were higher in HFD groups (Atp6vigl),
others depended on an interaction between sex and HFD (Mmpl3),
while others did not depend on diet but were influenced by age or sex
(e.g., Acp5).
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Fig. 4 | Aging and high-fat diet reduce bone intrinsic toughness to fracture.

a Intrinsic fracture toughness (Kcjyy), b fracture toughness at maximum load
(Kcmax)> and c ultimate strength. Boxplots illustrate the interquartile range (box), the
minimum and maximum values (whiskers), the median value (bar across the box),
the mean value (white square), and individual data points (black circles). Colors
indicate groups where light gray is young LFD females, dark gray is young HFD
females, light blue is aged LFD females, dark blue is aged HED females, light yellow is
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YL = Young (5-month) LFD AL = Aged (22-month) LFD
YH = Young (5-month) HFD AH = Aged (22-month) HFD

young LFD males, dark yellow is young HFD males, light red is aged LFD males, and
dark red is aged HFD males. Significant p-values from 3-way ANOVA and pairwise
post-hoc tests are noted on the plots. For all models, the glucose area under the curve
(AUC) was considered as a covariate. If the covariate was not significant, the model
was rerun without it. N = 5-11 animals/group without outliers but statistical results
with specific n per group for each measure can be found in Supplementary Data 1.

High-fat diet alterations to bone matrix at the endocortical sur-
face are associated with decreased fracture toughness

Bone matrix properties were evaluated at the periosteal surface and in
polished cross-sections using Raman spectroscopy under hydrated condi-
tion to mimic in vivo properties. At the periosteal surface, sex and age
differences were evident in mineral quantity and maturity. Males had lower
median mineral:matrix (—12.1%, p <0.001) and a moderate increase in
collagen secondary structure (median 11670/11690: +4.9%, p = 0.10) com-
pared to females. Other measures of collagen secondary structure (11670/
11640 and 11670/11610) were not significant. Aged mice had altered mineral
composition, as estimated by the median carbonate: phosphate ratio, than
young mice (+11.6%, p < 0.001) and decreased collagen secondary structure
(median 11670/11690: —4.1%, p = 0.023). Other measures of collagen sec-
ondary structure (11670/11640 and 11670/11610) were not significant. Bone
median mineral crystallinity had an interaction between sex and age
P =0.016), where aged males, but not females, had modestly higher median
mineral crystallinity compared to young counterparts (+2.5%, adjusted
p=0.018). There was no impact of diet on the median periosteal matrix
measures (Fig. 7 Column 1).

Quantitative histomorphometry indicated HFD altered bone miner-
alization at the endocortical surface (Fig. 5a), which prompted us to examine
how the spatial variance of bone matrix properties may be altered within this
region of interest. One aspect of spatial variance is the slope of change for a
measure with respect to radial distance from the endocortical surface (i.e.,
gradient). Another aspect of spatial variance is the variability of the data (i.e.,
root mean square deviation, RMSD; Supplementary Fig S2). Raman spec-
troscopy showed sex and diet effects on matrix quality in the endocortical
region (i.e., first 30% of bone thickness from endocortical surface, Fig. 7
columns 2-4). Interactions between sex and diet were significant for median
mineral crystallinity and RMSD of collagen secondary structure (RMSD
11670/11610) (p =0.045; p = 0.001, respectively). HFD females had lower
median mineral crystallinity compared to LFD females (—15.4%, adjusted
p=0.017) as well as lower variability of collagen secondary structure, as
assessed by decreased RMSD 11670/11610 (—85.1%, adjusted p <0.001).
Males showed no significant diet differences in either measure. However,
HFD males had higher endocortical median carbonate:phosphate ratio and
11670/11690 than HFD females (carbonate:phosphate: +24.4%; 11670/
11690: +14.1%, adjusted p < 0.001 for both) after accounting for the linear
relationship with glucose AUC. Age and diet did not impact endocortical
measures for 11670/11690 for females. Median mineral:matrix had a three-
way interaction (p = 0.039). After multiple comparison corrections, young
HFD females had higher median mineral:matrix content compared to

young LED (+416.8%, adjusted p = 0.002). There was no impact of diet on
these measures in male mice. Full Raman spectroscopy results are in Sup-
plementary Data 1.

Fluorescent AGEs (fAGEs) are matrix molecules that promote adducts
and non-specific crosslinks between matrix fibrils, disrupting intrinsic
toughening mechanisms in bone*. There was a three-way interaction
between sex, age, and diet (p =0.033). However, post-hoc correction for
multiple comparisons demonstrated that fAGEs were not significantly
different between groups (all comparisons had greater p than the new sig-
nificance level p = 0.006, Supplementary Data 1), nor were they strongly
correlated with the decrease of K¢y, in aged or HFD at either bone surface
(Fig. 8a, ).

Since the intrinsic fracture toughness of bone tissue was lower with
HFD and aging, and multiple, often intercorrelated, features of matrix
properties contribute to intrinsic toughening, we utilized clustering tech-
niques based on the strength of absolute correlations to assess the associa-
tion of matrix properties with fracture toughness at crack initiation (Kci;;)
and fracture toughness at maximum load (Kc;,,,,). Ensemble clustering with
cluster optimization (ECCO) was utilized for clustering data to ensure a
robust solution that minimized sensitivity to the choice of distance and
linkage functions. Correlational ECCO used combinations of two distance
(correlation or square root correlation) and three linkage (Ward, average,
and complete) methods to generate clusters. Bone matrix measures co-
occurring in 100% of combination solutions were used as the final clusters.
Only male results were clustered due to the relatively limited availability of
female data. At the periosteal surface, the carbonate:phosphate ratio and
collagen secondary structure (I11670/11640) measures had the strongest
correlations (inverse) with Kc,;; as evident through representation in the
same cluster (Fig. 8a). Kc,,,.x demonstrated equally robust correlations with
the same periosteal measures as Kc;,;,, while also showing a strong asso-
ciation with an additional measure of collagen secondary structure (I11670/
11690, Fig. 8b). At the endocortical surface, the median collagen secondary
structure (11670/11610), RMSD of collagen secondary structure (RMSD
11670/11610), and the median mineral:matrix ratio had the strongest
(inverse) correlations to fracture toughness. Decreased fracture toughness
was associated with higher values for these measures. fAGEs were not within
the closest clusters with Kc;,;, for either the periosteal or endocortical region
of interest (Fig. 8c). However, fAGEs, the endocortical gradient of mineral
crystallinity and collagen secondary structure (I1670/11640), and mineral
carbonate:phosphate content had the strongest correlations with Ky
(Fig. 8d). Together, these data show that HFD and aging differently impact
bone matrix. HFD alters endocortical bone mineral and collagen secondary
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Fig. 5 | High-fat diet and aging alter bone turn-
over. a Endocortical mineralizing surface (E. MS/
BS) and b periosteal mineralizing surface (P. MS/BS)
evaluated from quantitative histomorphometry are
local measures of bone mineralization. ¢ The whole-
bone Opg:Rankl ratio gene expression from
marrow-flushed tibiae and d blood serum
PINP:CTX1 ratio are global markers of bone turn-
over. e Tartrate resistant acid phosphatase (TRAP)-
positive osteoclast number density and f bone
marrow adipose tissue (bMAT) adipocyte number
density from the tibia metaphysis are measures
related to cellular activity necessary for bone turn-
over. Boxplots illustrate the interquartile range
(box), the minimum and maximum values (whis-
kers), the median value (bar across the box), the
mean value (white square), and individual data
points (black circles). Colors indicate groups where
light gray is young LFD females, dark gray is young
HEFD females, light blue is aged LFD females, dark
blue is aged HFD females, light yellow is young LEFD
males, dark yellow is young HFD males, light red is
aged LFD males, and dark red is aged HFD males.
Significant p-values from 3-way ANOVA and
pairwise post-hoc tests are noted on the plots. For all
models, the glucose area under the curve (AUC) was
considered as a covariate. If the covariate was not
significant, the model was rerun without it. N=5-11
animals/group without outliers, but statistical
results with specific n per group for each measure
can be found in Supplementary Data 1.
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structure for females more than males. By contrast, aging alters periosteal
bone mineral composition, but not mineral content, and decreases collagen
secondary structure order. The variation of fracture toughness seen across
males in this study was more related to variation in collagen structure and

mineral:matrix ratio than other measures.

13,14

HFD and aging differently dysregulate cortical bone metabolism
Given the robust impact of diet and age on systemic metabolism, including
the liver and adipose tissue
dysregulates the metabolism of cortical bone tissue. We used untargeted

, we were motivated to ask whether HFD also

liquid chromatography-mass spectrometry and the unbiased clustering tool
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Fig. 6 | High-fat diet and aging alter osteocyte
viability and gene expression related to lacunar-
canalicular system (LCS) turnover. a Osteocytes
positive for terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL), a marker of
apoptosis. b Osteocyte number density. ¢ Relevant
genes expressed during LCS bone resorption mea-
sured in marrow-flushed tibiae. Boxplots illustrate
the interquartile range (box), the minimum and
maximum values (whiskers), the median value (bar
across the box), the mean value (white square), and
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ECCO" to establish the impact of HFD and aging on cortical bone meta-
bolism from marrow-flushed humeri.

Metabolomics analyses rely on clustering data. Usually, one combi-
nation of linkage and distance functions amongst many choices is chosen
that defines a clustering solution. This approach can potentially reduce the
reproducibility of results, since other clustering methods may yield different
solutions. ECCO offers an approach that computes multiple clustering
solutions from different combinations of linkage and distance functions
and, in this case, identified which metabolites co-occurred in 100% of
clustering solutions*. ECCO was used for two complementary approaches.
One approach identified metabolomic signatures representative of each
study factor (i.e., aging, diet, and each sex). The second approach identified
bioenergetic differences between pairs of groups (e.g., young HFD females
vs aged HFD females).

The first approach was to use ECCO to identify the metabolites that
clustered with all groups sharing a specific study factor (i.e., aging, diet, or
sex), and the pathways associated with these metabolites. We then com-
pared the metabolic signatures for distinct and shared pathways between the
factors of HFD and aging. The factor of HFD was associated with 20
pathways. The following 5 pathways were distinct to the HFD signature and
not overlapping with the aged signature: branched chain amino acid bio-
synthesis, aromatic amino acid biosynthesis, lysine degradation, terpenoid
backbone biosynthesis, and linoleic acid metabolism (Fig. 9a). These
pathways are associated with the development and progression of glucose
and insulin intolerance® (Fig. 9b). The factor of aging was associated with 18
pathways. The following 3 pathways were distinct to the aged signature and
not overlapping with the HFD signature: pentose phosphate pathway,
mannose type O-glycan biosynthesis, and ubiquinone and other terpenoid-
quinone biosynthesis (Fig. 9a). These pathways are linked to overall cellular
functional decline and death (Fig. 9b)**".

There were 15 pathways overlapping between HFD and aged sig-
natures, with 73% conserved across sexes. Overlapping pathways
included: steroid hormone biosynthesis, purine metabolism,
arachidonic acid metabolism, alpha-linolenic acid metabolism, beta-
alanine metabolism, cysteine and methionine metabolism, tryptophan

metabolism, glycosylphosphatidylinositol (GPI)-anchor biosynthesis,
N-glycan biosynthesis, sphingolipid metabolism, glycosphingolipid
biosynthesis, pyruvate metabolism, xenobiotic metabolism by cyto-
chrome P450, pyrimidine metabolism, and glycerolipid metabolism (sex
differences can be found in Supplementary Fig S3). These pathways
are linked to cellular signaling"™™, matrix composition’"”, matrix
remodeling®, cell-matrix interactions, stress response*””', and cell
viability™.

Because not all groups of the HFD and aging signatures had the same
degree of cellular and matrix alterations, we also determined group-specific
differences in metabolism. ECCO was used in specific two-group com-
parisons (e.g., young HFD females vs aged HFD females) to identify sta-
tistically significant pathways (gamma p < 0.05) for each group (Fig. 9¢).
HFD in young females was associated with upregulation in amino
acid metabolism, compared to LFD young females and young HFD
males. Young HFD males, the group with the highest adiposity, also had
downregulated amino acid synthesis compared to young LFD males.
Aged HFD females showed an attenuated amino acid metabolism com-
pared to aged HFD males and young HFD females but had no significant
differences to aged LFD females. Aged HFD males had upregulated
amino acid metabolism compared to young HFD males, but there was
no difference to aged LFD males. Aged LFD mice had no significant sex
differences (Fig. 9d).

Cortical bone metabolic pathways associated with inflammatory
responses, such as butanoate, histidine, and nicotinamide pathways, were
upregulated in young HFD females compared to young LFD females. Aged
HFD females exhibited minor downregulation of these inflammatory
pathways compared to young HFD females. Aged HFD males demon-
strated upregulation of the same inflammatory pathways compared to their
young counterparts and aged females. Young HFD males downregulated
these pathways compared to young LFD males and females of both diets,
while upregulating other inflammatory pathways, such as the folate-
mediated one-carbon pool. Differences in the HFD inflammatory response
between young female and male bone may reflect sex differences or varia-
tion in adipose gains.
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The few reports of cortical bone metabolomics have identified sex
differences™, but this area of investigation would benefit from additional
datasets. Therefore, we compared sex differences in this study with those
from a previous study by our group on 5-month-old male and female

C57BL/6]N mice, which were bred at Montana State University and fed
standard chow diet”. Welhaven et al. used the same method of metabolite
extraction reported here followed by MetaboAnalyst analysis. We analyzed
cortical bone tissue metabolism from young LED females versus males using
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Fig. 7 | Bone matrix composition depends on high-fat diet in an age- and sex-
dependent manner. The measurements of matrix maturity from hydrated Raman
spectroscopy for the periosteal surface and the endocortical region (anterior-lateral
location). Column 1—the median measures for the periosteal surface (P. Median).
Column 2—the median measures for the endocortical region (E. Median). Column
3—the gradient (slope of linear fit) of the measures across the endocortical region (E.
Gradient). Column 4—estimate of the root mean square deviation (RMSD) from
linear fit residuals of each measure across the endocortical region (E. RMSD).
Boxplots illustrate the interquartile range (box), the minimum and maximum values
(whiskers), the median value (bar across the box), the mean value (white square), and

(v [ vu [ A (S

YL = Young (5-month) LFD AL = Aged (22-month) LFD
YH = Young (5-month) HFD AH = Aged (22-month) HFD

individual data points (black circles). Colors indicate groups where light gray is
young LFD females, dark gray is young HFD females, light blue is aged LFD females,
dark blue is aged HFD females, light yellow is young LFD males, dark yellow is young
HFD males, light red is aged LFD males, and dark red is aged HFD males. Significant
p-values from 3-way ANOVA and pairwise post-hoc tests are noted on the plots. For
all models, the glucose AUC was considered as a covariate. If not significant, the
model was rerun without the covariate. N = 3-4 animals/group for females and

N =7-10 animals/group for males without outliers, but statistical results with spe-
cific n per group for each measure can be found in Supplementary Data 1.

Communications Biology | (2025)8:850


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08263-w

Article

Periosteal Surface

Left Distal
Femur

Kc. . Matrix Correlation

init

a

#
{

Median 11670/11640
Kclnl!
Median Carbonate:Phosphate

fAGEs

Median Crystallinity

Median Mineral:Matrix

Median 11670/11610

osterior

g
Median 11670/11690 .

Scaled Data
Mednan Value

Kc,

|

1 YL YH AL

Group

AH

Endocortical Surface (0-30% Cortical Thickness)

YL YH AL AH 05
Group
Kc. . Matrix Correlation

|n|t

Gradient Mineral:Matrix

_{

Median Crystallinity

Median 11670/11690

RMSD 11670/11690

RMSD 11670/11610

Median 11670/11610

Median 11670/11640

Kc. .

init

Median Mineral:Matrix

RMSD 11670/11640

Gradient 11670/11690
Gradient Carbonate:Phosphate

Gradient 11670/11610

RMSD Carbonate:Phosphate

RMSD Crystallinity

RMSD Mineral:Matrix

fAGEs
Median Carbonate:Phosphate
Gradient Crystallinity

|
=
ﬁ

Gradient 11670/11640

YL

YH AL
Group

AH

0.5

Fig. 8 | Bone matrix alterations at the endocortical surface are associated with
decreased fracture toughness. a Heatmap of periosteal hydrated Raman spectro-
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lected with the set up illustrated on the left distal femur. Measures for male samples
were clustered by magnitude of absolute correlation and the fill color corresponds to
the scaled group median value for each measure on the heatmaps with blue indi-
cating lower values than red. ¢ Heatmap of endocortical hydrated Raman spectro-
scopy measures with Kc;,;; and d Kcyax collected from the anterior-lateral area of the
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left distal femur cross-section. YL = young (5-month) low-fat diet, YH = young (5-
month) high-fat diet, AL = aged (22-month) low-fat diet, AH = aged (22-month)

high-fat diet, fAGEs = fluorescent advanced glycation end products, Kc;y;; = intrinsic
fracture toughness, Kcp,, = fracture toughness at maximum stress, Gradient = slope
of the linear fit of the data, RMSD = root mean square deviation of the data about the
linear fit. N = 7-10 animals/group for males were used to calculate medians used for
correlation clustering. Statistical results with specific n per group for each measure

can be found in Supplementary Data 1.
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Fig. 9 | High-fat diet and aging differently dysregulate cortical bone metabolism.
a Summary of the distinct signature pathways for high-fat diet (HFD, pink) and aged
(cyan) groups and the shared overlapping signature pathways (purple) from 4-group
comparisons. Signature pathways that remain shared between aged and HFD when
including both sex signatures are marked by *. HFD and aged pathways shared with
a particular sex signature are noted by ** = shared with males and not females

or ¥** = shared with females and not males. Arrows indicate relative metabolite
levels compared to a signature’s respective control (e.g, HFD compared to low-fat
diet (LFD) levels). b Potential outcomes of the distinct signatures for HFD (pink),
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MetaboAnalyst and ECCO. Both studies agreed that young LFD male mice
have a more pronounced signature of amino acid metabolism compared to
young LFD female mice (Fig. 9d). However, there was less agreement on
lipid metabolism; the prior study identified upregulated fatty acid meta-
bolism in females, whereas the present study did not detect this sex differ-
ence, possibly due to dietary differences (i.e., standard chow versus low-
fat diet).

In summary, these data demonstrate that the distinct cortical bone
metabolic signature for HFD is associated with pathways related to glu-
coregulation. By contrast, the distinct aging metabolic signature is associated
with pathways related to cellular function decline and death. Both HFD and
aging metabolic signatures share pathways related to matrix signaling and
regulation, which aids in understanding the loss of bone fracture toughness
seen in both groups.

Discussion

This study tested the hypothesis that HFD exacerbates the loss of bone
toughness in aging but that aging and HFD differently dysregulate bone
matrix properties and cortical bone tissue metabolism. Mice were fed 45%
fat HED for 8 weeks, which resulted in varying degrees of adiposity within
and between experimental groups. Moderate HFD can induce variable body
and adipose mass gain in male and female C57BL/6] mice, with this
variability expected to increase as the duration of the diet intervention is
extended™®. To address this, the short-term intervention used in this study
was designed to minimize the variability in adipose gain within groups while
still inducing metabolic disruption. Notable sex differences in the response
to diet were observed, consistent with findings from other studies which
have demonstrated that young male C57BL/6 mice gained significantly
higher body and adipose mass in response to a similar duration of moderate
HFD, while females did not” . We further observed that the sex difference
in adipose gain was attenuated in aging, although all groups fed HFD had
dysregulated glucose metabolism. Regardless of the degree of mass or adi-
pose gain, we found that aging and HFD each reduced bone toughness in an
additive fashion, but likely for different reasons. Aging primarily impacted
bone tissue characteristics related to mineral composition, while HFD
impacted mineral content and maturity as well as collagen structure. Cor-
tical tissue metabolism demonstrated both overlapping and distinct sig-
natures from aging and HFD. These findings suggest that dietary fat,
regardless of adipose accumulation, can worsen the loss of bone fracture
resistance in aging for both sexes.

Our study demonstrates that the causes of whole-bone fragility in aging
and HFD have important differences. Aging reduced bone strength and
fracture toughness, while HFD reduced fracture toughness but not strength.
Both aging and HFD reduced the stress intensity factor at crack initiation
(Kcini), which measures the intrinsic toughness of bone matrix (ie.,
mechanisms that act in front of the crack tip)®, in an additive rather than an
interactive manner. However, HFD did not lower the stress intensity factor
at the maximum load (Kc,,,x), which includes both intrinsic and extrinsic
toughening mechanisms (i.e., mechanisms that act in front of the crack tip
and behind the crack’s wake)®. Thus, aging and HFD likely impact essential
bone matrix properties promoting intrinsic toughening mechanisms in
both sexes but not extrinsic mechanisms. Future work should attempt to
identify specific intrinsic toughening mechanisms impacted by aging and
HFD. Importantly, the additive effects of aging and HFD on decreasing bone
toughness indicate that the negative impact of HFD on bone toughness is
particularly detrimental in the context of aging.

We found that aging and HFD both decreased bone toughness but
differently impacted bone turnover and matrix properties. As measured
through quantitative histomorphometry, aging decreased bone turnover on
the periosteal surface, while HFD decreased bone turnover on the endo-
cortical surface. Notably, while there were differences in bone turnover
measured from quantitative histomorphometry at the femur with aging and
HEFD, differences were not detected with either factor in serum measures of
global bone turnover, demonstrating that these effects may be site-specific.
The local changes in bone turnover to the femur were mirrored by changes

in bone matrix detected by Raman spectroscopy. Two regions of the cortical
femur were selected for hydrated Raman spectroscopy analysis of matrix
properties, the periosteal surface and an endocortical region of the femur
cross-section. At the periosteal surface, age effects on matrix properties were
more apparent than HFD. These measurements recapitulated several
changes in aging rodent” and human bone® that have been seen in prior
work, such as altered mineral properties (i.e., carbonate content and crys-
tallinity). While carbonate:phosphate was increased as a main effect of
aging, crystallinity was only increased for aging males and not females. Both
of these measures are indicators of mineral quality and potentially
maturity”>*. At the endocortical surface, the effect of HFD on bone matrix
became apparent, but in a manner that interacted with age and sex. For
young females, HFD increased bone mineral:matrix ratio and also increased
the spatial gradient of mineral maturity, as seen in the measure of crystal-
linity. However, HFD females of both ages had reduced median mineral
maturity near the endocortical surface and decreased spatial variation in
collagen secondary structure. These changes were not seen for males,
indicating sex differences in the impact of age and diet on bone matrix
properties, despite reductions in whole bone toughness in both sexes. The
specific reasons for reduced bone toughness with age and diet do not appear
to be conserved across sexes at the matrix level, underscoring the need to
study sex differences in the impacts of aging on bone biomechanics. We note
that there was an interaction between sex and diet on ultimate strength, such
that HFD females had higher strength than HFD males. These findings are
likely not because of shape differences between these groups (Supplemen-
tary Fig. S4) and may instead reflect sex differences in material-level
properties in response to diet.

Because measures of bone matrix quality have the potential to inter-
correlate, we tested the association of fracture toughness and bone matrix
properties using an unbiased clustering approach”. In this approach,
measures with the strongest absolute correlations are clustered together. At
the periosteal surface, the cluster with the strongest correlations with
intrinsic fracture toughness included collagen secondary structure (11670/
11640) and carbonate:phosphate. At the endocortical surface, the cluster
with the strongest correlations with intrinsic fracture toughness included
collagen secondary structure (11670/11610), variation of collagen secondary
structure (RMSD 1670/11610), and mineral:matrix ratio. Indicators of
mineral maturity, such as carbonate:phosphate, and fAGEs were less
associated with intrinsic fracture toughness. These data align with studies
demonstrating stronger associations between fracture toughness and col-
lagen integrity in human®®, bovine’, and rodent” bones, and weaker
associations with mineral maturity”. Importantly, our data reveal insights
into how toughness and matrix properties cluster by age and diet at different
locations. For example, at the periosteal surface, data cluster by age more
than by diet. However, at the endocortical surface, data cluster in a manner
that suggests important impacts from both age and diet. These data also
challenge the interpretation of how fAGE accumulation impacts bone
fracture resistance. fAGE accumulation has been shown to have significant
associations with decreased bone toughness in the contexts of diabetes and
kidney disease, which is thought to be related to AGE crosslinks hindering
intrinsic toughening mechanisms'"*’. However, our data do not show an
association between fAGE accumulation and reduced intrinsic fracture
toughness in aging, suggesting that greater perturbations in fAGE accu-
mulation than those produced in the current study may be needed to reduce
fracture toughness. Another possible explanation may be that fAGE-related
signaling rather than the accumulation is a more important contributing
factor to reduced fracture toughness in HFD and aging. This is supported by
a study by Stephen et al., where AGE receptor knockout mice had improved
elasticity:hardness ratios, which is a proxy measure for fracture toughness, in
young adult female mice regardless of diet, and low-fat diet young adult
males®”. Chronic elevated AGE signaling may also contribute to bone fra-
gility conditions in aging humans”.

Metabolomic assessments of cortical bone tissue can reveal connec-
tions between altered bone matrix properties and the cellular response to
aging and HFD. Aging and HFD groups exhibited distinct metabolic
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signatures largely independent of sex. For example, HFD groups had
upregulated branched chain amino acid biosynthesis, while aging groups
had downregulated pentose phosphate pathway. The response distinctly
associated with HFD groups was the progression of glucose dysregulation®,
whereas aging groups demonstrated decreased cellular functionality®,
increased stress response™, and increased cell death”. Both aging and HFD
signatures shared overlapping pathways, including GPI-anchor, N-glycan,
and sphingolipid biosynthesis. These pathways are associated with matrix
regulation™, stress responses™”’, turnover activity™’, and cell viability™. It is
also notable that some of these pathways can be downstream of AGE
signaling”. Further studies are required to determine the role of these
metabolic pathways in matrix regulation and bone fragility. These data
illustrate the distinct and shared bioenergetics of aging and HFD in bone
fragility.

Adipose-induced inflammation can influence bone cell metabolism,
glucose tolerance, and regulation of bone matrix properties”*”. Although
neither HFD nor aging promoted a clearly elevated systemic inflammatory
response, metabolites from cortical bone tissue showed that all HFD and
aging groups had inflammatory responses at the tissue scale. Cortical bone
in young females on HFD demonstrated resistance to the inflammatory
environment through upregulation of histidine metabolism and branched
chain amino acid degradation, which are necessary to attenuate oxidative
stress and inflammation”"””. Increased biosynthetic pathways related to
amino acids were also associated with this adaptivity towards HFD. Aged
HFD females and males had similar inflammatory and amino acid synthesis
pathways as the young HFD females, but with lower activity. In contrast,
young HFD males, the group with the highest adiposity, exhibited a
markedly different inflammatory response compared to other HFD groups.
The response of young HFD males was characterized by lower histidine
metabolism and higher folate-mediated one-carbon pool pathways. The
one-carbon pool by folate synthesizes amino acids important for cellular
growth and is essential for maintaining oxidative balance within the cell”.
The general patterns of inflammatory responses of cortical bone align with
studies of aging and HFD in other mouse tissues, particularly adipose
tissue'™'". These data suggest that HFD induces sex- and age-specific
responses in cortical bone to inflammation, potentially contributing to
variations in bone matrix regulation.

HEFD likely has a combination of direct and indirect effects on the
regulation of bone matrix properties. For example, sphingolipid metabolism
may have a direct effect on bone matrix since accumulation of this pathway’s
byproducts can hinder osteoblast activity and regulate apoptosis™. In con-
trast, linoleic acid could indirectly affect bone matrix since it may alter
peroxisome proliferation signaling, which can regulate osteoblast activity’™.
The adipokine leptin also indirectly regulates bone matrix turnover, through
one or more mechanisms”. The systemic leptin response is influenced by
factors such as sex, age, diet duration, and the timing of diet intervention®',
with young males being particularly susceptible to diet-induced
hyperleptinemia*—potentially accounting for some of the observed
matrix differences between groups. Further mechanistic studies will
improve knowledge about how dietary fat can impact bone cells and their
regulation of bone matrix.

Mice exhibit well-documented sexually dimorphic responses to
HFD"*7%, but this is the first study to characterize sex differences in the
impact of dietary fat to multi-scale material properties and the metabo-
lomics of cortical bone. Several factors may contribute to these between-sex
differences, including the influence of sex hormones’®, differences in the
inflammatory response'*’®, and differences in metabolic flexibility'*”.
Previous work in adipose tissues has demonstrated that female C57BL/6]
mice aged between 6- and 40-weeks at the initiation of a 60% fat HFD,
exhibited greater anti-inflammatory responses (e.g., accumulation of anti-
inflammatory macrophages and regulatory T-cells in adipose tissue)'*”* and
greater oxidative capacity than males'. In contrast, males also developed
more severe hyperinsulinemia, glucose intolerance, systemic inflammation,
and less metabolic adaptivity compared to females’. When both sexes
undergo gonadectomies, their response to HFD converges, indicating that

sex hormones likely play a central role in mediating the metabolic effects of
HED on tissues and systemic metabolism’®, Additionally, sex differences
have been observed in the cortical bone metabolome, with notable differ-
ences in lipid metabolism™* in C57BL/6 ] mice on control diets. As our
study challenged lipid metabolism, it is reasonable to expect that the
downstream effects of HFD would differ by sex, likely reflecting distinct
inflammatory responses and metabolic adaptation within the cortical bone.
However, further studies are necessary to establish mechanisms driving/
regulating the observed sex-specific responses to HFD in cortical bone, as
well as whether crosstalk with adipose tissues influences these responses™.

Osteocytes are the main regulators of bone matrix, indirectly through
surface bone turnover and possibly directly through LCS turnover”. We
investigated whether aging and HFD affect these processes. We found that
osteocyte viability was decreased with HFD, but only in aged mice, indi-
cating that the interactive effects of HFD and age compromise long-term
bone quality regulation by osteocytes. Aging also altered LCS turnover,
evidenced by lower Mmp2 and higher Acp5 gene expression. HFD upre-
gulated vacuolar ATPase gene expression, suggesting increased LCS
resorption. This study did not perform a comprehensive assessment of the
effects on osteocytes under HED, but other studies indicate deleterious
effects of HFD on in vitro” and in vivo* osteocyte function. Further
mechanistic inquiry is needed to understand the role of the osteocyte in
maintaining bone quality in aging with HFD in both sexes.

This study has several limitations. Several measures may have been
underpowered to detect effects of age and HFD (e.g,, cortical thickness and
several measures from Raman spectroscopy). In addition to the variability of
aging on bone outcomes®, both age groups had responders and non-
responders to HFD, contributing to variability in bone measurements.
However, the short-term moderate HFD can decrease some bone measures’
variability compared to higher fat diets (e.g., 60% fat). The sex differences
identified in young female versus male mice may reflect differences in
adiposity rather than true sex differences. In addition, increased adiposity
could affect mobility’” and load bearing on bone®. However, our study did
not track movement due to the cohabitation design, so the effects of mod-
erate HFD-induced adiposity and movement on bone between sexes require
further studies. To partially address this challenge, we used the AUC from
glucose tolerance tests as a covariate in statistical models, as it was highly
correlated with adiposity and is a measure of metabolic disruption. Adipose
tissues can also directly or indirectly signal to bone™, but these responses
were not investigated in this study and should be explored in future
investigations. Raman spectroscopy was only performed on half of the
female samples due to sample availability, limiting our ability to estimate sex
differences in matrix effects. The fAGE analysis of humeri may not accu-
rately reflect fAGE accumulation in femur tissue and does not measure non-
fluorescent AGEs, which may influence bone mechanical properties*.
While we measured many features of matrix composition and maturity,
additional measurements related to collagen crosslinking and non-
collagenous proteins would be valuable in future studies.

In conclusion, HFD has detrimental effects on skeletal fracture resis-
tance in both young adult and early-old-age C57BL/6]N mice. Regardless of
adiposity and inflammatory response, HFD decreased fracture toughness
for females and males. HFD and aging both deleteriously impacted bone
matrix, but in distinct ways that depended on sex. Further, there were shared
and distinct aspects of the cortical bone tissue metabolic dysregulation
induced by HFD and aging, which suggests that the loss of fracture resis-
tance produced by each factor is produced as a consequence of different
changes to bone cells and their surrounding matrix. Together, these results
demonstrate that short-term HFD has important negative effects on bone
fracture resistance and that HFD has the potential to exacerbate the bone
fragility of aging (Fig. 10).

Methods

Animal and tissue harvest

We have complied with all relevant ethical regulations for animal use and all
animal procedures were approved by Montana State University’s
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Fig. 10 | A summary of the effects of aging and high-fat diet on C57BL/6JN mice.

Institutional Animal Care and Use Committee. Female and male C57BL/
6JN mice (National Institute of Aging Aged Rodent Colony at Charles River
Laboratories, Wilmington, MA) were housed in cages of 2-5 mice with chow
and water ad libitum on a 12-h light-dark cycle. Mice were acclimated for 2
weeks, and at 3- and 20-months of age were randomly assigned to either an
8-week (HFD; research diets, D12451, 45% fat) or low-fat diet (LFD;
research diets, D12450H, 10% fat) such that there were 10-11 mice/group (n
total = 76 mice). Mice were weighed weekly. Calcein (20 mg/kg) and alizarin
(30 mg/kg) were respectively administered via intraperitoneal injection at 8
and 2 days before euthanasia.

Mice were overdosed with isoflurane and exsanguinated via cardiac
puncture at ages 5-(Female LED: n = 10; Female HFD: »n = 10; Male LFD:
n=10; Male HFD: n=11) and 22-months (Female LFD: n=9; Female
HEFD: n=9; Male LFD: n=8; Male HFD: n=9). The sample size was
determined a priori using preliminary data on bone strength in aging mice.
Several aged mice from both diet groups did not reach the study endpoint
and were excluded due to tumors or other gross pathologies.

Serum was collected from the cardiac puncture and stored at —80 °C.
Both femora were stored in phosphate-buffered saline (PBS)-soaked gauze
without soft tissues and frozen at —20 °C for later mechanical testing. The
left tibiae were flushed of marrow with PBS. The marrow and flushed
cortical bone were stored separately at —80 °C. Perigonadal fat pads were
weighed as a surrogate measure of adiposity.

Intraperitoneal glucose tolerance test (ipGTT)

ipGTT was performed 7 days before euthanasia. Mice were fasted for 6 h
following the dark cycle. Blood glucose was measured after fasting (0 min)
and 15, 30, 60, 90, and 120 min after glucose administration (2 g dextrose
per kilogram body mass injected into the intraperitoneal cavity) from the tip
of their tails using a blood glucometer (Accu-check Performa, Roche,
Indianapolis, IN, USA). Fasting glucose, maximum glucose, delta glucose
(maximum-fasting glucose), and glucose integrated area under the curve
(glucose AUC) were calculated.

Trabecular microarchitecture and cortical geometry

Left femurs were assessed for microarchitecture and geometry using a high-
resolution micro-tomographic imaging system (uCT40, Scanco Medical
AG, Br ittisellen, Switzerland) with Scanco Medical software. Image
acquisition and analysis followed JBMR guidelines”” with scanning para-
meters of isotropic voxel size of 10 um’, peak X-ray tube potential of 70 kV,
tube current of 114 puA, 200 ms integration time, and Gaussian filtration was
applied to scans. The distal metaphysis was assessed for trabecular micro-
structure beginning 200 pm above the distal growth plate to 1500 pum
proximal. The trabecular region was identified by manual contouring of the
endocortical region with thresholding at 375 mgHA/cm’. Scanco Trabe-
cular Bone Morphometry script was then used to measure trabecular
parameters. Cortical geometry was assessed in 50 transverse sections of the
cortex area along a 500 um long region of the mid-diaphysis for cortical
geometry. Cortical bone to calculate cortical parameters from was identified

using a threshold of 700 mgHA/cm’®. Femurs were kept in PBS-saturated
gauze at —20 °C before and after testing. Researchers were blinded to the diet
groups so that equivalent numbers per group could be scanned in each
batch. Samples were excluded for trabecular or cortical analyses if there was
insufficient area to scan in the regions of interest. Excluded samples can be
found in Supplementary Data 2.

Biomechanical testing of whole-bone properties
All biomechanical tests utilized an Instron 5543 (1 kN load cell, Instron,
Norwood, MA) with Bluehill 2 software. The Instron load frame was cali-
brated before each testing session. Material properties of left femora were
evaluated using three-point bending. Samples were chosen randomly for
each group so that each group had equivalent numbers per testing session.
PBS-hydrated femora were tested until failure at a rate of 5 mm/min on a
custom fixture with an 8 mm span. Load-displacement data and micro-
computed tomography measures of cross-sectional geometry were used to
calculate the modulus, ultimate compressive strength, and toughness as
calculated from AUC until fracture using standard bone flexural testing
equations”. Samples were excluded from analyses if a sample broke before
bending or if there was evidence that the sample moved during testing.
Notched fracture toughness was evaluated on right femora consistent
with Welhaven et al.””. Briefly, femurs were notched at the posterior surface
of the mid-shaft to a target notch depth of 1/3 of the anterior-posterior
width. Notched femora were loaded with the notch facing down in three-
point bending until failure at a loading rate of 0.001 mm/s. Distal halves of
fractured femurs were flushed of marrow after testing, air dried, and imaged
using variable pressure scanning electron microscopy (20 Pa, 15 kV; Zeiss
SUPRA 55VP, Oberkochen, Germany). Cortical bone geometry and the
initial notch half-angle were obtained by analyzing the images of the fracture
surfaces using a custom MATLAB code. Fracture toughness values were
calculated for two criteria. The K¢y, measure calculates the stress intensity
factor at the maximum load given the starting notch geometry. The Kciy
measure calculates the stress intensity factor when the crack begins to
propagate, using the load at yield given the starting notch geometry. These
measures and their interpretation are described in Ritchie and co-authors*.
Samples were excluded from analyses if a sample broke during notching, if
there was evidence that the sample moved during testing, or if the notch was
off angle from the loading axis (notch parallel to the major axis of the cross
section). Excluded samples can be found in Supplementary Data 2.

Quantitative reverse transcription polymerase chain reaction
(gRT-PCR)

Flushed left tibiae were processed according to a modified version of the
procedure by Kelly et al.*”. Cortical bones were powdered in liquid nitrogen.
RNA was isolated using Trizol (Sigma-Aldrich, St. Louis, MO) and RNeasy
Mini Kits (Qiagen, Hilden, Germany). Reverse transcription was done using
High-Capacity cDNA kits (Applied BioSystems, Waltham, MA) and qRT-
PCR analyses using PowerUp SYBR green master mix (Applied BioSystems,
Waltham, MA) on an Applied Biosystems Quant Studio 5 with
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QuantStudio Design and Analysis software (Waltham, MA). All kits were
used according to manufacturer’s protocol. Primer sequences are reported
in Supplementary Data 1. The quality of RNA isolation was checked before
qRT-PCR with spectrophotometry. Samples were prepared and loaded
randomly for each group so that each group had equivalent numbers for
each plate run. Samples were excluded from analyses if it had insufficient
RNA vyield, insufficient R check, or were outside the detectable range.
Excluded samples can be found in Supplementary Data 2.

Serum biomarkers

Enzyme-linked immunosorbent assay (ELISA) kits were used according to
manufacturer protocols on blood serum collected at tissue harvest. Mea-
surements included CTX1 (Mouse Cross Linked C-telopeptide of Type I
collagen Mini Samples ELISA kit, MyBioSource, San Diego, CA), PINP
(Mouse procollagen I N-terminal peptide, PINP ELISA kit (MyBioSource,
San Diego, CA), adiponectin (Quantikine ELISA Mouse Adiponectin/
Acrp30 kit, R&D Systems, Minneapolis, MN), resistin (Quantikine ELISA
Mouse Resistin kit (R&D Systems, Minneapolis, MN), and interleukins 4, 6,
and 10 (IL-4, IL-6, IL-10), fibroblast growth factor 21 (FGF21), leptin,
vascular endothelial growth factor (VEGF), CRP, and complement factor D/
adipsin (CFD/adipsin) (Luminex Discovery Assay Mouse Premixed Multi-
Analyte kits, R&D Systems, Minneapolis, MN). Kit instructions were fol-
lowed for creating standard curves for biomarkers. ELISAs were analyzed
with a spectrophotometer (Biotek Synergy HTX Plate reader, Agilent, Santa
Clara, CA) with Biotek Gen 5 and BioRad Bioplex Manager software.
Samples were prepared and loaded randomly for each group so that each
group had equivalent numbers for each plate run. Samples were excluded
from analysis for a biomarker if the sample was outside the detectable range.
Excluded samples can be found in Supplementary Data 2.

Metabolomics

Metabolomic profiling was performed following methods established by our
groups using flushed right humeri bone™. Briefly, metabolites from pul-
verized bone were precipitated with 3:1 methanol:acetone, vacuum con-
centrated, and resuspended in 1:1 acetonitrile:water before analysis using
untargeted liquid chromatography mass spectrometry (Agilent 1290 LC
coupled with Agilent 6538 Quadrupole-Time of Flight (Q-TOF) mass
spectrophotometer in positive mode, Cogent Diamond Hydride HIILIC
column). Blank samples were run every 7-10 samples to minimize spectral
drift and column contamination. Samples were prepared and loaded ran-
domly for each group so that each group had equivalent numbers for
each run.

Raw spectra of detected metabolites were aligned, peak picked, and
processed using MSCConvert and XCMS. Metabolite data were then ana-
lyzed using ensemble clustering with cluster optimization (ECCO)*. ECCO
utilizes unbiased methods to (1) determine the optimal number of clusters
required for the analysis of a given dataset (e.g., K-means, Dunn, PBM
indexes) and (2) finds 13 clustering solutions through distance algorithms,
where each metabolite cluster is then weighted. The sum of these weights
across all cluster solutions is then represented as clusters of metabolites
grouped by frequency that they group together with 1.0 meaning the
metabolites are together in 100% of the solutions”. The contents of each
cluster were assessed using Mummichog in MetaboAnalyst to find sig-
nificant (gamma p < 0.05) or non-significant pathways (gamma p > 0.05).
Filtering of the pathways was performed for non-significant pathways to
reduce duplicates and pathways that were significantly different in at least
one other metabolic statistical comparison between groups. The resulting
collection of non-significant pathways were called signatures. Signatures
were compared to their respective control (e.g, HFD metabolites in the
signature pathways compared to LFD values).

Since aging and HFD each decreased fracture toughness in this study,
ECCO-based analyses were also used to investigate shared and distinct
metabolic contributions. The metabolic signatures of aging and HFD were
generated. The metabolic pathways identified with in each factor’s signature
were compared to other factor signatures. “Shared” pathways were those

that were found in multiple signatures (i.e., both aging and HED). “Distinct”
pathways were found in only one signature (i.e., only aging or HFD, Sup-
plementary Fig. S5).

To determine the metabolic differences between specific two-group
comparisons, ECCO was used to identify statistically significant pathways
(gamma p < 0.05) within clusters. Two-group comparisons were performed
for all relevant age, diet, and sex comparisons (Fig. 9¢).

Histology
Right tibiae were decalcified with EDTA disodium salt dihydrate, dehy-
drated in a graded ethanol series, embedded in paraffin, and serially sliced
into 5-pum-thick longitudinal sections. Slices of each tibia were stained with
either Terminal deoxynucleotidyl transferase dUTP Nick End Labeling
(TUNEL), TRAP, or Hemotoxin and Eosin stain (H&E). The proximal
tibial metaphysis was imaged using a Nikon E800 (4x and 10x). TUNEL was
used to determine percent apoptotic osteocytes and osteocyte density per
area. TRAP was used to determine osteocyte density per metaphyseal
medullary cavity perimeter. H&E was used to identify bone marrow adi-
pocytes using a custom MATLAB code. Mean adipocyte area, marrow
cavity area, and adipocyte number density were reported. Researchers were
blinded to the groups. Samples were excluded due to sectioning imperfec-
tions in the region of interest (e.g., tears, folds, tissue loss, etc.).
Quantitative histomorphometry was performed on diaphyseal cross
sections of polished embedded femurs to determine local turnover using
confocal laser scanning microscopy (5x magnification, Leica SP5, Wetzlar,
Germany) with LASX software and emission ranges of 490-550 nm for
calcein and 580-680 for alizarin. The contrast of the microscopy images was
maximized using ImageJ so that all images were consistent, which was
consistent with quantitative histomorphometry practices. The percentage of
mineralizing bone surface (MS) was calculated for each label for the
endocortical (E. BS), periosteal (P. BS), and total surfaces (BS). Researchers
were blinded to the groups. Samples were excluded from analysis if a cross-
section was incomplete or highly fragmented resulting in measurement
uncertainty after embedding and polishing. Excluded samples can be found
in Supplementary Data 2.

Periosteal and cross-sectional hydrated Raman spectroscopy
Following three-point bending, Raman spectroscopy was performed for the
femoral midshaft at two locations, the periosteal surface and the femur
midshaft cross-section. The periosteal surface was chosen because the bone
was minimally processed (i.e., no cutting or polishing) to achieve these
measurements. The femur cross-section was also investigated because an
endocortical mineralization defect in response to HFD was detected in other
study analyses. In both cases, bones were studied under hydrated conditions
and the instrument (Horiba Laser Tweezer Raman Modified LabRam HR
Evolution NIR, Kyoto, Japan) with LabSpec6 software was calibrated before
each data collection session. Samples were chosen randomly for each group
so that each group had equivalent numbers per testing session.

For the periosteal surface, data were collected at five equidistant points
(500 pm apart) along the posterior shaft of the distal end of hydrated left
femora using a 10x dry objective lens. The bones were not embedded.
Samples were kept hydrated using a custom tap water-saturated sponge
mount. Raman spectra were collected with a frequency range of
300-1900 cm ™' using a 785 nm laser. A 12th order polynomial baseline
correction was applied to spectra using LabSpec6 software. Area ratios
were calculated for mineral:matrix (v,PO,/Amide III) and carbonate:pho-
sphate (v;COs/v;PO,). The inverse of the width of the v;PO, peak at half of
the maximum intensity (1/FWHM) was used to calculate the crystallinity*’.
Subpeaks of Amide I at 1610, 1640, 1670, and 1690 cm ! were determined
through the second derivative method™. Intensity ratios included 11670/
11640, 11670/11610, and 11670/11690, which are sensitive to collagen sec-
ondary structure®’. Custom MATLAB code was used to calculate all mea-
sures. For each sample, the median of the five points was input into statistical
models to avoid overpowering analyses. Samples with insufficient diaphysis
area were excluded from analysis.
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For the endocortical cross-sectional map, the same distal femoral ends
were embedded in non-infiltrating viscous epoxy (EpoxiCure 2, Buehler,
Lake Bluff, IL). A cross section was cut at the mid-diaphysis and polished
using a graded alumina series. Ethanol was avoided during the process.
Cross-sections were stored at —20 °C prior to analyses and then rehydrated
with tap water for 4 h before Raman measurements. Maps were placed in the
anterior-lateral region of the cortical section, starting at the endocortical
surface (3 x 10 with points 20 pm apart in the x-direction and 7 um apart in
the radial direction) using a 60x water immersion lens. Samples were kept
hydrated during testing by a column of tap water between the lens and
sample. Points with an epoxy/v,PO, ratio greater than 7.5% were excluded
as these points were contaminated with plastic. For other points, epoxy was
subtracted from the baseline, although the epoxy signal was usually minimal
or negligible. A custom Python code (Version 3.9) was used to calculate the
normalized position of points relative to the cortical thickness. Miner-
al:matrix, carbonate:phosphate, crystallinity, and amide I subpeak mea-
surements were calculated as described above. The median measurements
of the measures, as well as their slopes (gradient) and root mean square
deviation (RMSD), were calculated for 0-30% of the cortical thickness to
determine the change of these measures with distance from the endocortical
bone-forming surface. Thirty percent was chosen as the maximum distance
because this distance was measured for all available samples (Supplementary
Fig. S2). Samples with cross-sections that were not in the diaphysis after
sample prep were excluded. Additional samples were excluded if the
mathematical model could not fit the endocortical data well due to lost
points from plastic contamination, which increased error in the derived
measures such as gradient and RMSD. Excluded samples can be found in
Supplementary Data 2.

Cortical bone matrix fluorescent AGEs (fAGEs)

fAGEs were quantified from the diaphysis of flushed left humeri using
previously described protocols”’. Briefly, the fat was removed from samples
by three 15-min washes with agitation in 200 uL of 100% isopropyl ether.
Then, samples were lyophilized for 8 h (FreeZone 2.5 L freeze-dry system,
Labconco, Kansas City, MO) before hydrolyzation for 20 h at 110°Cin 6 N
HCI (10 uL/mg sample). The solutions were diluted 1:100 followed by
centrifugation at 4 °C and 13,000 rpm. Dilutions were stored at —80 °C in
dark conditions. Quinine fluorescence was measured at 360/460 nm exci-
tation/emission for both sample and stock solutions (stock 10000 ng/mL
quinine sulfate/0.1 N H,SOy, Biotek Synergy HTX Multi-mode Reader with
Biotek Gen 5 software, Winooski, VG). Separately, hydroxyproline was
oxidized in both sample and stock solutions (stock 2000 pg/mL L-hydro-
xyproline/0.001 N HCI) with chloramine-T solution for 20 min. Residual
chloramine-T was quenched with perchloric acid (3.15 M) and incubated
for 5 min at room temperature. Solution was incubated at 60 °C for 20 min
after p-dimethylaminobenzaldehyde was added. The solutions were kept in
dark conditions while cooling to room temperature. The same plate reader
measured the absorbance at 570nm to quantify collagen from
hydroxyproline”, which was used to normalize fAGE content for reporting
(ng quinine/mg collagen). Samples with insufficient bone tissue for analysis
were excluded. Excluded samples can be found in Supplementary Data 2.

Statistics and reproducibility

Three-way ANOVA (two-sided) tests were performed to determine if bone
outcomes depended on age, sex, diet, or interactions of these factors
(Minitab, v.21.2). Researchers were blinded during analysis. Response
variables were transformed if required to satisfy model assumptions of
residual normality. The criterion for significance was set a priori to p < 0.05.
Significant interactions were followed up with post-hoc tests conducted
using Fisher pairwise comparisons corrected using the Bonferroni proce-
dure to control family-wise error (i.e., the criterion for significance is
adjusted to 0.05/number of comparisons). ANCOVA determined if glucose
AUC was a significant covariate for all models. When covariates were not
significant, the model was rerun without the covariates to interpret main
effects and interactions. Analyses were performed with and without outliers

identified by a single Grubb’s Test. Grubb’s outlier test identifies up to one
sample per group if a point has a low probability (p < 0.05) of occurring
given the group’s data distribution. If no samples in a group fit this criterion,
then no samples were removed from a group. Results are presented without
outliers, but the majority of conclusions made from statistical analyses did
not differ whether outliers were included or not. The 11 measures that did
not have the exact same conclusions with and without outliers are presented
in Supplementary Data 1. We have noted in the results where the inclusion
of outliers led to significantly different conclusions regarding diet effects. N
per group was consistently between 7 and 11 for all tests with the exception
of Raman tests where females had 3—4 per group. Specific sample n for each
ANOVA or ANCOVA test can be found in the provided Supplementary
Data 1 and excluded samples can be found in Supplementary Data 2.

To generate the clustered heatmaps, the group medians of the Raman,
fAGE, and fracture toughness (Kc;y;;) results were normalized and scaled by
feature using min-max normalization. Scaling by feature indicates that
each variable for the heatmap was scaled to have values 0-1, so that all
the variables had comparable ranges. Missing values were removed.
ECCO utilized correlation metric distances (Egs. 1 and 2) to reach a con-
sensus of the features in the optimal number of clusters required to describe
the data. The correlation methods weigh negative and positive correlations
equally, so that clusters can have inverse relationships within them.
Each cluster represents which features were most strongly correlated to
each other.

1— |r(Y,Y)| )

V@x (1= [, 7)) (6)

Here, r(Y, Y") is the correlation distance between two given data points Y
and Y. The resulting correlation coefficients were condensed using the
squareform package in Python, which returns a symmetric distance matrix.
Then, the coefficients were input into the linkage function with the average
linkage method. Within ECCO, the resulting clusters and linkages were then
used to create a cluster heatmap of the raw data using Python’s Seaborn
library clustermap function.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Source data underlying graphs can be found in the Supplementary
Data 2 file.

Code availability

ECCO can be found at https://github.com/hisl6802/ECCO. Code used for
biomechanical and Raman analyses is available from the investigators upon
reasonable request.
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